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Groundwater has an important role in forging the composition of surface water, 

supplying nutrients crucial for the development of balanced ecosystems and potentially 

introducing contaminants into otherwise pristine surface water. Due to water-rock 

interactions, radium (Ra) in groundwater is typically much more abundant than in 

surface water. In saline environments Ra is soluble and is considered a conservative 

tracer (apart for radioactive decay) for Ra-rich groundwater seepage. Hence in coastal 

environments, where mostly fresh groundwater seep into saline surface water, Ra has 

been the prominent tracer for tracking and modeling groundwater seepage over more 

than three decades. However, due to its reactivity and non-conservative behavior, Ra is 

rarely used for tracing groundwater seepage into fresh or hypersaline surface water; in 

freshwater, Ra is lost mostly through adsorption onto sediments and suspended 

particles; in hypersaline environments Ra can be removed through co-precipitation, 

most notably with sulfate salts.  

This work examines the use of Ra as a tracer for groundwater seepage into 

freshwater lakes and rivers and into hypersaline lakes. The study examines 

groundwater-surface water interactions in four different environments and salinity 

ranges that include (1) saline groundwater discharge into a fresh water lake (the Sea of 

Galilee, Israel); (2) modification of pore water transitioning from saline to freshwater 

along their flow through sediments (pore water in sediments underlying the Sea of 

Galilee, Israel); (3) fresh groundwater discharge into hypersaline lakes (Sand Hills, 

Nebraska); and (4) fresh groundwater discharge into a fresh water river (Neuse River, 

North Carolina). In addition to measurement of the four Ra isotopes (226Ra, 228Ra, 223Ra, 

224Ra), this study integrates geochemical (major and trace elements) with additional 
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isotopic tools (strontium and boron isotopes) to better understand the geochemistry 

associated with the seepage process. In order to evaluate the critical role of salinity on Ra 

adsorption, this study includes a series of adsorption experiments. The results of these 

experiments show that Ra loss through adsorption decreases with increasing salinity, 

and diminishes in salinity as low as ~5% of the salinity of seawater.  

Integration of the geochemical data with mass-balance models corrected for 

adsorption allows estimating groundwater seepage into the Sea of Galilee (Israel) and 

the Neuse River (North Carolina). A study of the pore water underlying the Sea of 

Galilee shows significant modifications to the geochemistry and Ra activity of the saline 

pore water percolating through the sediments underlying the lake. In high salinity 

environments such as the saline lakes of the Nebraska Sand Hills, Ra is shown to be 

removed through co-precipitation with sulfate minerals, its integration into barite 

(BaSO4) is shown to be limited by the ratio of Ra:Ba in the precipitating barite.  

Overall, this work demonstrates that Ra is a sensitive tracer for quantifying 

groundwater discharge even in low-saline environments. Yet the high reactivity of Ra 

(adsorption, co-precipitation, production of the short-lived isotopes) requires a deep 

understanding of the geochemical processes that shape and control Ra abundances in 

water resources. 
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1.1 Background 

Groundwater seepage has been the focus of ample research over the past few 

decades. As an important source of nutrients, primarily fresh groundwater seeps into 

saline estuaries and oceans, contributing to the development of healthy ecosystems (e.g., 

Charette et al. 2001; Burnett et al. 2007; Kim et al. 2008). In non-marine environments -- 

such as inland lakes and fresh water streams -- groundwater seepage has been found to 

be a common phenomenon that affects the chemistry of the surface water (e.g., McBride 

and Pfannkuch 1975; Lee 1977; Mitchell et al. 1988; Shaw and Prepas 1990; Winter 1999; 

Sebestyen and Schneider 2004). Yet, groundwater discharge is not considered as an 

important volumetric source of surface water, and its contribution is usually considered 

negligible, within the error margins of water models (e.g., Bennett 1978; Anderson et al. 

1994; Baskin et al. 2002). Changes in climatic regimes due to the increasing impact of 

climate change have increased awareness of the role and contribution of groundwater to 

surface water reservoirs (Sultan et al. 2007; Edwards and Withers 2008; Krause et al. 

2008). Therefore, the development of a measurement-based method for quantifying 

ground water fluxes into surface water resources is an essential component for 

establishing reliable hydrological models and managing the quantity and quality of 

water in water reservoirs. This dissertation aims at answering the following question: 

Can naturally occurring radium isotopes be used as tracers for groundwater seepage 

into lakes and rivers? 
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1.2 Methods for tracing groundwater discharge 

Over the years, several methods have been used to estimate groundwater discharge into 

surface water, some of which are summarized in Table 1. These include direct 

measurements of water flow using seepage meters, temperature variations induced from 

groundwater discharge, stable isotope compositions (!18O and !2H), major dissolved 

constituent levels (e.g., chloride content), radon activity, strontium isotopes (87Sr/86Sr), 

CFCs, and artificially injected tracers. Tracers can generally be divided into two groups: 

(1) those providing direct physical measurements – these measurements can provide 

immediate results of current local conditions, but the interpolation of a few 

measurements over a large area and time is limited; and (2) chemical tracers – the results 

of these tracers can be challenging to interpret but can provide an integrated view of a 

larger area over a long period of time. Hunt et al. (1996) compared several physical and 

chemical methods for measuring groundwater flow into a Wisconsin wetland and 

concluded that natural tracers provide a more accurate and cohesive estimate of the 

natural conditions. Each of the currently available geochemical tracers has unique 

properties. For example, strontium isotopes can delineate groundwater flow from 

different aquifer lithologies and pathways (e.g., Bullen and Kendall 1998; McNutt 2000; 

Negrel and Lachassagne 2000; Semhi et al. 2000; Farber et al. 2004; Negrel and Petelet-

Giraud 2005; Rose and Fullagar 2005; Petelet-Giraud and Negrel 2007; Shand et al. 2007). 

However, the ability to use natural tracers primarily depends on the geochemical 

differences between local meteoric water and groundwater. The successful application 

of a natural tracer is possible only in cases where the groundwater composition is 

significantly different from that of the local meteoric and/or surface water in order to 

provide the sensitivity required to identify the groundwater component for adequate 
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mass balance calculations. In many watershed systems, the concentrations and isotopic 

ratios of dissolved constituents and water molecules (!18O and !2H) of the groundwater 

are identical to those of the meteoric water and thus are indistinguishable. For example, 

the successful application of stable isotopes of water is only possible in cases where the 

discharge is composed of groundwater that is not local and whose composition is 

therefore different from the composition of the meteoric water (e.g., Baillie et al. 2007). 

Radium isotopes, presented in this thesis as potential tracers for seepage in inland 

environments, are produced almost entirely by water-rock interactions (leaching, a-

recoil). Furthermore, the activity of radium in precipitation is negligible, and its 

occurrence in rivers, streams and lakes is derived primarily from groundwater 

discharge. Additionally, the four naturally occurring Ra isotopes can be used 

simultaneously as either four individual tracers or as a combined tool to provide a better 

assessment of the discharge of groundwater, given their different half-lives.   
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Table 1: Summary of available methods for quantifying groundwater seepage 
into surface water. 

Tracer Advantages Disadvantages References 

Chemical 
tracers 

Integration of large area,  
readily available, easy to  
measure, low cost 

 Multiple sources with   
 indistinguishable  
 chemical fingerprints 

Constantz et al. 
2003; Cook et al. 

2008 

Water 
isotopes 
(!18O, 
!2H) 

Common tool, easy to  
measure, powerful when  
strong differences 
between end members, 
relatively low cost 

Multiple sources with 
indistinguishable isotopic 
fingerprints, seasonal 
variability, difficult 
interpretation 

Cook et al. 2008 

Radon 
(222Rn) 

Easy to measure, 
sensitive to mixing rate 
due to short half-life 
(3.8 d), low cost, inert 

Losses to the atmosphere in 
turbulent systems and with 
limited circulation 

Cook et al. 2008; 
Stellato et al. 2008 

Strontium 
isotopes 

(87Sr/86Sr) 

Sensitive to contrasting  
lithologies in aquifers, 
possible tracing 
anthropogenic 
processes, no 
fractionation 

Cannot indicate seasonal 
variability, depend on 
contrasting lithologies in 
associated aquifers 

Bullen and Kendall 
1998; McNutt 2000; 
Douglas et al. 2002; 
Rose and Fullagar 

2005 

Nitrogen 
isotopes 

(!15N) 

Distinguish between 
nitrogen sources such as 
wastewater and 
fertilizers 

Isotopic overlaps with natural 
occurring soil nitrogen, 
dilution effect, original 
isotope fingerprints can be 
modified by internal 
processes 

Kendal and 
Aravena 2000; 

Panno et al. 2001 

Physical tracers 

Seepage 
meters 

Direct measurement,  
 inexpensive, accurate 

Biased by sampling point, 
results indicative of the 
sampling diameter, typically 
~1m, often overestimates 
flow 

Lee and Cherry 
1978; Hatch et al. 

2006 

Stream bed 
temperature Inexpensive 

Complicated models for 
interpretation, applicable only 
for temperature differences 

Constantz et al. 
2003; Hatch et al. 

2006 
Discharge 
gauging 

Direct measurement 
 

Labor intensive, constant 
maintenance Hatch et al. 2006 

Tracer 
injection Averages over large area 

Influenced by adsorption, 
potential harmful effects on 
ecosystem, inappropriate for 
some temporal and spatial 
scales 

Bencala et al.,1990; 
Clark et al. 1996; 
Hatch et al. 2006 

 

1.3 Radium geochemistry 
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Figure 1: Schematic illustration of the U-Th decay chains leading to the 
formation of 226Ra, 228Ra, 223Ra, and 224Ra. 

S6H#&!3/'6)*T,!2#%$9#*6$/(!,6*6(/36+:!+%!@/36)*0!6+,!73#'#$#,,%3!6&!+9#!/(G/(6&#!#/3+9!;/*6(:!

%;!#(#*#&+,0!3/'6)*!+#&',!+%!$%D73#$676+/+#!86+9!@/36)*!*6&#3/(,0!*%,+!&%+/@(:!86+9!

@/36)*!,)(79/+#!-@/36+#O!1%(6&/36!/&'!"&%'23/,,!FUUKO!V/:+/&!#+!/(A!FUUJ5A!W''6+6%&/((:0!
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+3/$#3!-/;+#3!/$$%)&+6&2!;%3!3/'6%/$+6H#!'#$/:5!6&!,/(6&#!#&H63%&*#&+,!,)$9!/,!#,+)/36#,!/&'!

%$#/&,0!where mostly fresh groundwater enters saline surface waterA!Z&!,)$9!

#&H63%&*#&+,0!3/'6)*!9/,!@##&!$%**%&(:!),#'!/,!/!+3/$#3!;%3!%H#3!+93##!'#$/'#,O!its 

varying isotopic half-lives allow researchers to quantify processes such as groundwater 

seepage and the residence time of water in estuaries (=&/),,!#+!/(A!FURPO![(,6&2#3!/&'!



 

6 

 

1%%3#!FUPK0!FUPIO Rama and Moore 1996; Charette et al. 2003; 1%%3#!/&'!=#3,+!LKKMO!

Burnett et al. 2006; Paytan et al. 2006; Burnett et al. 2008).  

Radium, an alkaline earth element, is introduced into natural water primarily 

though water-rock interactions; thus, groundwater is more likely to contain dissolved 

radium. The major source for radium in surface water such as lakes and rivers is 

typically assumed to be derived from infiltrating groundwater. In addition, radium can 

enter surface waters through desorption and recoil from suspended matter, but due to 

the relatively short residence time of suspended matter in lakes and rivers, only short-

lived radium nuclides (224Ra and 223Ra) are likely to be generated by recoil. The main 

radium sink in lakes is attributed to the adsorption to and the sedimentation of 

particulate matter. In rivers, radium adsorption can occur in the hyporheic zone as well 

as along streams, and short-lived radium isotopes can be generated in the bed 

sediments. Hence, the radium geochemistry in surface water is linked to the interactions 

between three possible components: groundwater, surface water and sediments. 

Groundwater - the behavior of radium in groundwater is schematically displayed 

in Figure 2 and was summarized by Porcelli and Swarzenski (2003). Radium is 

mobilized into groundwater from bedrock aquifers through weathering (breakdown of 

the mineral structure), the recoil of parent nuclei (either adsorbed or from the bedrock) 

close to the rock-water surface, and the desorption of radium adsorbed to the surface of 

the bedrock. The removal mechanisms of radium from groundwater include radioactive 



 

7 

 

decay, removal by co-precipitation with Ca and Ba minerals, and adsorption. 

 

Figure 2: Schematic illustration of radium behavior in groundwater. It is 
removed from the water through adsorption, co-precipitation, and radioactive decay. 
Its sources are recoil, weathering, and desorption 

Precipitation, a process that is considered irreversible except under extreme conditions 

(Moise et al. 2000), occurs mostly with barite (Langmuir and Malchior 1985; Langmuir 

and Riese 1985). It has been shown that radium is not likely to co-precipitate with calcite 

(Gananapragasam and Lewis 1991); however, under elevated salinity, it may co-

precipitate with aragonite (Chan and Chung 1987). Of the above-mentioned removal 

mechanisms, adsorption is the only reversible one. Most notably in low salinity 

groundwater, the salt content of the water controls radium adsorption. Several studies 

have shown an increase in dissolved radium associated with increasing salinity, 
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suggesting that radium is desorbed from adsorption sites, which, in turn, are filled by 

other competing cations that are readily available under higher salinity conditions (e.g., 

Krishnaswami et al. 1982,1991; Webster et al. 1995; Sturchio et al. 2001; Vinson et al. 

2009). Removal through adsorption to metal oxides (mostly FeO and MnO; Moore and 

Reid 1973), however, is not considered reversible with respect to salinity. A transition 

from oxidizing to reducing conditions will cause the oxides to dissolve and release the 

adsorbed radium to the water. Similarly, a transition from reducing to oxidizing 

conditions will likely induce the precipitation of oxides that have a high capacity for the 

removal of dissolved radium from water. 

Surface water – the sources and sinks for radium in surface water are displayed in 

Figure 3. The major source for dissolved radium in surface water is infiltrating 

groundwater. A minor contribution of the short-lived 223Ra and 224Ra may arise through 

recoil from suspended matter or sediments in the water body. Radium sinks in surface 

water are expected to vary with salinity. Assuming that radium is less likely to adsorb 

on particles as the salinity increases (Krishnaswami et al. 1982,1991; Webster et al. 1995; 

Sturchio et al. 2001), it is presumed that, under salinity conditions similar to those of sea 

water (e.g., in estuarine environments), radium is conservative (i.e., its only sink is 

radioactive decay). While the use of radium as a tracer in low salinity surface water 

environments is not common (Moser et al. 1998; Krest and Harvey 2003; Kraemer 2005; 

Lazar et al. 2008), Raanan et al. (2009) showed that such environments provide a 

significant sink for radium through adsorption to suspended matter. This adsorption, as 

in groundwater, can be classified as irreversible (with respect to salinity) adsorption to 

metal oxides (Moore and Reid 1973; Moore 1976) or salinity-dependent reversible 

adsorption to clay minerals (Molinari and Snodgrass 1990). With respect to reversible 
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adsorption, radium adsorption should decrease with salinity. On the other hand, 

irreversible adsorption depends on the redox state of the water; under reducing 

conditions, oxides are dissolved and can release radium to the water. The latter 

phenomenon might be associated with an increase in radium activity below the 

thermocline of stratified lakes. 

 

Figure 3: Schematic illustration of radium behavior in surface water. It is 
removed from the water through adsorption, co-precipitation, and radioactive decay. 
Its main source is groundwater seepage, as well as small contributions from recoil 
and desorption. 

An additional potential sink for radium is co-precipitation with sulfate minerals, as 

mentioned above, which can be considered as an irreversible removal mechanism. Since 

reaching saturation levels depends on the water chemistry, the amount of radium 
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removed by co-precipitation would depend on the water chemistry and saturation state 

of different minerals. The specific salinity threshold defining the shift in the behavior of 

radium from non-conservative to conservative has not yet been quantified.  

Sediments – as mentioned above, radium can be removed to sediments of a given 

water body through adsorption (clays and/or oxides) and co-precipitation. 

Additionally, sediments may contain radium derived from the original source rocks. 

Such radium is expected to be in secular equilibrium with U and Th in the sediments 

and can thus be referred to as “supported radium”. Interactions with pore water might 

provide an additional source of radium to the sediments, mostly through adsorption. 

Consequently, the different sources of radium in sediments are as follows: (1) 

“Supported radium” in equilibrium with U and Th in sediments reaching the water 

body as suspended matter. The amount of supported radium present can be evaluated 

by measuring the U and Th contents of the sediments, assuming that the sediments are 

old enough to have reached secular equilibrium between radium and its U or Th 

predecessors. (2) “Diagenetic radium” derived from interactions with pore water after 

sediment deposition and burial, mostly through adsorption, which depends on the 

chemistry and salinity of the pore water. If the salinity and radium content of the pore 

water are known, adsorption coefficients can be used to estimate the amount of 

diagenetic radium present. (3) “Precipitated radium” derived from co-precipitation with 

Ba and Ca minerals. The occurrence of such minerals (i.e., mostly barite) can be 

examined using x-ray diffraction or chemical analyses. If they are present, sequential 

leaching of the sediments (Payten et al. 1996) can be used to quantify radium contents in 

those minerals. (4) “Sedimentary radium”, adsorbed to the surface of the sediments 

while they are suspended in water in the original depositional environment. Radium 
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adsorption to suspended matter in a water body depends on two counter-acting salinity-

dependent factors: (1) the higher the salinity of the water body, the higher the activity of 

dissolved radium; and (2) the higher the salinity, the lower the adsorption coefficient 

and thus the tendency of radium to adsorb onto particles (Molinari and Snodgrass 1990). 

This means that as the salinity increases there is more dissolved radium in the water, but 

the probability of radium adsorption decreases. In order to resolve between these two 

conflicting processes, adsorption experiments must be conducted to establish 

distribution coefficients between water and sediments for radium under changing 

salinity. 

1.4 Radium research in non-marine environments  

The range of salinities in groundwater-surface water research using radium is 

displayed in Figure 4. Very few studies have used radium as a tracer in non-coastal 

settings, where groundwater ranging from fresh to saline mixes with surface water 

ranging from fresh to hyper-saline. In such environments, radium cannot be considered 

conservative. Adsorption is significant in fresh surface water and must be considered for 

an accurate mass balance of radium isotopes. By contrast, co-precipitation becomes 

significant in high salinity environments. Moser et al. (1998) measured the activity of 

226Ra in the water column and among the sediments and pore water of a 15-cm core 

collected from Lake Zurich. They showed that the Ra activity in the water column 

changes seasonally with dissolved oxygen; lower concentrations observed during the 

winter parallel higher dissolved oxygen levels, relating to the interaction of Ra with 

redox-sensitive minerals in the sediments. Krest and Harvey (2003) used 223Ra and 224Ra 
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to calculate fresh groundwater seepage into the fresh water of the Florida Everglades. 

 

Figure 4: The range of salinity covered in the current research using radium 
isotopes to calculate groundwater seepage and examine groundwater-surface water 
interactions. 1- the salinity range covered in typical estuarine and coastal research; 2 – 
the salinity range covered by chapter 2 of this thesis and by Lazar et al. (2008); 3 – the 
salinity range reported in chapter 3; 4 – the salinity range of the study in chapter 4; 5 – 
the salinity range reported by Moser et al. (1998), Krest and Harvey (2003), Kraemer 
(2005), and chapter 5 of this thesis. 

By comparing the ratios of short- to long-lived Ra isotopes, Kraemer (2005) was able to 

delineate the Ra sources that enter Cayuga Lake, NY, and the flow rate of water masses 

in the lake following extreme storm events. In the Sea of Galilee, Israel, Lazar et al. 

(2008) examined the behavior of radium when saline groundwater enters a fresh water 

lake, calculating the localized adsorption coefficients for radium and thorium.  
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1.5 Dissertation research and objectives  

This dissertation examines the behavior and potential use of radium in non-

marine, inland environments, where fresh and saline groundwater enters fresh surface 

water bodies and where fresh groundwater enters saline lakes with salinities higher than 

that of seawater. The main question raised is: can naturally occurring radium isotopes 

be used as tracers for groundwater seepage into lakes and rivers in non-marine 

salinity interface? Specifically, this dissertation examines the use of radium as a tracer 

for seepage in the following inland environments: (1) where saline groundwater interact 

with fresh surface water; (2) where fresh groundwater interact with fresh surface water; 

and (3) where fresh groundwater interact with hypersaline surface water. 

The main hypotheses behind the research presented are: 

1) In non-marine salinity interface radium cannot be viewed as a conservative 

tracer  

2) In low-saline and oxic surface water systems, radium is sequestered through 

adsorption onto suspended matter in the water column  

3) In hyper saline and oxic surface water systems, radium is sequestered 

through co-precipitation with sulfate minerals, most notably BaSO4 

The main objective of this study is to explore radium geochemistry in various 

salinities, along with the potential use of radium as a tracer for ground water 

discharge into surface water systems of a wide range of salinity. More specifically, the 

objectives of this study are:  

1) Evaluate the behavior of radium in a groundwater-lake system where saline 

groundwater enters a fresh water lake. Such a scenario represents the opposite 

geochemical conditions to those encountered in previous research that has used radium 
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for evaluating low-saline groundwater discharge to saline surface reservoirs. The Sea of 

Galilee, Israel, has been selected to represent this scenario.  

2) Evaluate the behavior of radium along a salinity gradient. 

2.1 Examine the behavior of radium along a sediment core exposed to mixing between 

fresh and saline pore water – a sediment core from the Sea of Galilee, Israel, was selected to 

represent this scenario. In that lake, saline groundwater seep into a fresh water lake 

through the sediments. Thus the salinity of the pore water gradually increases with 

depth along the core, which allows to assess the response of radium to salinity changes 

and diagenetic processes along the core. 

2.2 Conduct a series of adsorption experiments - to establish universal adsorption 

coefficients for radium and to quantify the effect of small salinity changes on radium 

adsorption. Establishing such adsorption coefficients is essential for evaluating radium 

sequestering off any given system through adsorption. These experiments were 

conducted using the sediments and water type typical of the Sea of Galilee. 

3) Evaluate the behavior of radium in a groundwater-lake system where fresh 

groundwater enter lakes of various salinity. This scenario allows to examine the 

different processes affecting radium activity in lakes of a wide salinity range (600-

111,000 ppm TDS), and is represented by investigating groundwater and surface water 

from the Sand Hills, Nebraska.  

4) Evaluate the behavior of radium in a groundwater-river system of low 

salinity. The interaction of low-salinity groundwater with low-salinity surface water 

(such as rivers) is associated with Ra retardation on sediments and suspended matter. 

Evaluating this process will test the ability of the radium isotope method to be used as a 
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tool for quantifying subsurface groundwater discharge into fresh-water systems. 

Research conducted in the Neuse River, North Carolina, represents this scenario. 

1.5.1 Chapter 2: Quantifying saline groundwater flow into a fresh 
water lake using the Ra isotope quartet: A case study from the Sea of 
Galilee (Lake Kinneret), Israel 

This chapter discusses the use of radium as a tracer for saline groundwater 

seepage into a fresh water lake (the Sea of Galilee, Israel), a salinity relationship opposite 

to that typical of coastal environments (where fresh groundwater enters a saline surface 

water environment). A comparison between the expected and measured radium 

activities and activity ratios is used to determine the fate of radium in the lake, which is 

mostly lost through adsorption. A small-scale adsorption experiment is described to 

estimate the effect of salinity on the loss of radium through adsorption using sediments 

and water typical of the Sea of Galilee. The calculation of unmonitored seepage of saline 

groundwater into the fresh water lake employs a mass balance for 226Ra, which is 

validated by the successful reconstruction of dissolved radium activity reported for the 

lake five decades ago, when its salinity was much higher. 228Ra is then used to estimate 

the flux of radium entering the lake by means of pore water that flows from underneath 

the lake through the sediment. 

1.5.2 Chapter 3: Non-conservative variations of radium, strontium, 
and boron isotopes in pore water underlying the Sea of Galilee: 
retention in the transport of reactive solutes 

This chapter also investigates the Sea of Galilee and the saline groundwater 

discharging to its water and examines the processes influencing radium activity in pore 

water along a 2.65-m-long core collected from the center of the lake. 226Ra measurements 

in pore water along the core were, for the first time reported, conducted on a TIMS. The 
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chemistry of the pore water is influenced by the mixture of fresh lake water and saline 

brine percolating through the sediment, and so the core displays a trend of increasing 

salinity with depth. The measured chemistry and radium activities in the pore fluids are 

significantly lower than those expected from mixing between the possible end members, 

pointing to significant changes in the chemistry of the seeping brine along the 

sedimentary sequence. This chapter provides a unique look into the processes affecting 

radium activity in water along a continuous salinity gradient within the same system 

and flow path, spanning from fresh water at the water-sediment interface (480 ppm 

TDS) to saline water at the bottom of the core (3200 ppm TDS). This chapter also 

includes the description of a series of adsorption experiments using sediments and 

water characteristic of the Sea of Galilee, conducted to allow for an accurate assessment 

of the effect of adsorption on the removal of radium from the sediments along the 

salinity gradient observed in the core. 

1.5.3 Chapter 4: Radium isotopes in lakes of various salinities: The 
Nebraska Sand Hills as a “natural experiment” 

This chapter discusses radium activity in the lakes of the Nebraska Sand Hills. It 

examines seepage lakes ranging from fresh (Lake Gimlet – 604 ppm TDS; Crescent Lake 

- 900 ppm TDS) to hyper-saline (Alkali Lake - 111,000 ppm TDS), whose chemistry is 

primarily influenced by the evaporation of seeping groundwater. The radium levels are 

similar in the fresh lakes (0.21 and 0.16 dpm L-1 in Lake Gimlet and Crescent Lake, 

respectively) and do not increase with salinity, demonstrating the importance of the 

water's chemistry -- as opposed to its overall salinity -- in determining the fate of 

radium. An examination of the Na-HCO3 saline lakes reveals that water chemistry is of 

key importance in determining the fate of radium. In the saline lakes, radium is 
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extremely depleted when compared to the activity expected from groundwater 

evaporation, which is related to co-precipitation with BaSO4. The calculated radium 

activity in barite is identical for all of the saline lakes (Lake Wilson – 18,000 ppm TDS; 

Lake Rayleigh – 82,300 ppm TDS; Alkali Lake – 111,000 ppm TDS) and similar to the 

activities measured previously in marine barite, suggesting that salinity does not play an 

important role in the incorporation of radium into barite. This also suggests that barite 

has a limited ability to remove radium from water, which depends on the ratio between 

radium and barium in BaSO4. 

1.5.4 Chapter 5: Integration of radium and strontium isotopes as 
natural tracers of groundwater seepage in low salinity river systems: 
Application for the Neuse River, North Carolina 

This chapter examines the Neuse River in North Carolina, a system where fresh 

groundwater enters a stream of similar salinity. This chapter presents a numerical model 

that uses each of the four radium isotopes to calculate the flux of groundwater seeping 

into a stream. The radium flux model is based on geochemical variations along a specific 

river segment in the Neuse River. The model accounts for radium loss through 

adsorption in the stream, as well as radium loss and production in the hyporheic zone. 

The model can be solved separately for each of the four radium isotopes; consequently, 

radium is presented as a “four in one” tracer. It allows for up to four independent 

solutions for each model iteration, thus verifying and improving the reliability of the 

calculated fluxes without the need to employ an additional tracer. Strontium isotope 

geochemistry and a model based on strontium isotopes were also employed in this 

study.
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;9(Quantifying saline groundwater flow into a fresh water lake 
using the Ra isotope quartet: A case study from the Sea of 
Galilee (Lake Kinneret), Israel(<(

2.1 Introduction 

Over the last three decades, radium isotopes have been used to trace and 

quantify groundwater discharges into oceans (Knauss et al. 1978; Burnett et al. 2006; 

Paytan et al. 2006) and estuarine environments (Elsinger and Moore 1983; Charette et al. 

2003; Burnett et al. 2008). All of these studies focused on the interface between fresh 

groundwater and saline surface or subsurface water. Ra, a decay product within the U-

Th decay chains, is an alkaline earth element with four naturally occurring isotopes 

whose half-lives span from 3.6 days to 1600 years (224Ra – 3.66 d; 223Ra – 11.43 d; 228Ra – 

5.76 years; 226Ra – 1600 years). Given the geochemical similarity to barium, its 

predecessor in the alkaline earth family of elements, Ra tends to co-precipitate with 

barium minerals, most notably with barium sulphate (Molinari and Snodgrass 1990; 

Paytan et al. 1996). Since the affinity of Ra for adsorption decreases with increasing 

salinity (Krishnaswami et al. 1991; Webster et al. 1995; Sturchio et al. 2001), it has been 

perceived as a conservative tracer (after accounting for radioactive decay) in saline 

environments such as estuaries and coastal zones. In fresh water lakes, however, the Ra 

isotopes have not been applied except for a few studies. Kraemer (2005) used the Ra 

isotope quartet for quantifying fresh groundwater fluxes into the fresh water of Cayuga 

Lake, New York. In that study, the 224Ra:228Ra and 223Ra:226Ra ratios were used to trace the 

mixing proportions of ground water in the lake. By comparing ratios of short- to long-

                                                        

* - This chapter was published as Raanan, H., Vengosh, A., Paytan, A., Nishri, A., and Kabala, Z. (2009) 
Quantifying saline groundwater flow into a fresh water lake using the Ra isotope quartet: A case study from 
the Sea of Galilee (Lake Kinneret), Israel. Limnology and Oceanography 54(1): 119-131 
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lived Ra isotopes, Kraemer (2005) was able to delineate the Ra sources that enter the lake 

and the flow rate of water masses in the lake. Moser et al. (1998) measured 226Ra 

activities in the water column, shallow sediments, and pore water of Zürich Lake, 

Switzerland. They showed that Ra activity in the water column changes seasonally with 

dissolved oxygen; lower concentrations were observed during the winter when the 

dissolved oxygen levels were high. This was related to the interaction of Ra with redox 

sensitive minerals in the sediment. 

In this paper, we explore the potential of using naturally occurring Ra isotopes as 

a proxy for understanding water budgets and Ra behavior in freshwater lakes. In 

contrast to estuarine and coastal zones where fresh groundwater discharge into saline 

environments, here we focus on an opposite situation where saline groundwater flows 

into a fresh water lake. This study aims to explore the validity of radium isotope 

geochemistry as a tool for quantifying groundwater discharge into fresh water lakes. We 

show that Ra in the lake water, which is primarily derived from saline groundwater 

discharge, is scavenged from the lake water due to the relatively low salinity of the lake 

(236 mg Cl L-1).  We used 226Ra variations to quantify the residence time of Ra in the 

water and to estimate the saline fluxes entering the lake. 

2.2 Methods 

2.2.1 Study area 

The Sea of Galilee (Lake Kinneret, Lake of Tiberias) is a fresh water lake (236 mg 

Cl L-1) located in the northern part of the Jordan Rift Valley (Figure 5). The average 

volume of the lake is 4.3×1012 L over an area of 166 km2, of which 90 km2 is pelagic 

(Nishri et al. 1999). The salinity of the lake is controlled by a balance between: 1) fresh 

water recharging the lake, mainly through the Jordan River and other surface tributaries; 
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2) saline springs emerging mostly from the perimeter of the lake; 3) outflows (by 

pumping and through its natural outlet); and 4) evaporation.  

 

Figure 5: A map of the Sea of Galilee, the major groups of springs surrounding 
the lake (Tiberias Hot Springs, Tabgha Springs, and Fuliya Springs), the Jordan River 
inlet, outlet (since the 1930s) and the Salinity Diversion Channel (SDC). A and F mark 

sampling locations in the lake.  

 

Since the construction of the National Water Carrier (NWC) in 1964, the lake 

water has been extensively used to supply Israel’s water demand. Water pumping from 
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the lake through the NWC has been on order of 420×109 L per year, approximately one 

fourth of Israel’s annual national consumption. During the 1930s, the Degania Dam was 

constructed on the southern outlet of the lake. The dam is kept closed preventing flow to 

the Southern Jordan River during most years except in unusually rainy years when it is 

opened to prevent flooding of adjacent communities and fields. During the 1950s, when 

water quality monitoring of the lake began, a constant increase in the Cl- concentration 

of the lake had been observed, peaking at ~400 mg Cl L-1 during 1965. In an effort to 

reduce the salinity of the lake, a Salinity Diversion Channel (SDC) was constructed to 

divert the flow of some of the saline springs which discharge into the lake. The SDC 

diverts three major groups of spring (Figure 1): the Tiberias Hot Springs (THS, 109 L yr-1, 

~18,400 mg Cl L-1); the Tabgha Springs (15×109 L yr-1, ~2,200 mg Cl L-1); and the Fuliya 

Springs (0.75×109 L yr-1, 1,200-17,400 mg Cl L-1). Since the construction and operation of 

the SDC and removal of the major saline inflows to the lake, the salinity of the lake has 

significantly decreased. Since the 1970s, Cl- content has varied between 220 to 270 mg L-1, 

which reflects variations in the annual precipitation and fresh water fluxes to the lake 

(Nishri et al. 1999; Gvirtzman 2002).  

During the past decade several attempts were made at quantifying the nature 

and extent of the unmonitored submarine saline discharge still entering the lake (Dror et 

al. 1999; Kolodny et al. 1999; Nishri et al. 1999). These studies have used the ratio of 

Br:Cl in the lake and the saline springs to distinguish between the different saline waters 

that flow to the lake and suggested that “Fuliya type” water containing ~1,200 mg Cl L-1 

is the predominant salinity source that is still entering the lake, in spite of the SDC 

diversion. They estimated the flux of this unmonitored saline source to be 61-68×109 L 

yr-1. 
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Moise et al. (2000) surveyed the 224Ra, 228Ra, and 226Ra activities in the saline 

springs surrounding the lake. They showed that the ratio of 228Ra:226Ra decreases with 

increasing Cl- content, and that high correlation exists between Cl- concentration and 

226Ra activity within each group of saline springs. Nishri and Stiller (1997) calculated the 

residence time of radium in the lake and showed significant 222Rn contribution to the 

upper water layer due to recoil from suspended matter in the thermocline zone, more 

strongly expressed during the summer months when the lake is stratified. 

2.2.2 Water sampling and analysis 

Large volume (50-300 L) water samples from the main water body of the Sea of 

Galilee and saline springs entering the lake were collected during the course of three 

sampling campaigns between March 2005 and June 2006. A 250 L sample of the Upper 

Jordan River was collected during February 2008. Water temperature, conductivity, 

dissolved oxygen, pH, and redox potential were measured in the field. The large volume 

samples were run through a plastic column containing Mn-oxide covered acrylic fibers 

(Moore 1976) which efficiently adsorb the radium isotopes. The fibers from samples 

SG1-18 were sent to Stanford University for immediate measurement of their short lived 

223Ra and 224Ra isotopes by delayed coincidence alpha counting (Moore and Arnold 

1996). Samples SG21-28 were measured by the same method at the Laboratory of 

Environmental RadioNuclides (LEARN) at Duke University. The fibers were then 

incubated in a sealed glass cylinder for 3 weeks and measured for 226Ra using a Radon-

in-Air monitor (RAD7, Durridge Inc.), following the method of Kim et al. (2001). 

Samples SG1-18 were counted at Ben-Gurion University (BGU) in Israel, whereas 

samples SG21-28 were measured at Duke University. All the fibers were then smashed 
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and sealed in 90 mL tin cans and their 228Ra measured by a Canberra DSA2000 BEGe 

gamma detector at LEARN at Duke University.  

Small volume sub-samples were collected for general chemistry and trace metals 

analysis. Trace metals of samples SG21-28 were measured on a VG PlasmaQuad-3 

inductively-coupled-plasma mass-spectrometer (ICP-MS) at Duke University. Trace 

metals and cations of samples SG1-18 were measured on a Thermo Jarrell-Ash 61E ICP-

ES in the Water Commission Laboratory at the Volcani Institute at Bet-Dagan, Israel. 

Cations of samples SG21-28 were measured on a Direct Current Plasma (DCP) at Duke 

University. Anions of samples SG21-28 were measured on a Dionex IC DX-500 at the 

Wetland Centre of The Nicholas School of the Environment and Earth Sciences at Duke 

University. Anions of samples SG1-18 were measured on a Dionex IC model 600, with a 

CD-20 detector, a GP-40 pump and an AS-14 column at Ben-Gurion University. Cl and 

HCO3 concentrations of samples SG1-18 were measured on a Radiometer TIM800 

Titration Manager combined with an ABU 901 Autoburette. Cl titration with 0.015N 

AgNO3 was monitored by a Radiometer M25Ag silver electrode. Alkalinity titration 

with 0.02N HCl was monitored by a Radiometer Phc2401-8 pH electrode. Alkalinity of 

samples SG21-28 was measured by titration with 0.02N HCl using a YSI pH100 meter. 

The reaction error (i.e., the balance between anions and cations) was checked for all 

samples and found to be below 4%. 

2.2.3 Sediment sampling and analysis 

During the June 2006 sampling campaign, three gravimetric sediment cores were 

collected at station ‘A’ (Figure 5). The cores (26-28 cm in length) were then sliced into 3 

cm intervals and sealed in plastic cups pending analysis. Each sediment sample was 

placed in a piston and a lever was used for forcing the pore water out. The pore water 
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samples were collected in plastic vials and stored for chemical analysis. The partially 

dried sediments were emptied into pre-weighted 90 mL tin cans and placed in an oven 

at 500C for 24 hours. The dried sediments were then crushed to a diameter < 2 mm using 

a mortar and pestle, returned to the tin can, weighted, covered, and sealed with electric 

tape to prevent gas escape.  The sealed cans were incubated for at least 3 weeks (to allow 

226Ra to reach secular equilibrium with its 214Bi granddaughter) and each sample was 

counted in a Canberra DSA2000 BEGe gamma detector at LEARN in Duke University 

for 2-3 days to measure nuclides from the U-Th series. 226Ra activities were obtained 

through the 609keV energy line of its radioactive granddaughter, 214Bi assuming secular 

equilibrium. The activities of all these nuclides were calibrated using CCRMP U-Th ore 

standard DL-1a and Canberra Multi-Gamma ray standard MGS-5C, measured under 

physical conditions identical to the samples (e.g., can size, material type). Extracted pore 

waters were analyzed for anion concentrations by using Dionex IC DX-500 with CD-20 

detector, a GP-40 pump and an AS-14 column at Duke University. 

2.2.4 Adsorption experiment 

Dredge samples of sediments collected from the bottom of the lake in stations 

“A” and “F” (Figure 5) were used as the solid material for Ra adsorption experiments. 

Pore waters from sediments of both samples were extracted using a centrifuge at 3800 

rpm for 20 min. After separating the water from the solid, five samples of 2 grams each 

were weighed from each site, and inserted into a centrifuge tube. An artificial solution 

with chemical composition and ionic ratios similar to those of the Sea of Galilee was 

prepared with Cl content of 1000 mg L-1. Sub samples of the initial solution were diluted 

to contain 750, 500, and 250 (i.e., identical to the Sea of Galilee) mg Cl- L-1. 30 mL of each 

solution were added to one of the 2 gram samples from each site. 30 mL of deionised 
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water were added to a 5th sample from each site. The initial 226Ra activity in the dissolved 

phase of each sub-sample (~5.3 Bq) was obtained by adding 0.02 grams of a standard 

(NIST 4966) containing 263 Bq 226Ra g-1. Additionally, 2 sediment-free samples were 

prepared containing the same amount of Ra as the other 10 sub-samples, one using 30 

mL deionised water and the other with 30 mL of the 1000 mg Cl L-1 solution, to 

determine if Ra was lost through adsorption to the surface of the plastic centrifuge tube. 

The 12 tubes were then shaken for a week in a temperature-controlled room (230C-250C). 

The liquid and solid phases were then separated using a centrifuge for 20 min at 3800 

rpm. The pH of the water was measured, after which the samples were diluted using DI 

water to a volume of ~150 mL. The diluted solutions were gravity fed to columns 

containing MnO2 fibers, repeating the process seven times for each sample to assure that 

all the Ra from the solution is adsorbed to the fibers. The fibers were then manually 

squeezed and individually incubated in glass tubes for at least 3 weeks, after which their 

226Ra activity was counted on a Radon-in-Air monitor at LEARN at Duke University, 

following the method described above. 

2.3 Results 

2.3.1 Water samples 

The chloride contents and Ra isotopic activities in the saline groundwater, fresh 

water of the Jordan River, and fresh lake water of the Sea of Galilee are summarized in 

Table 2. The Ra isotopic results of the saline springs reported here are consistent with 

the measurements reported by Moise et al. (2000) for the same saline springs. The 

activities of the four Ra isotopes are linearly correlated with chloride concentrations, 

particularly in the Fuliya springs (Figure 6). All samples from the Sea of Galilee were 

collected during the summer months when the lake is stratified (i.e., thermocline depth 
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is ~10.5 m, see Table 2). The average 226Ra, 228Ra, 223Ra, and 224Ra activities measured 

along the lakes’ water column, which are used in our discussions, are 0.0073, 0.00058, 

0.0000068, and 0.00012 Bq L-1, respectively (Table 3). These activities are several orders of 

magnitude lower than those measured in the saline springs entering the lake (Table 2). 

The 228Ra:226Ra ratio in the lake water ranged between 0.069-0.108, (average of 0.079) and 

is similar to the ratio at the Tiberias Hot Springs (THS; 0.061-0.105; average 0.087) and 

Fuliya Group springs (0.041-0.092). The ratio in the lake however, is lower than the ratio 

range in Tabgha springs (0.179-0.280; an average of 0.24) (Figure 7).  
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Figure 6: Activities of the four Ra isotopes versus chloride concentrations 
(logarithmic scale) in the saline springs and Sea of Galilee. Radium activities in the 
lake are significantly lower than the Ra activities in the saline springs extrapolated 

for the lake salinity (marked as “initial”).  

 

The 224Ra:223Ra ratio in lake water (12 to 28), overlaps with the ratio in Fuliya B 

spring (13-19), but is significantly higher than in Fuliya A (6.5), Tabgha (7.8), and THS 

(7.3) springs (Table 2). The 224Ra:228Ra ratio varies from ~1.5 in the Fuliya and Tabgha 

springs, to ~1 at THS spring, and 0.25 in the lake water. The Ra:Cl ratios in the lake 
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water (4.93×10-7, 2.89×10-8, 2.27×10-6, and 3.11×10-5 for 224Ra, 223Ra, 228Ra, and 226Ra, 

respectively; Table 3) are significantly lower than those in the Fuliya, Tabgha, and THS 

springs. The 226Ra, 228Ra, 223Ra, and 224Ra activities of water collected from the Jordan 

River are 0.00153, 0.000665, 0.0000235, and 0.000591 Bq L-1, respectively. 

 

Figure 7: 228Ra:226Ra ratios versus chloride concentrations in the saline springs 
and Sea of Galilee. The 228Ra:226Ra ratio in the lake is higher than that of “Fuliya type” 
water, suggesting the latter cannot be the only source of Ra entering the lake. 

 

2.3.2 Sediment samples 

The 226Ra activities of the sediments from the two cores systematically increase 

with depth (Figure 8). In contrast, the U activity (238U; measured by ICP-MS) in the 

sediments decreases with depth with no apparent correlation to the changes in the 

activity of 226Ra (Figure 8).  
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Figure 8: 226Ra, 238U, and 232Th activities variations in sediments along core 2 
collected from Station A. The data shows no apparent correlation between the 
activities of 226Ra and 238U. 

 

2.3.3 Adsorption experiment 

The fraction of Ra that was adsorbed during the adsorption experiment, Raads, 

was calculated by subtracting the dissolved activity measured at the end of the 

experiment from the initial Ra activity, corrected to the weight of sediments used for the 

experiment to yield activities in units of Bq g-1. The dissolved activities measured at the 

end of the experiment, Radis, were divided by the volume of the solution to yield 

activities in units of Bq mL-1. The experiments show that the ratio of Raads:Radis decreases 

with chloride concentration (Figure 9), clearly showing that the affinity of Ra to 

adsorption decreases with increasing salinity. 
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Figure 9: Variations of the ratio Raads:Radis with chloride concentrations as 
measured in adsorption experiments using samples collected at stations A and F 
(Figure 5). The data suggests that Ra adsorption decreases with salinity. 

 

2.4 Discussion 

2.4.1 Geochemical indicators for radium sources and sinks in the Sea 
of Galilee 

The Ra isotopic composition of the Sea of Galilee is controlled by (1) the Ra 

isotopic ratios of the saline inflows that are considered the major sources for dissolved 

constituents in the lake (Kolodny et al. 1999; Nishri et al. 1999); (2) dissolved and 

particulate Ra entering through the Jordan River; (3) possible recoil from particulate 

matter in the water column (Kraemer 2005); (4) removal through adsorption and/or co-

precipitation into barite minerals; (5) diffusion from bottom sediments (Key et al. 1985; 

Krest et al. 1999; Kraemer 2005); and (6) radioactive decay. Given the residence time of 
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water in the Sea of Galilee (~6 years), the radioactive decay applies only for the 

relatively short-lived nuclides of 228Ra, 224Ra, and 223Ra, but not to 226Ra.  

The Ra activities and their ratios in the different saline springs are presented in 

Figure 6 and in Table 2. The data show that 226Ra in the lake water is depleted relative to 

226Ra activities in the saline springs, when extrapolated to the Cl content of the lake 

water (Figure 6). We therefore suggest that in addition to dilution, which would equally 

affect Ra and Cl, Ra is being substantially removed from the liquid phase. Given that (1) 

the Sea of Galilee is undersaturated with respect to the mineral barite (SI=-0.2, calculated 

by PHREEQC software); (2) there is no evidence for the occurrence of barite in the upper 

sediment layer (Halitz and Nishri unpubl.); and (3) the residence time of water in the 

lake is ~6 yr, we suggest 226Ra is removed from the lake water through adsorption onto 

suspended particulates and sedimentation. Our adsorption experiment (Figure 9) 

confirms that under the salinity conditions of the Sea of Galilee (Cl~250 mg L-1), a large 

fraction of Ra is removed by adsorption.  

Nishri et al. (1999) and Kolodny et al. (1999) suggested that “Fuliya type” water 

with an estimated salinity of ~1200 mg Cl L-1 is the predominant unmonitored saline 

submarine input that has continued to flow to the lake after the SDC diversion. In spite 

of that, in the following discussion we consider all known major saline end members 

(“Fuliya type”, Tabgha, and THS), as well as the Jordan River, as potential salinity (and 

Ra) contributors to the lake. For each of the saline end-members, the expected 226Rainitial in 

the specific source (if dilution was the only process that controls Ra activity in the lake) 

was determined by multiplying the ratio of each radium isotope to Cl- by the salinity of 

the lake (e.g., 0.0292 Bq L-1 for “Fuliya type”; Figure 6; Table 3). The difference between 

the measured 226Ra in the lake (0.00735 Bq L-1) and the expected Rainitial suggests that the 
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lake water is depleted by 75% to 86% in 226Ra expected from simple dilution of “Fuliya 

type” and THS water, respectively (Table 3; Figure 6). Likewise, we show even larger 

depletions in 224Ra and 223Ra activities in the lake water relative to the expected Ra for 

diluted saline groundwater (95%-99% for “Fuliya type” and Tabgha water, respectively; 

Figure 6C,D). The depletion in 228Ra activity in the lake (Figure 6B) is between 57% 

(“Fuliya type” water) and 94% (Tabgha springs). These depletions indicate a significant 

sink for radium in the lake, changing the isotope ratios from those seen in the saline 

springs, and making the activity of Ra in the lake significantly lower than expected from 

dilution of the saline springs. While several processes might contribute to the 

scavenging of Ra through the sediments, in the following discussion we assume the 

major scavenging mechanism is via adsorption.  

A possible additional Ra source to the lake (in addition to saline springs) is recoil 

from suspended particles in the water column (Kraemer 2005). Given the short 

residence-time of particulate matter in the lake water column (a few weeks; Stiller and 

Imboden 1984) we suggest that recoil could contribute only short-lived Ra nuclides with 

similar half-lives (224Ra, 223Ra) while 228Ra and 226Ra are derived predominantly from the 

saline springs that flow to the lake. Assuming that (1) the upper 3 cm of the sediment 

cores represent the particulate matter in the lake with U and Th activities of 0.046 and 

0.013 Bq g-1, respectively (Figure 8); (2) the small size of particulate matter results in 

100% recoil efficiency to the lake water; (3) nuclides in the U and Th decay series are in 

secular equilibrium within the particulate matter (i.e., 224Ra=228Ra=232Th and 238U=226Ra); 

and (4) the concentration of particulate matter in the water column of the lake is 2.1 mg 

L-1 (Stiller and Imboden 1984), we calculate the expected 222Rn ( 9.45×10-5 Bq L-1), 224Ra 

(2.73×10-5 Bq L-1), and 223Ra (7.0×10-7 Bq L-1) activities and 224Ra:223Ra ratio (39) in the lake 
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water derived entirely from recoil processes from the nuclides in suspended matter. 

Given that the adsorption rate of Ra is extremely fast (i.e., minutes; Krishnaswami et al. 

1982), one would expect that Ra adsorption onto particulate matter would change the Ra 

activities in the suspended matter and thus their recoil products. For example, Nishri 

and Stiller (1997) have reported significantly higher 222Rn levels in the water column of 

the Sea of Galilee (an average of 0.0343±0.0208 Bq L-1) that could reflect higher activities 

of 226Ra in suspended matter derived from adsorption from the lake water. Likewise, the 

measured 224Ra (an average of 1.2x10-4 Bq L-1) and 223Ra activities (6.8x10-6 Bq L-1) in the 

lake water are higher (4.3- and 9.7-fold, respectively) than the expected activities derived 

from recoil. Moreover, the rapid Ra adsorption relative to the decay rate of even the 

short-lived Ra isotopes would result in high ratios of the short-lived to long-lived 

isotopes (e.g., 224Ra:228Ra>1, 223Ra:226Ra >0.046) upon recoil combined with adsorption 

(Krishnaswami et al. 1982), when in fact the measured 224Ra:228Ra and 223Ra:226Ra ratios in 

the lake water are much lower, 0.25 and 0.0009, respectively. In the section below we 

will quantify the different Ra sources and sinks that affect the Ra isotopic ratios in the 

Sea of Galilee. 

The ratio of 228Ra:226Ra in the lake water (an average ratio 0.079) is slightly higher 

than the ratio of “Fuliya type” water containing 1200 mg Cl L-1 (0.065). Given the 

residence time of water in the lake (~6 years) and the expected decay of 228Ra, one would 

expect the ratio of 228Ra:226Ra in the lake to be lower than the ratio measured in the saline 

groundwater source. The relative higher 228Ra:226Ra ratio of the lake water is therefore an 

indication of an additional source with a higher 228Ra:226Ra ratio. Aside for “Fuliya type” 

water, other potential water sources to the lake are the Tabgha springs 

(228Ra:226Ra=0.237), THS (0.087), and the Jordan River (0.434, Table 2). Contribution from 
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either of these sources might increase the 228Ra:226Ra ratio in the lake above the ratio 

anticipated from discharge of “Fuliya type” water alone. Alternatively, the elevated 

228Ra:226Ra ratio might be the result of regeneration of Ra from the bottom sediments 

(Key et al. 1985; Krest et al. 1999; Kraemer 2005), where the 228Ra:226Ra ratio (0.61 at the 

upper 3 cm) is significantly higher than the ratio measured in both the lake and “Fuliya 

type” water. 

2.4.2 Modeling adsorption and decay of radium isotopes 

The long-lived 226Ra isotope abundance in the lake is controlled predominantly 

by adsorption processes. In contrast, the relative depletion of the other Ra isotopes is 

controlled by recoil, radioactive decay, and adsorption. In order to quantify these effects, 

we consider four possible scenarios to explain the isotopic variations of the four Ra 

isotopes. In the different models described below, we use the average 226Ra, 228Ra, 223Ra, 

and 224Ra activities in the lake water and assume that Fuliya spring is the predominant 

Ra source entering the lake (Kolodny et al. 1999; Nishri et al. 1999).  First, we consider 

that all Ra isotopes are removed solely by adsorption (model A). This approach results 

in 75-86% depletion of 226Ra, 57-94% depletion of 228Ra (measuring error up to 25%), and 

95-99% for both 223Ra and 224Ra (measuring error is less than 10%) relative to the 

expected Fuliya input. In our second approach, we consider that all short-lived 224Ra and 

223Ra isotopes are removed only through radioactive decay (model B). We use the basic 

radioactive decay equations: 

(2.1) 
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D = DOe
"#t  
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where t is the decay time, " is the decay constant for the specific Ra  isotope, D0 is the 

initial (calculated) activity at time t0 and D is the measured activity after time t. We 

define D0 values as the initial activities in the lake, had dilution been the only process 

affecting the activity of radium in the lake (normalized to Cl content in the lake; see 

“Rainitial” in Figure 6B-D; “expected activity” in Table 3) and D as the measured 

activities. The calculated decay times using this model are 15.6-24.1 and 50.8-82.7 days 

for 224Ra and 223Ra, respectively. The third approach (model C) combines adsorption and 

radioactive decay. We consider a model where all isotopes are adsorbed to the same 

extent, while the remaining Ra differences are the result of removal through radioactive 

decay. In this model, D0 becomes the percentage of each radium isotope that remains in 

solution after subtracting the adsorbed portion, whereas D remains the activity 

measured in the lake water. Assuming that 226Ra is removed only by adsorption, model 

C uses 75-86% as the fraction of each Ra isotope that is removed by adsorption, 

converting Equation 2.2 to the following form: 

(2.3) 
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This model results in decay times of 8.3-13.8 and 28.0-50.2 days for 224Ra and 223Ra, 

respectively.  

The fourth model considers adsorption of Ra isotopes that is proportional to the 

recoil production:activity ratio of the different Ra nuclides, which depends on their 

decay constants. This model (model D) follows the approach of Krishnaswami et al. 

(1982) that showed that under exchange conditions (e.g. adsorption-desorption 

reactions) between dissolved Ra and Ra adsorbed onto surface sediments, the 

retardation factor (Rf) is equal to the ratio of production (by recoil) to Ra activity. In their 
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model, Krishnaswami et al. (1982) have shown that shorter-lived isotopes experience 

less retardation than longer-lived ones. This is derived from the higher supply rate of 

the shorter-lived Ra isotopes through recoil. Kraemer (2005) suggested that recoil of the 

short-lived Ra nuclides can occur from suspended matter in the water column of the 

lake. The retardation of Ra isotopes (Rf) can be described as: 

(2.4) 

! 

Rf =
k1 + k2 +"
k2 +"

 

where " is the decay constant [min-1], k1 and k2 are first-order adsorption and desorption 

rate constants [min-1], respectively. This model assumes exchange (adsorption-

desorption) reactions between suspended matter in the lake water and sufficient time for 

recoil of the short-lived Ra nuclides to occur from the suspended matter back to the 

solution. Assuming desorption rate is significantly lower than adsorption in fresh water, 

Equation 2.4 can be approximated as: 

(2.5) 

! 

Rf "
k1 +#
k2 +#

 

Extrapolating the results of Krishnaswami et al. (1982) to the salinity conditions of the 

Sea of Galilee yields values of 10-2 and 10-6 min-1 for the k1 and k2 parameters, 

respectively. Since the lambda values for the short-lived Ra isotopes are significantly 

smaller than k1 (for 224Ra, 223Ra, and 228Ra the lambda values are 1.3×10-4, 4.2×10-5, and 

2.3×10-7 min-1, respectively), Equation 2.5 can be rewritten as: 

(2.6) 

! 

Rf "
k1

k2 +#
 

We have used these assumptions for setting the Rf ratios between the different Ra 

isotopes. Using the 223Ra and 224Ra differences to develop the model, the ratio of the 

retardation factors Rf,223 to Rf,224 (defined as ") is: 
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(2.7) 
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Next, we define X as the ratio between the adsorbed Ra and the expected Ra activity 

from the saline source that enters the lake (corrected for dilution):   

(2.8) 

! 

224Raads
224Raexp

= X  

Hence, the decay of Ra isotopes from the initial saline Ra, corrected for Ra adsorption is  

(2.9) 
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Combining Equations 2.8-2.10 for all Ra isotopes and solving for t yields: 
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where i signifies the specific Ra isotope (224Ra, 223Ra, or 228Ra). Applying Equation 2.11 for 

the 224Ra-223Ra and 224Ra-228Ra isotope pairs yields decay time of 10.7-13.8 days (12.3 on 

average) when using “Fuliya type” water as the saline end member, and 13.4-15.8 days 

(14.6 on average) when using “THS type” water as the saline end member. In spite of the 

fact this model is not based on actual measurements of adsorbed Ra:expected Ra, the 

internal consistency of the saline end members in model D indicates that this model, 

which includes Ra adsorption-desorption exchange and preferential recoil ingrowths of 

Ra isotopes based on their decay constant, can provide consistent decay times for all 

short-lived Ra isotopes.  

Following Simpson et al. (1982), this calculated range of decay times is defined as 

the “permanent burial time” (#) of Ra isotopes in the Sea of Galilee. This “permanent 
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burial time” in fact refers to an average “residence time” of suspended matter in the lake 

water that consists of the major sink for Ra nuclides. This estimation of 12.3-14.6 days is 

similar to, though slightly lower than the residence time of suspended matter in the lake 

calculated by Stiller and Imboden (1984) of 53 days.  
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Table 2: Radium and chloride in the saline springs, the Jordan River, and the Sea of Galilee. Data from this study combined with 
results previously reported by Moise et al. (2000). 

This Moise et Collection 226Ra 228Ra 223Ra 224Ra Cl 224Ra:223Ra 228Ra:226Ra 224Ra:228Ra 223Ra:226Ra 
study al. 2000  (Bq L-1) (Bq L-1) (Bq L-1) (Bq L-1) (mg L-1)     

            
Tiberias Hot Springs 

Hamei Tveria Main Spring          
SG 2  13 Mar 05 4.514  0.040 0.291 18526.7 7.213   0.0089 

 TR 105 16 Nov 94 5.095 0.333     0.065   
 TR 140 30 Nov 94 3.447 0.233   18625.0  0.068   
 TR 169 02 Feb 95 3.636 0.265  0.351 18373.0  0.073 1.327  
 TR 190 22 Feb 95 3.961 0.241   18231.0  0.061   

Hamei Tveria Roman Spring          
SG 3  13 Mar 05 3.735  0.033 0.246 18475.0 7.429   0.0089 

 TR 104 16 Nov 94 3.996 0.266   18822.0  0.067   
 TR 141 30 Nov 94 5.561 0.583   18444.0  0.105   
 TR 202 16 Mar 95 4.297 0.303  0.315 18475.0  0.071 1.038  
 TR 255 18 Jun 95 4.545 0.443  0.403 18634.0  0.097 0.910  
 TR 275 11 Mar 96 4.164 0.366  0.340   0.088 0.927  
 TR 286 10 Jun 96 3.506 0.291  0.273   0.083 0.937  
 TR 293 11 Jul 96 4.229 0.368  0.298   0.087 0.810  
            

Tabgha 
Sartan –Eiver           

SG 5  13 Mar 05 0.507  0.011 0.091 2383.5 8.233   0.0217 
 TR 99 16 Nov 94 0.400 0.072   2889.0  0.179   
 TR 134 30 Nov 94 0.633 0.138   2765.0  0.218   
 TR 259 18 Jun 95 0.458 0.128  0.173 3030.0  0.280 1.351  

Sartan sweet           
SG 6  13 Mar 05 0.380  0.006 0.045 1528.5 7.305   0.0163 

 TR 235 30 Apr 95 0.286 0.073  0.117 1773.0  0.256 1.591  
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This  Moise et Collection  226Ra 228Ra 223Ra 224Ra Cl 224Ra:223Ra 228Ra:226Ra 224Ra:228Ra 223Ra:226Ra 
study al. 2000   (Bq L-1) (Bq L-1) (Bq L-1) (Bq L-1) (mg L-1)         

 Fuliya 
Fuliya B Spring 
SG 7  20 Apr 05 0.166 0.008 0.001 0.014 1432.0 13.525   0.0061 
SG 15  23 Jun 05 0.157 0.006 0.001 0.010 1230.0 13.509   0.0046 
SG 21  06 Jun 06 0.154 0.008 0.001 0.013 1195.2 18.985 0.041 2.078 0.0045 
Fuliya A Spring 
SG 18  23 Jun 05 0.195 0.014 0.002 0.013 1532.0 6.479   0.0103 
SG 23  06 Jun 06 0.275 0.025 0.005 0.032 2174.6 6.442 0.089 1.320 0.0183 
Fuliya 51 

 TR 207 16 Mar 95 0.118 0.009  0.017 1215.0  0.076 1.852  
Kinneret 5 (pump) 

 TR 102 16 Nov 94 0.837 0.115   8622.0  0.137   
 TR 137 30 Nov 94 0.954 0.153   8724.0  0.161   
 TR 181 22 Feb 95 0.500 0.058   4700.0  0.117   
 TR 201 16 Mar 95 0.418 0.055  0.098 4616.0  0.131 1.788  
 TR 220 09 Apr 95 0.466 0.057  0.092 4824.0  0.121 1.618  

Kinneret 10 (110-453m) 
 TR 261 06 Jul 95 1.382 0.196  0.306 13494.0  0.142 1.559  
 TR 267 31 Aug 95 1.748 0.193  0.261 17131.0  0.110 1.353  
 TR 271 18 Sep 95 1.815 0.461  0.658 17412.0  0.254 1.426  
 TR 328 23 Dec 96 1.832 0.203  0.220   0.111 1.082  
            

Table 2: Continued.  
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This  Moise et Collection  226Ra 228Ra 223Ra 224Ra Cl 224Ra:223Ra 228Ra:226Ra 224Ra:228Ra 223Ra:226Ra 
study al. 2000   (Bq L-1) (Bq L-1) (Bq L-1) (Bq L-1) (mg L-1)         

 Lake water 
Station A 5.5m 
SG 13  21 Jun 05 0.00613 0.000463 6.27!10-6 0.000125 231.6 19.888   0.0010 
SG 25  07 Jun 06 0.00829 0.000572 8.26!10-6 0.000102 237.5 12.317 0.043 0.289 0.0010 
Station A 10.5m 
SG 28  08 Jun 06 0.00737 0.000502 9.71!10-6 0.000128 237.5 13.180 0.077 0.226 0.0013 
Station A 30.5m 
SG 14  21 Jun 05 0.00602 0.000652 4.29!10-6 0.000072 233.9 16.660   0.0007 
Station A 35.5m 
SG 26  07 Jun 06 0.00889 0.000698 5.51!10-6 0.000156 239.7 28.236 0.079 0.223 0.0006 

Jordan River – Arik Bridge 
SG 29 

 

 

 17 Feb 08 0.00153 0.000665 5.35!10-5 0.000591 52 25.163 0.434 0.889 0.0153 
            

Table 2: Continued.  
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Table 3: Average measured activities of Ra isotopes in different saline springs, Jordan River, and the Sea of Galilee. 
Expected activities refer to dilution factor, using the Ra:Cl ratios 

Water type*  224Ra 223Ra 228Ra 226Ra Cl 224Ra:Cl 223Ra:Cl 228Ra:Cl 226Ra:Cl 
  (Bq L-1) (Bq L-1) (Bq L-1) (Bq L-1) (mg L-1) !10-5 !10-6 !10-5 !10-4 

Tiberias Hot Springs          
 measured activity a 0.315 0.0368 0.336 4.211  1.738 1.987 1.803 2.265 
 expected activity b 0.00410 0.000469 0.00426 0.0535      
 % depletion c 97% 99% 86% 86%      

Tabgha          
 measured activity a 0.107 0.00862 0.103 0.444  4.767 4.340 3.963 1.903 
 expected activity b 0.0112 0.00102 0.00935 0.0449      
 % depletion c 99% 99% 94% 84%      

Fuliya          
 measured activity a 0.145 0.00190 0.128 0.735  0.950 0.630 0.566 1.238 
 expected activity b 0.00224 0.000149 0.00134 0.0292      
 % depletion c 95% 95% 57% 75%      

Jordan River          
 measured activity a 0.00059 0.0000235 0.000665 0.00153  1.137 0.452 1.280 0.295 
 expected activity b 0.00268 0.000107 0.00302 0.00695      
 % depletion c 96% 94% 81%       

Lake          
 measured activity 0.00012 0.00000682 0.000578 0.00735 236.04 0.049 0.029 0.228 0.312 
           
 T1/2 (d) 3.66 11.43 2102.40 584000      
 ! (d-1) d 0.189 0.061 0.00033 0.0000012      

                                                        

* Spring values were compiled from data obtained during this study and by Moise et al. (2000).  
  Lake data was compiled from samples collected at station ‘A’ during the course of this study. 
a Average Ra:Cl ratio based on the data displayed in Table 2 
b Expected activity=(Ra:Cl)water type![Cl]lake; for each isotope and each water type (THS, Tabgha, Fuliya, Jordan River) 
c % depletion=100!(1-measured activity/expected activity); for each isotope and each water type (THS, Tabgha, Fuliya, Jordan River) 
d l=ln(2)/T1/2; for each isotope 
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2.4.3 226Ra mass balance in the Sea of Galilee 

Assuming that the principle Ra source that enters the lake is saline seepage 

through springs, we use the conservation of mass equation to provide information on 

the flux of saline water entering the lake:  

(2.12) 

! 

d[226Ra]SG
dt

= 0=226RaIN "
226RaOUT  

where is the net change in radium activity in the lake over time. Assuming the 

lake is well mixed and is in steady-state, the incoming Ra flux is expected to be equal to 

the outgoing flux. 226Ra sinks in the lake are described in Equation 2.13 and consist of 

226Ra exiting the lake through the NWC and through sedimentation of particles within 

the lake: 

(2.13) 

! 

226RaOUT =226RaNWC + 226RaSED  

 is the bulk Ra activity measured in sediments and represents the sum of 

“supported” (i.e., Ra in secular equilibrium with U) and “adsorbed” (i.e., scavenged 

from the lake water) Ra found on suspended matter in the lake. Assuming that 

sedimentation occurs in the pelagic area where Ra is being permanently removed from 

the lake water:  

(2.14) 

! 

226RaSED[Bqyr] =[226Ra]SED[Bqg ] " (rate)[ gm 2 #yr] " SA[m
2 ] 

Stiller and Imboden (1984) measured 0.052 Bq g-1 of 226Ra in suspended matter from the 

lake. We did not collect a sample of suspended matter from the lake in this study, but 

measured an average of 0.037 Bq g-1 of 226Ra in the most shallow samples from cores 2 

and 3 (the upper 3 cm of the cores; Figure 8). We therefore use the range of 0.033 to 0.050 

Bq g-1 of 226Ra to represent what we define as .  The sedimentation rate               
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( “(rate)”; 1.4±0.4 kg m-2 yr-1) and surface area (“SA”; 90 km2) were calculated by Serruya 

(1978) and used by Nishri et al. (1999) to describe sedimentation in the pelagic area. 

 is the amount of Ra lost per year through pumping (FNWC) the lake water to 

supply the National Water Carrier: 

(2.15) 

! 

226RaNWC [Bq yr] =[226Ra]SG[BqL] " FNWC [L yr ] 

The 226Ra activity of the water pumped to the NWC is the same as that of the lake water. 

On average, a volume of 420×109 L is pumped through the NWC each year.  

The total incoming 226Ra flux (226RaIN) is comprised of dissolved Ra delivered 

through the Jordan River (226RaJR, DISS), particulate Ra entering the lake through the Jordan 

River (226RaJR,SED), and the unmonitored saline groundwater flux (226RaSAL), assumed to be 

predominantly of “Fuliya type”: 

(2.16) 

! 

226RaIN =226RaJR,DISS + 226RaJR, SED + 226RaSAL  

(2.17) 

! 

226RaJR,DISS Bq
yr[ ] =[226Ra]JR,DISS [BqL] " FJR,W[L yr] 

We estimate that the annual water flux from the Jordan River, , is 400×109 L yr-1 

with 226Ra activity of 0.0015 Bq L-1 (Table 2). Based on measurements of suspended 

matter arriving from the Jordan River (0.033 Bq g-1) conducted by Stiller and Imboden 

(1984), we estimate the Jordan River 226Ra sedimentary flux, 226RaJR, SED, as: 

(2.18) 

! 

226RaJR, SED Bq
yr[ ] =[226Ra]JR, SED[Bqg ] " FJR, SED[ g yr ]   

 is the annual sediment flux from the Jordan River and is calculated to be 40×106 

kg yr-1. This flux is the main source of allochthonous sediments arriving to the lake 

(Stiller and Imboden 1984). Using Equations 2.12-2.18, the amount of 226Ra entering 

through unmonitored saline groundwater discharge can be calculated: 

(2.19) 

! 

226RaSAL Bq
yr[ ]=226RaOUT "226RaJR,DISS "226RaJR, SED  
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Assuming that the saline groundwater source to the lake is of “Fuliya type” water 

containing 1200 mg Cl L-1 and 0.12 Bq 226Ra L-1, the annual “Fuliya type” flux entering 

the lake is calculated to be between 44×109 L yr-1 and 61×109 L yr-1 corresponding to 

values of 0.033 and 0.050 Bq g-1, respectively. This calculated “Fuliya type” 

saline flux would insert 52.7×106-73.4×106 kg Cl yr-1 to the lake. This is similar, yet 

slightly lower, than the ~75×106 kg yr-1 estimated by Nishri et al. (1999) using chloride 

mass-balance alone.   

Dror et al. (1999) used the ratio of Br:Cl in the lake and its sources to show that 

“Fuliya type” water alone cannot explain the Br:Cl ratio observed in the lake and 

postulated an additional contribution from THS type water with a high Br:Cl ratio. 

Contribution of THS type water with a higher 228Ra:226Ra ratio could also explain why 

the lake water has a higher 228Ra:226Ra ratio than that of “Fuliya type” water. We show, 

for example, that for a scenario in which the saline groundwater flow is composed of 

98%  “Fuliya type” water and 2% of THS water mixture (Table 4), the saline flux of 

“Fuliya type” water would contribute only 26-37×109 L yr-1 and 40.7×106-56.8×106 kg Cl 

yr-1 using  values of 0.033 and 0.050 Bq g-1, respectively.  

Since the 226Ra activity measured in the bottom sediments in the lake represents 

both ”supported Ra”, arriving as the sedimentary flux of the Jordan River, and 

“adsorbed Ra” that is derived from scavenging of saline groundwater discharge, we 

calculate the relative proportion of dissolved Ra being lost through scavenging by: 

(2.20) 

! 

226RaSCAV [%] =
226RaSED[Bqyr ]"

226RaJR, SED Bq
yr[ ]

226RaSAL Bq
yr[ ]

#100 

Our calculations suggest that 54-67% of the dissolved 226Ra entering the lake is lost 

through adsorption. This estimate is similar to our independent observation that uses 

the difference between the 226Ra:Cl ratio in the lake and saline springs to show that 75-
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86% of the 226Ra entering the lake through the unmonitored saline groundwater 

discharge is being scavenged to the sediments. 

Our flux calculations can now be used to evaluate the residence time of 226Ra in 

the Sea of Galilee by dividing the existing 226Ra reservoir in the lake (standing stock) by 

the yearly entering or exiting flux (Equation 2.21): 

(2.21) 

! 

TRa[yr ] =
existing

entering/ year
=

[226Ra]SG[BqL] " Vol[L ]
(226RaJR,DISS + 226RaJR, SED+ 226RaSAL )[Bqyr]

  

where [226Ra]SG is the 226Ra activity in the lake (0.00735 Bq L-1), Vol is its average volume 

of the lake (4.3×1012 L), and the incoming fluxes are calculated from Equations 2.18-2.20. 

Using Equation 2.21, the calculated residence time of Ra in the lake is 4.3 and 3.4 years 

for  values of 0.033 and 0.050 Bq g-1, respectively. The similarity of this 

calculation to previous estimations made by Nishri and Stiller (1997) (residence time in 

the order of 3.8 years) strengthens the validity of our estimation.  

Table 4: Flux values calculated for different contribution proportions of Fuliya 
and THS groundwater discharge to the Sea of Galilee. 

Assumption ‘Fuliya type’ flux a ‘THS type’ flux b Cl- flux 228RaREG 

 ×109 L yr-1 ×109 L yr-1 ×106 kg yr-1 ×107 Bq yr-1 

100% ‘Fuliya type’ c 43.90 N/A 52.68 5.15 

99% ‘Fuliya type’, 1% 
‘THS type’ c 32.92 0.32 45.21 6.07 

98% ‘Fuliya type’, 2% 
‘THS type’ c 26.34 0.51 40.74 6.62 

100% ‘Fuliya type’ d 61.16 N/A 73.39 2.48 

99% ‘Fuliya type’, 1% 
‘THS type’ d 45.87 0.44 62.99 3.12 

98% ‘Fuliya type’, 2% 
‘THS type’ d 36.69 0.71 56.76 3.50 

 

                                                        

a as ‘Fuliya type’ water having 1180 mg Cl L-1, 0.122 Bq 226Ra L-1 

b as ‘THS type’ water having 4.21 Bq 226Ra L-1 

c [226Ra] in lake suspended matter is 0.033 Bq g-1 

d [226Ra] in lake suspended matter is 0.050 Bq g-1 
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2.4.4 Reconstructing the pre-SDC 226Ra activity in the Sea of Galilee 

Assuming the pre-SDC lake (before 1964) was in steady state, we can now use 

mass balance equations to calculate the expected 226Ra activity in the lake during the 

early 1960s, several years before the diversion of the saline inflows to the lake took place. 

Ra sources to the pre-1964 lake, as described in Equation 2.22, were through the Jordan 

River ( ), the now diverted saline springs of Fuliya, THS, and Tabgha 

( , , and , respectively), and the unmonitored saline 

flux still entering the lake and calculated using Equation 2.19 ( ): 

(2.22) 

! 

226RaIN, pre64 =
226RaSAL, now+ 226RaFUL, pre64+

226RaTHS, pre64+
226RaTAB, pre64+

226RaJR,DISS
 

We assume the saline flux that entered the pre-1964 lake to equal the average saline flux 

diverted away from it today; that is 0.75×109, 1×109, and 15×109 L yr-1 for the Fuliya, 

THS, and Tabgha springs, respectively. We assume that all of the diverted Fuliya springs 

are of “Fuliya type”, bearing 0.122 Bq 226Ra L-1. THS and Tabgha activities are taken as 

the averaged values measured in these springs (4.211 and 0.444 Bq 226Ra L-1, respectively; 

Tables 2, 3). The flux of dissolved Ra entering through the Jordan River is assumed to be 

the same as today (Equation 2.17). To account for the flux of Ra currently entering the 

lake through unmonitored flow from the saline springs, we use the water fluxes 

calculated after Equation 2.19 (Table 4). As discussed earlier, we consider a scenario 

where all the unmonitored saline flux is of “Fuliya type” water, as well as other 

scenarios where up to 2% of the water is derived from THS type water.  

Ra outputs in the pre-SDC lake are through outflow to the southern part of the 

Jordan River ( ) and scavenging to the sediments:  

(2.23) 

! 

226RaOUT, pre64=
226RaSJR,DISS + 226RaSCAV , pre64  
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Using Equation 2.20 we calculated the current scavenging fraction (54-67%) for the lake. 

However, the salinity of the Sea of Galilee in the early 1960s was higher than today 

(more than 350 mg Cl L-1; Gvirtzman 2002), and thus, following our adsorption 

experiment (Figure 9) we expect lower adsorption fraction under the higher salinity of 

the Sea of Galilee during early-1960s. Assuming Cl- content of 350 mg L-1 during the 

early-1960s, the relative change in the 226Raads:226Radis ratio detected by our adsorption 

experiment (Figure 9) indicates the scavenging fraction during the early 1960s would 

have been 94% of the current scavenging rate (when Cl concentration is 250 mg L-1). 

Following this calculation, the early-1960s scavenging fraction is estimated at 51-63% 

(226RaSCAV,pre64[%]). The amount of 226Ra lost through scavenging to the sediments in the 

pre-SDC lake would therefore be: 

(2.24) 

! 

226RaSCAV , pre64 Bq
yr[ ]=226RaSCAV , pre64[%] "

226RaSAL, now+ 226RaFUL, pre64+
226RaTHS, pre64+

226RaTAB, pre64( ) Bq
yr[ ]

 

The remaining exiting Ra flux, , is assumed to discharge the same amount of 

water as currently pumped through the NWC ( , Equation 2.15) bearing the 

average activity of the pre-SDC lake ( ). Assuming steady state and 

combining Equations 2.22-2.24, we use Equation 2.25 to calculate the 226Ra activity in the 

pre-SDC lake: 

(2.25) 

! 

226Ra[ ]
SG, pre64

Bq
L[ ] =

226RaJR,DISS Bq
yr[ ]

FNWC [L yr]
+ 1"226RaSCAV , pre64[%]( ) #

226RaSAL, now+ 226RaFUL, pre64+
226RaTHS, pre64+

226RaTAB, pre64( ) Bq
yr[ ]

FNWC [L yr ]

 

Our calculations suggest that the pre-SDC 226Ra activity in the lake was between 0.018 to 

0.020 Bq L-1. This value is in agreement with the actual 226Ra activity (0.018±0.0012 Bq L-1) 
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measured in the Sea of Galilee during 1962 (Gilboa 1963). This agreement reinforces the 

validity of our estimation for the unmonitored saline flux to the Sea of Galilee.  

2.4.5 228Ra mass balance in the Sea of Galilee 

A similar approach to the 226Ra mass-balance provides the base for conducting 

mass balance calculations for 228Ra in the Sea of Galilee. 228Ra sinks in the lake (Equation 

2.26) consist of 228Ra exiting the lake through the NWC, scavenging to the sediments, and 

radioactive decay:  

(2.26) 

! 

228RaOUT =228RaNWC + 228RaSCAV + 228RaDEC  

228RaNWC is defined by Equation 2.15 as the annual amount of 228Ra exiting the lake due to 

pumping through the National Water Carrier. The activity of 228Ra in suspended matter 

derived from the Jordan River was not reported by Stiller and Imboden (1984) and thus 

we cannot use this direct measurement as we did for the 226Ra mass balance. We evaluate 

the amount of 228Ra lost through sedimentation by assuming that the reactivity of all Ra 

isotopes with suspended matter is identical. We therefore assume 228RaSCAV[%] is equal to 

the 226RaSCAV[%] determined in Equation 2.20:  

(2.27) 

! 

228RaSCAV Bq
yr[ ]=228RaSCAV %[ ]"228RaSAL Bq

yr[ ]=226RaSCAV %[ ]"228RaSAL Bq
yr[ ]  

Since the half-life of 228Ra (5.7 yr) is in the same scale as the residence time of water (~6 

yr) in the Sea of Galilee, we must account for radioactive decay as an additional sink for 

228Ra. As described in Equation 2.28, 228RaDEC accounts for the annual decay of all the 

sources and sinks of 228Ra:  

 (2.28) 

! 

228RaDEC Bq
yr[ ] =(228RaNWC + 228RaSCAV + 228RaJR,DISS + 228RaSAL )

" 1 # e#$228t( )
 

The incoming flux of 228Ra (228RaIN) consists of dissolved Ra entering through the 

Jordan River (228RaJR,DISS) and dissolved Ra entering through the saline springs (228RaSAL). 
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Any excess Ra found in the system is considered to be regenerated through the 

sediments (228RaREG), mainly by diffusion, as suggested earlier in our discussion: 

(2.29) 

! 

228RaIN =228RaJR,DISS + 228RaSAL + 228RaREG  

To account for the Ra arriving through the saline springs (228RaSAL) we considered the 

saline flux calculated using Equation 2.19 to be all of “Fuliya type” as well as scenarios 

where up to 2% of the Ra arrived from “THS type” water (Table 4): 

(2.30) 

! 

228RaSAL Bq
yr[ ] = F226Ra,SAL

L
yr[ ] "[228Ra]SAL Bq

L[ ] =
226RaSAL Bq

yr[ ]
[226Ra]SAL Bq

L[ ]
"[228Ra]SAL Bq

L[ ]  

Combining Equations 2.26-2.30 we can find the amount of regenerated 228Ra: 

(2.31) 

! 

228RaREG Bq
yr[ ]=228RaOUT "228RaJR,DISS "228RaSAL  

Our calculations predict that of the 228Ra inventory in the Sea of Galilee, a range of 2.48 

to 6.62×107 Bq yr-1 (Table 4) originates from regeneration and-or diffusion through 

bottom sediments. Consequently, we estimate that 4 to10% of the dissolved 228Ra in the 

lake is derived via regeneration from the underlying sediments, 34 to 43% from the 

Jordan River, and 48 to 61% through the unmonitored saline groundwater discharge.  

2.5 Conclusions 

This study investigates the Ra isotope geochemistry of the fresh lake water of the 

Sea of Galilee and the saline springs that constitute the major salt source to the lake. 

Integration of the data shows that a large fraction of the Ra entering the lake via the 

saline inflow is removed through scavenging to suspended matter and sedimentation. 

We propose that the removal is by adsorption onto suspended matter in the lake water, 

yet validation by direct measurements of Ra in suspended matter in the lake is 

necessary. The relationships between Ra isotopes with different half-lives indicate that 

the reactions between lake water and suspended matter involve adsorption-desorption 

exchange, recoil, and decay of the short-lived 223Ra and 224Ra isotopes. Our data suggests 
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an average residence time of suspended matter on the scale of 2 weeks. Mass balance is 

used to determine the residence time of the residual dissolved Ra (3 to 4 yr) in the lake 

system.    

Our data suggests that the unmonitored saline groundwater flux varies between 

44×109 L and 61×109 L per year assuming the entering groundwater is of “Fuliya type”. 

We also estimate that 2.48-6.62×107 Bq 228Ra per year enters the lake through 

regeneration from bottom sediments, which consists 4 to10% of the overall annual 228Ra 

flux entering the lake. We combined a mass balance approach with the results of our 

adsorption experiment to calculate the expected 226Ra activity in the lake before the 

diversion of saline springs to the lake. Our calculated 226Ra activity, 0.018-0.020 Bq L-1, is 

in agreement with the 0.018±0.0012 Bq 226Ra L-1 that was actually measured in the lake in 

1962. 

In spite of the non-conservative behaviour of Ra in fresh water systems, this 

study demonstrates that variations of the Ra isotope quartet can provide essential 

information for quantifying the flow of saline groundwater into a fresh water lake and 

the residence time of dissolved Ra in the lake water. 
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3.1 Introduction 

Groundwater seepage has been shown to be an important process in coastal 

environments, contributing nutrients essential for the development of healthy 

ecosystems (e.g., Charette et al. 2001; Burnett et al. 2007; Kim et al. 2008). In such 

environments, pore water and sediment chemistry have been used to learn about 

biogeochemical cycling of nutrients, groundwater seepage rates, and the chemical 

evolution of the marine environment (e.g., Lemarchand et al. 2000; Charette et al. 2003; 

Pagani et al. 2005; Swarzenski et al. 2006). In non-marine settings such as lakes, 

groundwater seepage has also been shown to be a common (though often ignored) 

phenomenon that strongly influences lake chemistry (McBride and Pfannkuch 1975; Lee 

1977; Mitchell et al. 1988; Shaw and Prepas 1990; Winter 1999; Sebestyen and Schneider 

2004). Pore water geochemistry and its relationship with lake sediments have been 

mostly used to reconstruct and learn about the evolution of the deposition environment 

with time (Trefry et al. 1985; Hallberg 1991; Bricker 1993; Ritson et al. 1994; Owens and 

Cornwell 1995; Hay and Kyser 2001; Branchu et al. 2010). Azcue et al. (1996) have shown 

that diffusion from sediments has a significant role in the transport of trace elements to 

lakes, and thus a strong influence of their trace metal budgets. It has been shown that 

many processes can account for the accumulation of metals on lake sediments, including 

scavenging on clay particles, organic matter and metal oxides (Tessier et al. 1979; Sawlan 

and Murray 1983; Shaw et al. 1990).  

This study examines the variations of major and trace elements coupled with the 

radium, strontium, and boron isotopes in pore water from sediments underlying the Sea 
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of Galilee (Lake Kinneret, LK), Israel. Previous studies have focused on determining the 

origin of saline water that flow into the Sea of Galilee and showed that they originate 

from the Dead Sea Rift (DSR) brines  (e.g., Starinsky 1974; Kolodny et al. 1999; Nishri et 

al. 1999; Klein-BenDavid et al. 2004; Stiller et al. 2009). In addition to direct inflow of 

saline springs, the salinity of LK is controlled by seepage of saline water through the 

bottom sediments of the lake (Stiller et al. 2009). This study aims to understand the 

processes that affect the geochemistry of the saline pore water as it is transported 

through sediments into the lake. We use three types of geochemical tracers -- radium, 

strontium, and boron isotopes -- in order to evaluate the possible reactivity of the saline 

pore water as they are being transported through the sediments underlying LK. The 

overall objective of this study is to determine the role of pore water processes on the flux 

of reactive solutes to fresh water lakes, in particular the reactivity of radium, which is 

highly abundant is saline groundwater and has been used as a tracer to determine saline 

groundwater flux into coastal environment (e.g., Knauss et al. 1978; Elsinger and Moore 

1983; Rama and Moore 1996; Burnett et al. 2008) and fresh water resources (Raanan et al. 

2009). This study utilizes, for first time, the thermal ionization mass spectrometry 

technique to measure 226Ra in pore water and shows that saline water flux through lake 

sediments involved a large retention of radium. 

3.1.1 Research area 

The Sea of Galilee (Lake Kinneret, LK), located in the northern part of the Jordan 

Rift Valley, Israel, is a fresh water (~260 mg Cl L-1) warm monomictic lake (Figure 10). Its 

average volume is 4.3×1012 L over an area of 166 km2, of which 90 km2 is pelagic (Nishri 

et al. 1999). The lake surface is at 210 m below mean sea level and its maximum depth is 

42 m. The salinity of the lake reflects a balance between: 1) fresh water flowing to the 

lake, mainly through the Jordan River and other surface tributaries; 2) saline springs 
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emerging mostly from the perimeter of the lake; 3) outflows (by pumping and through 

its natural outlet in times when Degania Dam is open); and 4) evaporation (Kolodny et 

al. 1999; Nishri et al. 1999; Raanan et al. 2009). 

 

Figure 10: A map of Lake Kinneret (LK) and the major groups of springs 
surrounding the lake (Tiberias Hot Springs, Tabgha Springs, and Fuliya Springs). A 
and F mark sediment and core sampling locations in the lake 

While a fresh water lake, the Sea of Galilee receives a constant supply of salts, 

mostly through unmonitored saline groundwater discharging to the lake throughout its 

perimeter. Regional climatic changes inferred from sediment cores would have likely 
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been accompanied by noticeable changes to the salinity of the lake (Neev and Emery 

1995; Bar-Matthews et al. 1997; 1999; Dubowski et al. 2003). Several water types have 

been identified as the potential sources for the saline water, among which are the 

Tiberias Hot Springs (THS), Tabgha, and Fuliya springs (Starinsky 1974; Kolodny et al. 

1999; Nishri et al. 1999). Stiller et al. (2009) have shown that brines originated from 

different evolution stages of the DSR brines, as determined by Klein-BenDavid et al. 

(2004), flow through bottom sediments underlying the lake. The variations of 

conservative tracers (e.g., Br/Cl ratios) in pore waters from different lake regions were 

interpreted to reflect flux of saline water from different parent brines (Stiller et al. 2009).  

The Limnology of cores collected from station ‘A’ was described by Stiller et al. 

(2009). The 260 cm core used in this study is composed primarily of fine-grained light 

brown clay-silt sediments. The porosity along the upper 50 cm of the core decreases 

from 0.85 to 0.75. At depth greater than 50 cm the porosity averages at 0.74 and is 

gradually decreasing to 0.72 at the bottom of the investigated core at a depth of 2.65 m. 

The sediments are composed of 49-73% CaCO3, of which 70-85% were shown to be of 

endogenic origin (Stiller and Kaufman 1985). The rest of the sediments were described as 

mostly clay minerals (up to 45% Smectite and Kaolinite) and quartz (1-3%), with very 

low organic content (0.7-2%) and no notable lamination (Stiller and Kaufman 1985).   

3.2 Materials and methods 

3.2.1 Sample collection and analysis 

A 2.65 m core was collected in station ‘A’ (Figure 10) in July 2007 using a gravity 

corer. The core was stored in a cold room (40c) in the Kinneret Limnological Laboratory 

until November 2007 when it was sliced to 5 cm intervals, sealed in plastic cups and sent 

to Duke University, where the samples were stored in a fridge pending analysis. To 

extract the pore water each sample was split among several 50 ml centrifuge tubes and 
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spun for 40 min at 4300 rpm. The pore water were collected, filtered through 0.45 µm 

membrane filters, then sealed in plastic containers and stored in a fridge until analysis.  

Chemical analysis was conducted on the pore water at LEARN in Duke 

University: anion were analysed using Dionex IC DX-500 with CD-20 detector, a GP-40 

pump and an AS-14 column; trace metals were measured using a VG PlasmaQuad-3 

inductively-coupled-plasma mass-spectrometer (ICP-MS). Cations were measured on a 

Direct Current Plasma (DCP). 

Isotope ratios for Sr, B, and Ra, as well as 226Ra activity in pore water were 

analyzed on a Thermo Scientific TRITON thermal ionization mass spectrometer (TIMS) 

at Duke University. Measurements of 87Sr/86Sr isotope ratios: samples were added about 

0.3 mL of Optima grade H2O2 and evaporated to preconcentrate at least 1 µg Sr in a 

HEPA filtered clean hood. Samples were then re-digested in 0.55 mL of 3.5N HNO3, and 

then passed through an Eichrom Sr-specific ion exchange resin to separate the Sr 

isotopes. The separated Sr isotopes were dried with H3PO4 and loaded onto out-gassed 

single rhenium filaments along with 2 µL TaO activator solution. All acids used in the 

separation process were of Optima grade, water was quartz distilled (QD). As part of the 

mass spectrometry measurements, samples and standards (NIST-987) were gradually 

heated to obtain a 88Sr beam intensity of ~3V, after which 300 cycles of data were 

collected, yielding a typical internal precision of ~ 0.000004 for 87Sr/86Sr ratios (1 sd). The 

external reproducibility on the standard yielded a mean 87Sr/86Sr ratio of 0.710233 ± 

0.000009 (1 sd).  

Measurement of 11B/10B isotope ratios: samples were added up to 0.1 mL of 

Optima grade H2O2 and partially evaporated without heating to increase B 

concentration in a B-free HEPA filtered clean hood. 4-10 µL of each sample (containing 

1-5 ng B) were loaded onto out-gassed single rhenium filaments along with 2 µL of 
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activator solution containing Na, Mg, Ca, and K (roughly in proportions of seawater), 

mixed from high-purity single-element standard solutions in 5% HCl matrix. Loads 

were evaporated at 0.5 A in a vertical laminar flow clean hood equipped with boron-free 

PTFE HEPA filtration. After drying, current was gradually raised to 0.8 A over 15 sec, 

then rapidly decreased to 0.0 A. Repeated analysis of standards (NIST951, OISL Atlantic 

seawater, and IAEA Groundwater B-3) using this method yielded external precision of 

approximately 0.5‰ !11B. For NIST SRM951 and seawater replicate analyses yielded 

11B/10B ratios of 4.0051 (±0.003, 0.6‰, n=238) and 4.1572 (±0.013, n=49; !11B =38.0±3‰), 

respectively.  

Measurements of 226Ra in pore water: 10 g sample were mixed with 2 g 228Ra 

spike solution made from an old Th single element standard. The Th solution was 

passed through BioRad AG1x8 resin with 200-400 µm mesh to separate 228Ra from Th. 

Each sample was processed twice, spiked and unspiked. Ra preconcentration from the 

aquatic solution followed the procedure described by Ollivier et al. (2008, and references 

therein), and was carried out by allowing Ra to co-precipitate with MnO2: the pH was 

adjusted to 1 using HCl, the samples were then added 100 µL 0.5M KMnO4, adjusted to 

pH of 8-9 using 1N NH4OH, then added 200 µL 0.5M MnCl2·4H2O. The solids were then 

separated from the solution and digested with HCl. To separate Ra from the solution we 

used two consecutive 10 mL columns containing 2 and 1 mL BioRad AG50x8 resin with 

100-200 µm mesh, followed by a column filled with 1 mL Eichrom Sr-specific resin (see 

Ghaleb et al. 2004 for detailed column procedure). The separated Ra isotopes were dried 

down with H3PO4 and loaded onto single zone refined, out-gassed Re filaments using a 

TaO activator solution. All acids used were of Optima grade, water were MilliQ. 

Samples were gradually heated to obtain >100 counts on the SEM detector, after which 
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80-100 cycles were collected, peak hopping between 226Ra and 228Ra, yielding typical 

error of <3% (2s).  

3.2.2 Adsorption experiment 

A series of adsorption experiments were conducted in a method similar to the 

one described by Raanan et al. (2009) to yield the distribution coefficient (KD) values for 

226Ra adsorption under varying salinity conditions. The sediments used for the 

experiment were dredged from the bottom of the lake (at stations ‘A’ and ‘F’; see Figure 

10). Experiments were conducted in 50 mL centrifuge tubes using 30 mL solutions 

imitating the ionic ratios typical of LK, made to contain 2070, 1380, 1035 and 690 mg TDS 

L-1. For each salinity, samples were spiked with 1.5, 3.5, 5.5, 10.5, 21, and 26.5 Bq 226Ra 

using a NIST 4966 standard containing 263 Bq 226Ra g-1. The experiments were repeated 

using 2 g of dry sediments from both stations ‘A’ and ‘F’. Pore water samples were 

extracted using a centrifuge at 4300 rpm for 40 min. Each experiment tube was 

subsequently shaken for ~2 weeks in a steady temperature (230-250C), then centrifuged 

for 40 min at 4300 rpm. The solutions from each experiment were gravity fed to columns 

containing MnO2 fibers, diluted with deionized water (DI), and then circulated through 

the fibers seven times to assure that all the Ra from the solution is adsorbed to the fibers. 

The fibers were then manually squeezed and individually incubated in glass tubes for at 

least three weeks, after which their 226Ra activity was counted on a calibrated Radon-in-

Air monitor at LEARN at Duke University, following the method of Kim et al. (2001). 

3.3 Results 

3.3.1 Radium adsorption experiments 

The results of the individual experiments are presented in Figures 11 and 12 and 

in Appendix A. For the salinity and Ra activity range used in this experiment, Ra 
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adsorption followed a trend typical to a Freundlich type adsorption isotherm with n 

values ranging from 0.7 to 1.3. For each solution-sediment type combination, the 

regression between adsorbed and dissolved Ra had R2 values greater than 0.91 in log 

scale coordinates. For each experiment, the intercept with the Y-axis in the 

aforementioned Log-Log plot is the natural log of the adsorption coefficient (KD) 

corresponding to the chemistry and sediment type used. 

 

Figure 11: Results from 226Ra adsorption experiments using sediments collected 
from stations A (full diamonds) and F (open squares), and solutions with the same 
ionic ratios as LK prepared in a range of ionic strengths. Each graph represents an 
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independent ionic strength-sediment source pair, each point represents a different 
amount of dissolved 226Ra added to the solution. All plots are linear with R2>0.91.  

The obtained KD values at low salinity were similar for the different sediments collected 

from stations A and F (2920 and 3060 mL g-1, respectively; Figure 12). Similarly, the KD 

values for the adsorption experiment conducted under the highest salinity were 96 and 

90 mL g-1 for sediments collected from stations A and F, respectively. These results are 

within the wide range of KD values reported in the literature (from 57 mL g-1 in sand to 

56,000 mL g-1 in clays; Thibault et al. 1990). Overall, these experiments show that even 

small changes to the ionic strength of the solution would have a strong effect on 226Ra 

adsorption (Figure 12). One can therefore conclude that small changes of the salinity of 

the pore water would likely affect the magnitude of 226Ra retention to the sediments. 

Furthermore, our experiments results suggest that for salinity as low as 5% of seawater, 

radium adsorption would become almost insignificant. 

 

Figure 12: Variations in the radium adsorption coefficient KD with salinity 
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3.3.2 Pore water isotope geochemistry 

Figure 13 and Table 5 show the measured profiles of Cl, Na, Br, Br/Cl, Na/Cl, 

Ca, Mg, Sr, Ba, B, 226Ra, !11B, and 87Sr/86Sr in pore water from the central-northern part of 

LK (Station ‘A’, see Figure 10). Most profiles show gradually increasing concentrations 

with depth, with a stronger gradient at the top 45 cm of the core than in its lower part. 

The chloride content gradually increases up to 2,140 mg L-1, and is accompanied by an 

increase of the Br/Cl ratio (up to 5.6x10-3) and decrease of the Na/Cl ratio (as low as 

0.55) at a depth of ~260 cm.  The concentrations of sodium and bromide show a similar 

trend, increasing from 187 and 4.3 mg L-1 at the top of the core to 705 and 24.5 mg L-1, 

respectively. Calcium and strontium contents gradually increase from 39 and 1.2 mg L-1 

at the top of the core, to 238 and 4.6 mg L-1 at a depth of 160 cm, respectively, and then 

become uniform through the rest of the core at an average concentration of 233 and 4.6 

mg L-1 for Ca and Sr, respectively. In contrast, the 87Sr/86Sr isotope ratio is constant along 

the core (0.707620), with a standard deviation of 0.6‰.  Mg concentrations along the 

core show a similar trend to Ca, increasing from 49 mg L-1 at the water-sediment 

interface to 173 mg L-1 160 cm down the core, then remain at an average concentration of 

173 mg L-1 throughout the remainder of the core. Boron concentrations increase from 94 

µg L-1 at the top of the core to 207 µg L-1 at 67.5 cm below the sediment-water interface, 

then remain steady with an average value of 195 µg L-1 until the bottom of the core. !11B 

values of most pore water vary from 30‰ to 34‰ except two outliers with lower !11B 

without any directed trend. Ba concentrations along the core increase linearly from the 

surface (137 µg L-1) to 67.5 cm down the core (357 µg L-1), remain constant at an average 

of 366 µg L-1 to a depth of 122.5 cm down the core, then continues to increase to 601 µg L-

1 at 157.5 cm, and then grows from 617 µg L-1 at 217.5 cm to 815 µg L-1 at the bottom of 

the core. 226Ra activity in the pore water gradually increases from 0.0125 Bq L-1 at the top 
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of the core, to 0.091 Bq L-1 at a depth of 160 cm and becomes uniform through the bottom 

of the core with an average activity of 0.089 Bq L-1, displaying a similar behavior to the 

one shown by the calcium and strontium profiles (Figure 13). SO4 generally increases 

along the core but does not display a linear continuous trend like the other elements 

discussed above (Table 5). 
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Figure 13: !"#$%&"'(#)'(*#+*%+#,"'(-.&"(/#,"&(*0"12$,&3(#+.)4(,0"(*.&"5 
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Table 5: 60"12$,&3(#)'(2$.,.-"(*.1-.$2,2.)(.7(-.&"(/#,"&8(9:8(#)'(,0"(;<=(>&2)" 

ID/Depth Cl Na Br Ca Mg Ba Sr SO4 B 226Ra !11B 87Sr/86Sr Mg/Ca Sr/Ca 

cm meq L-1 µg L-1 Bq L-1 ‰       

Core pore water samples 
2.5      0.002   94 0.013 29.3    
7.5 12.5 8.1 0.05 1.9 4.0 0.002 0.028 0.25 110    2.07 0.015 
12.5      0.002   123      
17.5 18.5 11.7 0.09 4.1 6.0 0.003 0.046 3.43 128  23.3  1.46 0.011 
22.5      0.003   139      
27.5      0.004   144      
32.5 22.0 13.5 0.11 3.4 6.1 0.003 0.045 0.66 159 0.038  0.70763 1.77 0.013 
42.5 23.8 14.1 0.12 3.9 6.5 0.004 0.048 0.73 180  27.3  1.67 0.012 
52.5 26.6 15.7 0.14 4.6 7.1 0.004 0.052 0.88 178 0.045  0.70762 1.55 0.011 
57.5      0.005   194      
62.5      0.005   177      
67.5      0.005   207 0.048     
72.5 28.8 16.6 0.15 4.9 7.4 0.005 0.055 0.42 183    1.52 0.011 
82.5      0.005   199      
87.5 32.8 19.6 0.18 5.5 8.8 0.005 0.064 0.93 184 0.057  0.70762 1.59 0.012 
102.5      0.005   174 0.058     
107.5      0.005   214      
117.5 35.9 20.9 0.19 6.3 9.4 0.006 0.067 0.32 176 0.059 30.1  1.48 0.011 
122.5      0.005   180      
127.5      0.006   195      
132.5 41.6 24.0 0.23 7.9 10.9 0.007 0.080 1.16 189 0.075 31.6 0.70762 1.38 0.010 
147.5 40.3 23.6 0.22 7.5 10.4 0.007 0.076 0.73 208 0.075  0.70762 1.38 0.010 
152.5      0.008   197      
157.5      0.009   175      
162.5 50.2 30.2 0.28 11.9 14.2 0.008 0.106 2.64 188 0.091  0.70762 1.20 0.009 
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ID/Depth Cl Na Br Ca Mg Ba Sr SO4 B 226Ra !11B 87Sr/86Sr Mg/Ca Sr/Ca 
cm meq L-1 µg L-1 Bq L-1 ‰       

202.5 49.7 29.0 0.27 11.2 13.2 0.010 0.102 1.93 179  30.3  1.19 0.009 
207.5      0.010   180      
212.5 50.8 31.9 0.28 11.7 14.7 0.010 0.111 1.82 186 0.090  0.70762 1.26 0.010 
217.5      0.009   208      
227.5      0.010   216      
232.5 54.6 30.2 0.30 11.2 13.9 0.010 0.103 1.30 213 0.086   1.24 0.009 
237.5      0.011   208      
242.5 55.1 31.3 0.30 12.5 14.8 0.011 0.110 2.24 222    1.19 0.009 
247.5 53.7 30.0 0.30 11.3 13.9 0.011 0.103 0.67 213 0.085 30.6 0.70762 1.23 0.009 
252.5 56.4 32.2 0.31 11.8 15.1 0.011 0.110 0.61 230    1.27 0.009 
257.5 55.6 30.7 0.31 11.4 14.2 0.011 0.104 0.49 213    1.24 0.009 
262.5      0.012   170 0.091  0.70762   

               
End members 

LK 6.7 4.8 0.02a 2.3 2.6 0.001 0.014 1.02 91 0.007 24b 0.70751c 1.09 0.006 
THS 507.8 303.9 2.75a 174.5 37.0 0.005d 1.367 16.64 4220 4.250 44b 0.70780e 0.21 0.008 

                                                        

a Kolodny et al. (1999); Nishri et al. (1999) 
b Vengosh et al. (1994) 
c Vengosh et al. (1999); Farber et al. (2004) 
d Moise et al. (2000) 
e Stein et al. (1997); Farber et al. (2004) 
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3.4 Discussion 

3.4.1 The source of the saline water 

The Na/Cl and Br/Cl profiles (Figure 13) reported in this study are consistent 

with data reported in Stiller et al. (2009) for pore water in the north-central region of the 

lake (Station ‘A’). The concurrent increase and decrease of Br/Cl and Na/Cl ratios with 

salinity (and depth) infers that the saline water seeping through the lake sediments are 

originated from relicts of evaporated seawater beyond halite saturation (Starinsky 1974). 

Stiller et al. (2009) showed that saline pore water sampled from the central and northern 

parts of the aquifer have respectively higher and lower Br/Cl and Na/Cl ratios that are 

consistent with the mixing curve of Dead Sea Rift (DSR) defined by Klein-BenDavid et 

al. (2004). The almost perfect linear correlation between Br/Cl and Na/Cl ratios was 

interpreted by Klein-BenDavid et al. (2004) as indicating mixing of late- and early-stages 

evaporated seawater that generated the DSR brines along the Dead Sea Rift Valley 

(Fraber et al. 2007). 

The Na/Cl and Br/Cl ratios of the pore water at a depth of ~260 cm are slightly 

lower and higher, respectively, than those of THS (Table 5), which suggests that the pore 

water in Station ‘A’ originated from a DSR brine with a higher fraction of late-

evaporated seawater. The Cl profile shows two distinctive trends; a steep rise in Cl to a 

depth of ~160 cm and a lower increase rate down to a depth of 260 cm. Similarly, one of 

the Cl profiles reported by Stiller et al. (2009) show stabilization of chloride with depth. 

The fact that the chloride profiles were not stabilized even at depth of ~5 m (Figure 3.2a 

in Stiller et al. 2009) indicates that the parent brine is located below that depth. Hurwitz 

et al. (1999) used the time domain electromagnetic method to determine that a brine 

containing 11,000-22,000 mg Cl L-1 is found at ~10 m below the water-sediment interface 

of LK. Figure 14 and Table 6 show the depth at which brines containing 11,000 and 
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22,000 mg Cl L-1 are expected to be found based on Cl profiles along the core presented 

here and the cores presented by Stiller et al. (2009), assuming the Cl concentration 

continues to grow linearly from the bottom of the core until the salinity level of the 

target brine. A brine containing 11,000 mg Cl L-1 can be expected 169 m below the water-

sediment interface at the south of the lake (core ON3 from Stiller et al. 2009) and at a 

depth of 10 m at the north of LK near the inlet of the Jordan River (core JOR1 from Stiller 

et al. 2009). Throughout the rest of the lake such brine can be expected 16-30 m below 

the water-sediment interface. Similarly, a brine containing 22,000 mg Cl L-1 can be 

expected 333 m, 18 m, and 32-58 m below the water-sediment interface in cores ON3, 

JOR1, and the rest of the cores, respectively. With the exception of core JOR1, where a 

brine containing 11,000 mg Cl L-1 is expected to be found at a depth of 10 m, brines 

containing 11,000-22,000 mg Cl L-1 are expected to be found at a significantly greater 

depth than predicted by Hurwitz et al. (1999).   

   

Figure 14: The depth where THS-like brines containing 11,000 and 22,000 mg 
Cl L-1 can be found underneath LK as predicted from Cl concentrations in pore water 
from this study (core A) and the cores presented by Stiller et al. (2009).  
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Table 6: The depth (m) at which THS-like brines containing 11,000 and 22,000 
mg Cl L-1 are expected to be found underneath LK based on Cl concentrations in pore 
water reported in this study (core A) and by Stiller et al. (2009; cores F5, U8, D4, Jor1, 

AA3, ON3) 

[Cl]THS-like Core name 

mg L-1 F5 U8 D4 Jor1 AA3 ON3 A 

11,000 19 16 30 10 27 169 19 
22,000 37 31 58 18 53 333 39 

 

The pore water data reported by Stiller et al. (2009) does not show direct 

relationships between the Cl content of the pore water and the Br/Cl and Na/Cl ratios. 

For example, pore water from the northern part of the lake has the respectively higher 

and lower Br/Cl and Na/Cl ratios (thus the most “evolved” DSR brine) with a 

maximum Cl content of ~2600 mg L-1, while pore water from the southern part of the 

lake have higher salinity (~3500 mg L-1) but much lower Br/Cl and higher Na/Cl ratios 

(Stiller et al. 2009). Thus the dilution of the original DSR brine is not related to its 

evolution along a single mixing line. This is consistent with the multiple dilution model 

suggested by Bergelson et al. (1999) for the brines flowing to the LK. In short, it is 

impossible to determine the absolute Cl concentration of the parent brine from which 

the pore water in Station ‘A’ has originated. Given the similarities in Br/Cl and Na/Cl 

ratios, we assume that the geochemical properties of the parent brine are similar to those 

of the THS saline water. To compare solute concentrations along our pore water core 

with those expected from mixing between LK water and THS type water, we calculate a 

mixing fraction as follows: we assume the fresh end member to be the current water of 

LK, containing 260 mg Cl L-1; we assume the saline end member to be THS-like, 

containing 11,000 or 22,000 mg Cl L-1; the measured Cl concentration in pore water is 

considered a mix between these two end members. The range of Cl concentrations in the 

THS end member was selected to match the full range of salinities reported by Hurowitz 
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et al. (1999) for the brine underlying LK (11,000-22,000 mg Cl L-1; Cl concentration in 

THS is 18,000 mg L-1). We then used the following equation to represent the portion of 

pore water Cl that arrives from LK: 

(3.1) 

! 

f =
Cl[ ]pw " Cl[ ]THS
Cl[ ]LK " Cl[ ]THS

   

where f is the portion of Cl in the measured pore water originating from LK, and [Cl] 

represents the mg L-1 concentration of Cl in the two end members and the pore water. To 

assure a simple mixing calculation accurately represents the concentration of solutes 

along the profile, we assumed solute transport along the porewater is through diffusion 

alone and at steady state, and calculated the solute concentrations expected from 

diffusion considerations following Berner (1980): 
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where n is the porosity of the sediments (Appendix B), c is the solute concentration in 

ppm at depth z (m), and w is the rate of sediment burial (m d-1) estimated following 

Raanan et al. (2009) and Thompson et al. (1985) (Appendix C). Ds is the diffusivity (m2 d-

1) , which is defined in the literature as the molecular diffusion coefficient divided by the 

tortuosity squared, and was approximated by Boudreau (1996) as: 

(3.3) 

! 

Ds =
D0

1" 2Ln n( )[ ]2
 

where D0 is the molecular diffusion coefficient at 180c in m2 d-1, and n is the porosity 

along the core (Appendix B). D0 values for the different solutes were estimated from Li 

and Gregory (1974).  

 A comparison of the calculated solute concentrations using equations 3.1 and 3.2 

is displayed in Figure 15. The ratio between the concentrations obtained by the two 
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models is close to 1 (a range of 0.98 through 1.02) with R2 values of 0.99-1, indicating that 

the Cl-based mixing model presented in Equation 3.1 is an accurate representation of the 

solute concentrations expected along the core from diffusion considerations. Hence, the 

mixing model presented above will be used in our discussion.  

 

Figure 15: Comparison between solute concentrations (in ppm) obtained from 
the mixing model presented in Equation 3.1 (y axis) and the diffusion model 
presented in Equation 3.2. The boundary conditions for Equation 3.2 assumed LK 
concentrations at the surface and the concentration of THS-like water containing 
11,000 ppm Cl at a depth of 19m below the surface (as suggested by Figure 14 and 
Table 6). The solid line is the raw data; the dashed line is a linear regression through 
(0,0). 

Plotting the measured Na and Br concentrations shows similar concentrations to 

those predicted by the mixing model, displaying the conservative behavior of these 

elements along the core. We used ionic ratios reported by Kolodny et al. (1999), Nishri et 

al. (1999) and Moise et al. (2000) to calculate the expected concentrations of the different 

ions for the three salinities modeled for the THS-like end member. We then used our Cl-



 

71 

based mixing fraction and concentrations measured in LK to calculate expected pore 

water concentrations from simple mixing between the end members (Figure 13).  

3.4.2 !"#$%&'#$()*%'"("*"%+,'-./0'120'!30'4/5'6%'7$3"'8/+"3'

The similarity in the Ca and Sr profiles (Figure 13) suggests a common origin. 

Both Ca and Sr contents in the pore water gradually increase to a depth of 160 cm and 

become uniform at lower depths. The Sr/Ca molar ratio shows a trend opposite of that 

expected from mixing between the lower ratio of LK (0.0060) and the higher ratio of 

THS-like water (0.0078). However, when comparing to the possible two end-members 

that control the chemical composition of the pore water, LK and THS-like saline water, 

the Sr/Ca ratio is higher than any possible mixing line (Figure 16). Likewise, the 

variations of Sr and Ca in the pore water cannot be explained by mixing between LK 

water and the range of THS-type water used in our mixing models (Figure 13). Both Ca 

and Sr concentrations in the pore water are lower than expected from possible mixing 

between LK and THS-like brine (Figure 13), suggesting their removal from the pore 

water.  
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Figure 16: Variations to the Sr/Ca ratio with depth. The ratio in the upper 150 
cm of the core decreases from 0.015 to 0.009, then remains constant at 0.009 through 
the rest of the core. Even the lowest ratio measured along our core is higher than the 
ratios typical of LK (0.0057) and THS (0.0078). 

The concentration of Mg, much like Ca and Sr, increases from the surface to a 

depth of ~160 cm below the water-sediment interface, then remains constant throughout 

the rest of the core (Figure 13). However when compared to expected concentrations 

from mixing between LK and THS-like water, the measured Mg contents exceed the 

concentrations expected from the mixing model, suggesting Mg is being added to the 

pore water. Further examination of the Mg/Ca molar ratio along the core shows a trend 

similar to that of the Sr/Ca ratio – the ratio decreases from 2.1 at the surface to 1.2 at a 

depth of 160cm, then becomes constant with an average value of 1.2 through the rest of 

the core (Figure 17). The Mg/Ca ratio through the entire core remains higher than the 

ratio of both LK (1.1) and THS (0.22), indicating that a process other than a two-end 
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member mixing affects the measured concentrations of second column elements in pore 

water.  

The concentration of Ba along the pore water displays a different trend than Mg, 

Ca, and Sr – it rather increases with depth and shows different profiles at 67 -122 cm and 

157-217 cm intervals. When compared to the mixing models, Ba is significantly enriched 

along the entire profile, up to an order of magnitude higher than the expected 

concentration, suggesting a contribution of Ba to the pore water. 

 

Figure 17: Variations in the Mg/Ca ratio with depth. 

As discussed above, the concentrations of Mg, Ca, Sr, and Ba are stabilized at a 

depth of 160 cm down the core, their average values for the bottom part of the core have 

a standard deviation of less than 5% (except Ba which has a standard deviation of 8%). 

We assume these bottom of the core (BOC) average values to represent the end member 

mixing with LK water along the upper 160 cm of the core, and use Equation 3.1 to 

calculate Cl-based mixing fractions for these elements for the 0 to 160 cm core segment. 
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Comparing our measurements to the calculated concentrations for mixing between BOC 

and LK water reveals that most elements behave conservatively, inferring that their 

variations along the core reflect mixing without chemical exchange with the sediments. 

The exception to this rule is Ca, which is depleted in the pore water relative to the 

expected mixing of BOC and LK (Figure 13). Comparing measurements along the whole 

pore water profile to THS-like water, we showed earlier that Mg, Ca, Sr, and Ba are 

either depleted or enriched relative to the expected mixing profiles (Figure 13). In 

contrast, similar comparison for the mixing between BOC-type and LK water shows 

conservative patterns for these elements. Therefore, the processes creating the observed 

enrichment and depletion of these elements in the pore water must have occurred 

somewhere along the sedimentary sequence underlying the BOC. It is also possible that 

the pore water composition measured at a depth of 160 m was generated through a 

series of several processes that occurred at the underlying sediments. The relative Ca 

depletion along the upper 160 cm of the core could suggest the precipitation of 

secondary CaCO3, which is supported by the positive saturation indexes calculated for 

CaCO3 (using PHREEQC software). This interpretation is consistent with the 

observations of Katz and Nishri (in preparation) for precipitation of authigenic CaCO3 

from the water of LK. 

Next the chemistry of the BOC pore water is evaluated. Equation 3.4 can be used 

to calculate the theoretical concentrations of the different elements (X) in a BOC-type 

brine that could be seeping through the sediments underlying LK: 

(3.4) 

! 

X[ ]BOC, i =
X
Cl
" 

# $ 
% 

& ' BOC
( Cl[ ]THS, i  

For each element (X) we calculate its concentration in a BOC-type brine containing i mg 

Cl L-1 (i=11,000, or 22,000 mg Cl L-1) by multiplying the measured ratio of X to Cl in 
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BOC- water by the Cl concentration of THS-like water of strength i. 

! 

"Xi  is the difference 

between 

! 

XBOC ,i and the expected concentration of X in THS-like water upon 

conservative mixing (

! 

X[ ]THS,i ): 

(3.5) 

! 

"Xi = X[ ]BOC ,i # X[ ]THS,i 

Negative values indicate depletion of element X in the BOC-type brine compared to 

THS-like brine. Similarly, positive values indicate enrichment (Table 7). Based on 

Equations 3.4 and 3.5, the Ca and Sr calculated in the BOC-type brines indicate a 

significant depletion; deficits of 1481-2476 mg Ca L-1 and 8411-34109 µg Sr L-1 are 

calculated for the BCO-type brines as compared to THS-like water, assuming THS-like 

end-members of 11,000 mg Cl L-1 (for the high deficit) and 22,000 mg Cl L-1. In contrast, 

Mg was enriched by 465-1367 mg L-1, and Ba by 3186-6730 µg L-1.  

The differences between THS-like brines and the BOC- pore water suggest 

geochemical modifications of the original composition of the THS-like brines that were 

assumed to seep into the lake through the bottom sediments (e.g., Dror et al. 1999; Stiller 

et al. 2009). As mentioned before, we cannot determine where along the sedimentary 

sequence below the core this alteration took place, or whether it is the result of a single 

or multiple processes. The erratic SO4 profile (Table 5) suggests oxidation-reduction 

processes that occur intermittently along the core. Sulfate reduction would generate DIC 

(Drever 1997), that could trigger CaCO3 saturation, thus lowering the concentration of 

Ca and Sr in the residual pore water. The high HCO3 concentrations reported by Stiller 

et al. (2009) for pore water from a core collected from Station ‘A’ (up to 787 mg L-1) 

support this hypothesis. Sulfate reduction would increase the alkalinity and is thus 

likely to lead to CaCO3 precipitation (Drever 1997). Because the ration of Mg/Ca is 

lower than 2, low-Mg CaCO3 would be the stable phase of calcite, which could 

destabilize any high-Mg CaCO3 or dolomite in the sediments and lead to their 
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dissolution and subsequent recrystalization into low-Mg CaCO3 (Katz 1973), releasing 

Mg into the solution and generating the relative enrichment in Mg observed in the pore 

water. As a result of the reduction processes, the sulfate concentration in the brine 

would decrease, which could lead to the destabilization and dissolution of sulfate 

minerals such as BaSO4, subsequently releasing Ba into the brine. The residual water will 

be rich in Mg and Ba, and depleted in Ca and Sr, which are the observed differences 

between the BOC-type and THS-like brines. In fact, comparing the SO4 concentration in 

BOC-type brines with THS-like brines of the same salinity shows that the BOC brines are 

depleted in SO4 by 636 to 694 mg L-1 for brines containing 22,000 and 11,000 mg Cl L-1, 

respectively. This observation supports our hypothesis that sulfate reduction is the 

process dominating the change that transforms the brine from THS-like to a BOC-type 

brine. 

Table 7: Calculated composition of BOC-type brines and the difference from 
THS-like brines containing 11,000 and 22,000 mg Cl L-1 

BOC brine composition  !Xi 

Cl Ca Mg  Sr Ba B 226Ra  Ca Mg  Sr Ba B 226Ra 

mg L-1  µg L-1 Bq L-1  mg L-1  µg L-1 Bq L-1 

11000 1020 915  25766 3525 947 0.59  -2476 465  -34109 3186 -3273 -3.7 

22000 2015 1817  51464 7069 1821 1.19  -1481 1367  -8411 6730 -2399 -3.1 
 

The 87Sr/86Sr isotope ratio along the core has an average value of 0.70762 with 

very little variation, and does not appear to be influenced by mixing processes between 

the upwelling THS-like brine (0.70774-0.707845; Stein et al. 1997; Farber et al. 2004) and 

LK water (0.70750; Vengosh et al. 1999; Farber et al. 2004). Furthermore, this ratio is 

higher in its entirety from that expected from mixing between LK and THS-like water 

(Figure 13). Since mixing and adsorption do not generate fractionation in the Sr isotope 

ratio between the reacting fluid and solid, the observed ratio must reflect contribution of 



 

77 

Sr from the sediments. In the watershed of LK Late Cretaceous (Cenomanian) limestone 

and dolomite rocks have 87Sr/86Sr ratio of 0.7074-0.7077 (Herut et al. (1993). 

Recystalization of detrital dolomite sediments that have accumulated in the sediments of 

LK could therefore generate the measured 87Sr/86Sr ratio in the pore water (0.70762) from 

the original dolomite detrital sediments. This conclusion is consistent with the 

observation of Mg enrichment in the BOC-type relative to the THS-like brines. 

3.4.3 B concentration and !11B 

Boron concentrations along the core were depleted compared to those calculated 

for mixing between LK and THS-like water (Figure 13). The magnitude of the depletion, 

however, changes along the core. In the upper 45 cm interval, the measured boron 

concentrations were depleted from 30% at the top of the core to 17% at the bottom of the 

section. Pore water 45 cm below the water-sediment interface had a steady B 

concentration of ~200 µg L-1, and were increasingly depleted in B through the rest of the 

core with calculated ~60% deficit of the expected B content from mixing between the 

THS-like brine an LK (Figure 18). However, a comparison between the B concentration 

expected from mixing between BOC pore water and LK shows an increasing enrichment 

in B from the surface to a depth of 45 cm. Through the rest of the core, B is still enriched 

compared to the concentration expected from BOC-LK mixing, but this enrichment 

decreases with depth (Figure 13). !11B values along the core vary between 23 and 32‰ 

and increase with depth. In most cases, the measured !11B values are higher than the 

values expected from mixing between both LK-BOC and LK-THS-like brine (Figure 13). 

Enrichment in !11B in pore water could suggest boron removal that is associated with 

isotopic fractionation, either through adsorption on clays or co-precipitation with 

CaCO3. The observation that the processes leading to the measured !11B involves the 

removal of B does not agree with the apparent excess B as compared to mixing between 
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LK and BOC-type water. This might suggest that the process altering THS-like into 

BOC-type water does not significantly affect boron.  

 

Figure 18: The difference between B calculated using Equation 3.1 and 
measured concentrations, normalized to the calculated concentrations. The depletion 
in B decreases from 30% to 17% along the upper 45 cm, then increases gradually to 
reach 60% at the bottom of the core, 265 cm below the water-sediment interface. 

Comparing the measured B concentration to that predicted from mixing between 

LK and THS-like water, the decreasing magnitude of B removal along the upper 45 cm 

of the core indicated a process whose effect decreases with salinity. For example, a 

constant amount of boron could be lost through adsorption onto sediments, which 

would result in a decreasing removal rate with depth (and salinity). The increasing level 

of removal at the bottom part of the core reflects a process that becomes more dominant 

with increasing depth and salinity, such as mineral precipitation or co-precipitation. In 

accordance with our observations for Ca, Sr, and Mg, this process may be the co-
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precipitation of B with calcite recrystalization, which would agree with the heavy !11B 

values measured along the core.  

3.4.4 226Ra geochemistry in pore water 

The following section discusses only 226Ra, which from now on will be referred to 

simply as radium. The activity of radium along the pore water profile resembles that of 

other second column elements (Mg, Ca, SR) – it gradually and linearly increases from 

the surface (0.013 Bq L-1) to a depth of 160cm (0.091 Bq L-1), when it averages at 0.089 Bq 

L-1 through the rest of the core (Figure 13). The trend of increasing Ra concentration with 

depth can be expected not only from the mixing between LK and THS-like water, but 

also from the balance between adsorption and desorption reactions. Figure 19 shows the 

adsorption coefficient calculated for the salinity of each pore water sample based on our 

adsorption experiments. Since KD (i.e., Ra adsorption) dramatically decreases with 

salinity (and depth), one would expect lower Ra deficit through adsorption in pore 

water with increasing salinity. Since Ra is not a conservative element and its reactivity 

through adsorption decreases with salinity (Kraemer and Reid 1984; Krishnaswami et al. 

1991; Webster et al. 1995; Sturchio et al. 2001), one would expect to find lower activity 

than that predicted by mixing between LK and THS-like water. Yet our data show that 

Ra deviation from the expected conservative profile increases with depth and salinity. 

At the upper segment of the core, down to a depth of 160 cm and salinity range of 500-

1700 mg Cl L-1, the Ra activity follows the expected mixing relationship between the 

BOC pore water and LK. At a greater depth, from 160 cm to the bottom of the core 

where salinity is 1700-2000 mg Cl L-1, Ra shows a much larger deviation from the 

expected activity from mixing between the THS-like brine and LK. These variations 

suggest that Ra removal cannot be explained solely by adsorption.  
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Additional processes that can remove radium from the pore water are 

radioactive decay (T1/2 = 1600 y) and co-precipitation, most prominently with BaSO4 

(barite). The effect of loss through radioactive decay increases over time. Since the high 

radium brine percolated through the sediments, the “oldest” pore water would be found 

at the top of the core, creating a trend of decreasing loss with depth. This is opposite of 

the trend observed along the pore water profile (Figure 19). Furthermore, the expected 

age of the sediment at a depth of 250 cm underlying the LK is 2289 y (Thompson et al. 

1985) and thus radioactive decay of and isotope with a half-life of 1600 y would be 

negligible. Barite has not been reported to reach saturation in LK or its sediments 

(Raanan et al. 2009). The fact that the data suggest an excess of Ba in the pore water 

(Figure 13) rules out the possibility that Ra is removed through co-precipitation with 

secondary barite precipitation.  

 

Figure 19: (a) Variation in KD with depth along our pore water profile obtained 
by combining Cl measurements in pore water with the results of our adsorption 
experiment. (b) Variations in the depletion in radium along the core obtained by 

comparing the measured activities with those expected from mixing between LK and 
THS-like water. While the effect of adsorption (and therefore Ra removal) becomes 

less significant with depth, the amount of Ra removed from the pore water increases 
with salinity (and depth). 

Since Ra activity in pore water along the upper 160 cm of the core is consistent 

with that expected from the BOC-LK mixing relationship, we conclude that radium 

behaves conservatively along this segment. Hence, Ra removal from the expected THS-
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like brine (3.1-3.7 Bq 226Ra L-1) occurs at or below the BOC. As Ra variations are similar to 

those of Ca and Sr (see above) we suggest that precipitation and/or re-crystallization of 

carbonates is the likely processes to remove Ra from the original THS brine. If one 

assumes that both the Ca and Ra depletions in the BOC pore water are due to the 

precipitation of calcite, the expected secondary calcite would contain an activity of 0.59-

0.83 Bq 226Ra g-1. 

If THS-like water seep into the lake through it’s bottom, their contribution to the 

salt budget of the lake must be considered. Kolodny et al. (1999) and Nishri et al. (1999) 

have shown that, from ionic ratio considerations (most notably Br/Cl), water resembling 

the Fuliya group of springs compose the unmonitored saline groundwater flux into LK. 

Based on this assumption Nishri et al. (1999) calculated that about 60×109 L of water 

enter the lake annually through unmonitored seepage of saline groundwater. Raanan et 

al. (2009) employed a similar approach and used 226Ra to show that 44-61x109 L of saline 

water enter LK annually, assuming the flux is of brine bearing the ionic composition of 

the Fuliya group of springs. In the following section we will discuss the effect on these 

flux estimations if some of the unmonitored seepage is of pore water influenced 

primarily from mixing between LK and THS-like water. 

3.4.5. Mass-balance calculation of the contribution of pore water to 
the Ra budget in LK 

The flux of dissolved Ra from sediments into the overlying water has been 

described by Sun and Torgersen (2001) as the sum of the advective and diffusive flux of 

Ra, as well as the flux of Ra arriving from the sediments:  

(3.6) 

! 

Ftotal = Fadvection + Fdiffusion + Fse dim ents 

the advective flux can be defined as the velocity of water seeping into the lake from it’s 

bottom (v; cm y-1) multiplied by the activity of Ra at the water-sediment interface: 
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(3.7) 

! 

Fadvection = v" CRa z=0   

Stiller et al. (1975) used tritium profiles in sediments cores from different regions of the 

lake to show that the advective velocity of the brine passing through the sediments to 

LK range between 0.7 and 4.4 cm y-1. The diffusive flux can be defined as: 

(3.8) 

! 

Fdiffusion = Ds
dCRa

dz z=0
  

where DS is the diffusivity of Ra (m2 y-1), z (m) is the depth below the water-sediment 

interface, and CRa is the activity of Ra along the core. The molecular diffusion for Ra (D0, 

Equations 3.3, 3.8) was estimated from Li and Gregory (1974) to be 0.023 m2 y-1. Fsediments 

represents the diagenetic processes along the sediment core that either remove or 

contribute Ra to the pore water, including adsorption, desorption, and co- precipitation. 

To account for the effect of these processes we solve the flux equation for two scenarios: 

one using the measured Ra activities along the core, which represent mixing between LK 

and BOC-type water; the other using modeled activities based on possible mixing 

between LK and THS-like water. The difference between the calculated fluxes represents 

the difference between the THS-like and BOC brines, accounting for the diagenetic 

processes that would result in the release or removal of radium through sedimentary 

processes (Fsediments). When combining equations 3.4-3.7, the flux of Ra entering LK 

through seepage from the underlying sediments by advection and diffusion is given by: 

(3.9) 

! 

FRa dpm
m 2y[ ] = "

v CLK "Cz # e
vz
Ds

$ 

% 
& & 

' 

( 
) ) 

"1+ e
vz
Ds

  

when CLK and Cz are the Ra concentrations (Bq L-1) at the top and bottom of the core, 

respectively, and z is the depth representing the bottom of the core (m). From continuity, 

the Ra activity at the surface of the core must equal the activity in the overlying water of 



 

83 

LK (7.35 mBq L-1). Table 8 summarizes the Ra fluxes calculated using Equation 3.9 to 

enter the lake under the measured and modeled conditions. Raanan et al. (2009) 

conducted a mass balance for Ra in LK to find the amount of Ra arriving from the 

unmonitored saline flux entering the lake. They showed that 5.3-7.3×109 Bq Ra enter LK 

annually, from which they implies that 44-61×109 L unmonitored saline water flow into 

LK annually, assuming the saline flux is of Fuliya-type water containing 0.12 Bq L-1. 

Equation 3.6 reveals that, based on the measured concentrations in pore water along the 

sediment core, only 0.9-12.5% of the Ra entering the lake through unmonitored flow 

originates from seepage from the bottom of the lake. The flux calculated by Raanan et al. 

(2009) can be defined as: 

(3.10) 

! 

FRa,tot = FRa,bottom + FRa,saline  

Thus subtracting the Ra flux calculated here to enter LK through pore water  (FRa,bottom) 

from the total Ra flux calculated by Raanan et al. (2009; FRa,tot), suggests a better estimate 

for the flux of Ra arriving from Fuliya-type water (FRa,saline). This allows to correct the 

values for the unmonitored saline flux (Qsaline) calculated by Raanan et al. (2009) to 

exclude the water arriving from seepage through the sediments. The corrected Qsaline 

calculated here, 38-60x109 L y-1, is lower by 14% than the flux calculated by Raanan et al. 

(2009). Hence, based on the activity of Ra measured in pore water from our core, the flux 

of saline water entering LK by seepage through the underlying sediments has a limited 

effect on both the flux of Ra and the flux of saline water entering LK. Conducting the 

same calculations assuming the activity at the bottom of the core is the result of simple 

mixing between LK and THS-like water, at least 4.2% and up to 58.9% of the Ra entering 

the lake would have been related to the water seeping through the sediments. Under 

these conditions, the flux of Fuliya-type saline water into LK would have been re-

calculated to be 18-58x109 L y-1, 5-41% less than the bulk value calculated by Raanan et 
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al. (2009). The difference in the flux calculations between the measurements and LK-

THS-like mixing model emphasizes the important role of the alteration of the THS-like 

brine to a BOC-type brine in buffering the amount of Ra entering LK. Had the alteration 

process not removed Ra so significantly, a much larger flux of dissolved Ra would have 

entered the lake through pore water.  

Table 8: The flux of radium and unmonitored saline groundwater into LK 
based on measurements along our porewater core and Ra activity calculated from 

mixing between LK and THS-like water containing 11,000 and 22,000 mg Cl L-1 

  
FRa,tot  Qsaline FRa,PW  %FRa,tot %FRa,tot 

Qsaline 
min 

Qsaline 
max 

    
x109 

Bq y-1 
x109 
L y-1 

x109 
Bq y-1 min  max  x109 

L y-1 
x109 
L y-1 

Calculated by Raanan et al. (2009)     
         
 min 5.3 44      
 max 7.3 61      
         
Measured       
         
 SA=90 km2  0.068 1.3% 0.9% 43 60 
 SA=166 km2  0.13 2.4% 1.7% 43 60 
         
Mixing, 11000 mg Cl L-1      
         
 SA=90 km2  0.32 6.1% 4.4% 41 58 
 SA=166 km2  0.60 11.3% 8.1% 39 56 
         
Mixing, 22000 mg Cl L-1      
         
 SA=90 km2  0.32 6.1% 4.4% 41 58 
 SA=166 km2  0.60 11.3% 8.1% 39 56 

 

3.4.6. Modeling Ra variations along a pore-water profile 

The Cl-based mixing model mentioned above assumes a conservative tracer that 

does not undergo adsorption, and ignores the effect of sedimentation on the seepage 
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process. This obviously over simplifies the geochemical properties of the radioactive 

isotope 226Ra, as it ignores the effects of adsorption, radioactive decay, and production 

from sediments. To account for these processes while modeling 226Ra activity along a 

pore water profile, we follow Berner (1980) and Hancock et al. (2000) approach and 

present a model accounting for the aforementioned processes:  

(3.11) 

! 

d
dz

nDs
dc
dz

" 

# 
$ 

% 

& 
' ( w

d
dz

)c( ) ( *)c + + (1( n) = 0  

where c is the concentration in pore water, z is the depth along the core (in m, defined as 

positive downwards), n is the porosity, w is the sedimentation rate in m d-1, " is the 226Ra 

decay coefficient in d-1,  and Ds is the diffusivity in m2 d-1,  defined by Equation 3.7 

above. # represents losses through adsorption and is defined, following Hancock et al. 

(2000) as 

(3.12) 

! 

" = Kd
#b
#w

+ n
$ 

% 
& 

' 

( 
) + n    

where $b and $w are the bulk density of the sediments and the density of water, 

respectively, and KD is the salinity dependent adsorption coefficient (ratio, no unit). The 

desorption function, % (Bq L-1 d-1), was defined by Hancock et al. (2000) as 

(3.13) 

! 

" = f#aTh$s  

where $s is the sediment dry density , aTh is the activity of 230Th in the sediments in Bq g-1, 

" is the decay constant of 226Ra in d-1, and f is the fraction of 226Ra produced by the 

sediments and available for exchange.   

For the case study of the LK, Equation 3.11 can be solved using the following 

boundary conditions: 

(3.14) 

! 

c = cLK  when 

! 

z = 0  

and  
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(3.15) 

! 

c = cTHS  when 

! 

z = zTHS  

where 

! 

zTHS  is the depth at which a full strength THS brine is expected, according to our 

Cl-based mixing model.  

Figure 20 presents a few possible solutions to Equation 3.11. While the porosity 

at the upper 50 cm of our core changes rapidly from 0.85 at the water-sediment interface 

to 0.75 at the bottom of the section, it does not change much through the rest of the core, 

with an average porosity of 0.74. We therefore solve Equation 3.11 for the average 

porosity of the core. The maximum sedimentation rate at the top 50 cm of our core is 

0.45 cm y-1 (Raanan et al. 2009; Thompson et al. 1985). If one assumes the age of the 

sediments at a depth of 162 cm down the core is 980 y and at the bottom of our core is 

2290 y (Thompson et al. 1985), then the minimum sedimentation rate presented in our 

core is 0.079 cm y-1. Equation 3.11 is solved for each of these conditions, as well as for 

when the sedimentation rate is 0 cm y-1. Since Ra adsorption strongly depends on 

salinity, we combine the results of our adsorption experiment and the Cl-based salinity 

profile to predict the value of KD along the core (Figure 19). The fraction of 226Ra 

produced by the sediments and available for exchange (f) is estimated as a range 

between 0.4 and 0.7 (Hancock et al. 2000; Kadko et al. 1987; Rama and Moore 1996). The 

production of exchangeable 226Ra along the core is through the decay of its parent 

isotope, 230Th. Since the activity of 238U remains constant along the core (average activity 

of 21.17 Bq Kg-1), we assume the composition of the sediments does not significantly 

change with depth, and hence that the 230Th content of the sediments remains constant 

along the core. Since 230Th activity was not measured along our core, we solve Equation 

3.9 for two scenarios: (1) assuming 230Th and 238U along the core are in secular 

equilibrium (i.e., the activity ratio is 1); and (2) assuming the activity ratio 230Th/238U is 

0.1. The latter option of lower activity ratio would be typical of an environment where U 
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have been leached from the sediments, leading to a relative depletion in the shorter lived 

isotopes along the 238U decay chain and thus to an activity ratio <1. We therefore provide 

6 solutions for Equation 3.11: three possible sedimentation rates, and for each a 

minimum and maximum value for % reached when f=0.4 and aTh=0.00218 Bq g-1 and 

when f=0.7 and aTh=0.0218 Bq g-1, respectively. Shown in Figure 20, the 226Ra activity 

measured along the core is significantly lower than even the lowest activity predicted by 

the model. This suggests that other processes not accounted for in the model could be 

responsible for the additional removal of radium from the pore water. It has been shown 

that under high salinity and sedimentation rates, radium can co-precipitate with CaCO3 

(Chan and Chung 1987). As shown earlier, the similarity of the Ra profile to Ca and Mg 

suggest that the removal of radium from the pore water is also through co-precipitation 

with calcite during the dissolution of high-Mg calcite and subsequent recrystalization of 

calcite from the pore water. Overall, the model presented here agrees with the 

geochemical interpretations and leads to similar conclusions. The model developed here 

could be applied to other pore water systems even where the geochemical data is not 

constrained as well as LK.  



 

88 

 

Figure 20: Raw data and model simulations of 226Ra activity in pore water along 
our pore water profile. All simulations predict higher pore water activity than the 

measured one, suggesting a process not accounted for in the model contributing to the 
removal of Ra from pore water. 

3.5 Conclusions 

The geochemical profiles of Ra, Ca, Mg Sr, Ba, and B in pore water were 

examined along a sediment core and corresponding pore water profile displaying a 

transition from saline water at its bottom, influenced by the seepage of an underlying 

saline brine, to fresh lake water at the surface. The concurrent removal of Ca and Sr and 

release of Mg coupled with modification of the 87Sr/87Sr  isotope ratio in pore water 

suggest diagenetic processes involving the dissolution of high Mg CaCO3 and 

recrystalization of calcite occur along the core.  

 A series of adsorption experiments showed that radium adsorption becomes 

nearly negligible at salinities as low as 5% that of seawater. Yet the activity of Ra in the 

saline pore water is significantly depleted throughout the entire core when compared to 



 

89 

the activities expected from mixing between LK and THS-like water, displaying an 

intriguing trend of increasing depletion with depth and salinity. This trend cannot be 

explained by either adsorption or radioactive decay. A model calculating radium 

activity along the core accounting for advection, diffusion, compaction, radioactive 

decay, production from sediments, and adsorption also predicts Ra activities that are 

much larger than those measured in pore water along the core. Therefore, a diagenetic 

process involving the removal of radium from pore water must be taking place at the 

bottom of the core or below it. This process is most likely linked to the recrystalization of 

calcite from the dissolution of high-Mg CaCO3 in the sediments underlying the lake. 

Mixing calculations between the steady concentrations observed at the bottom meter of 

the core an LK water predict concentrations similar to those measured along the core. 

This suggests a geochemical alteration of the seeping THS-like water occurred 

somewhere along the sedimentary sequence underneath LK, significantly lowering the  

Ca, Sr, and 226Ra contents in the pore water, and enriching it with Mg and Ba. While the 

brine seeping into LK through the sediments bears similar Na/Cl and Br/Cl ratios to 

THS-like water, it has been significantly altered for most other elements. As 

demonstrated by the 226Ra mass-balance model, the modification of the brine seeping 

through the sediments also changes the contribution of different elements (Ca, Mg, Sr, 

Ba) to the mass-balance of LK.  
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4.1 Introduction 

Numerous studies have used radium (Ra) isotopes as tracers to quantify 

groundwater discharge to surface water, particularly in coastal environments, where 

fresh groundwater can seep into saline surface water (e.g., Knauss et al. 1978; Elsinger 

and Moore 1983; Rama and Moore 1996; Burnett et al. 2008). In the past decade, several 

attempts have also been made to use Ra isotopes to examine fresh and saline 

groundwater seepage into freshwater lakes and rivers (Krest and Harvey 2003; Kraemer 

2005; Raanan et al. 2009). Ra isotopes are part of the uranium-thorium decay chains: 

226Ra (T1/2=1600 y) is in the 238U decay chain; 228Ra (T1/2=5.75 y) and 224Ra (T1/2=3.66 d) are 

both in the 235U decay chain; and 223Ra (T1/2=11.4 d) is in the 232Th decay chain. As such, 

Ra has many advantages as a potential seepage tracer. In aquifers, Ra is mobilized from 

the rocks, which leads to elevated Ra content in the groundwater, whereas in surface 

water, the replenishment of Ra through recoil and exchange reactions is much more 

limited. Consequently, Ra is significantly more abundant in groundwater than in surface 

water, and the presence of Ra in surface water is commonly interpreted to be derived 

from groundwater seepage (Raanan et al. 2009, and references therein). In saline 

environments, Ra is soluble and varies in water as a conservative tracer, apart from 

radioactive decay (Krishnaswami et al. 1991; Webster et al. 1995; Sturchio et al. 2001). In 

fresh and saline water that are saturated with certain minerals, Ra is removed to the 

sediments through adsorption (Molinari and Snodgrass 1990) and co-precipitation (most 

notably with BaSO4 (barite); Paytan et al. 1996), making its use as a seepage tracer more 

complicated than in coastal saline environments.  
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In this paper, the behavior of Ra as a tracer for fresh groundwater discharge into 

lakes of various salinities is examined. Our research site is in the Nebraska Sand Hills, 

which is home to numerous lakes of different salinities; ranging from freshwater lakes 

(Lake Gimlet; TDS~600 mg L-1) and lakes with salinities half that of seawater (Lake 

Wilson; TDS~18,000 mg L-1), to highly saline lakes with salinities as high as 300% of the 

salinity of sea water (Alkali Lake; TDS~110,000 mg L-1). These lakes are alkaline (pH 8.9-

10.4), characterized by Na-HCO3 composition, and are located within a limited 

geographic area. The water sources identified for these lakes are regional groundwater 

discharge and precipitation; therefore, this area provides an excellent natural laboratory 

to examine Ra variations in a large range of lake salinities.  

4.1.1 Research area 

The Nebraska Sand Hills, located in the central Great Plains of the United States, 

cover over 50,000 km2 and constitute the largest sand sea in the western hemisphere 

(Smith 1965; Ahlbrandt and Fryberger 1980; Loope et al. 1995; Figure 21). These inactive 

sand dunes are stabilized by a short grass prairie (Winter 1986; Gosselin et al. 1999) and 

are made of unconsolidated sand from the Miocene through the Pleistocene ages (Winter 

1986; Loope et al. 1995). The Sand Hills are underlain by the northern High Plains 

Aquifer (Weeks and Gutentag 1988), which is composed of the Pliocene Broadwater 

Formation and consist of unconsolidated fluvial sand and gravel, and eolian sand sheets 

from the Pliocene and Pleistocene ages. These sand sheets are underlain by the largely 

unconsolidated sands of the Tertiary (Miocene) Ogallala Formation (Winter 1986; Loope 

et al. 1995). The research site presented in this study is located in the western region of 

the Sand Hills, where the dunes can reach a thickness of up to 130 m (Loope et al. 1995). 

The region is semi-arid, with annual precipitation ranging between 430 and 580 mm and 

where potential evapotranspiration (PET) reaches up to 155 cm in irrigated areas 
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(Wilhite and Hubbard 1998). More than 1600 natural lakes have been found in the 

Nebraska Sand Hills (Buckwalter 1983), all of which are shallow, typically no deeper 

than 2 m (Bennett et al. 2007). The salinity of the lakes increases regionally from east to 

west and from low to high elevation (Swinehart et al. 1988; Bennett et al. 2007). Total 

dissolved solids (TDS) ranges from 300 mg L-1 to more than 100 g L-1 TDS, with pH 

values ranging from neutral to 10.8 (La Baugh 1986; Gosselin et al. 1994; Loope et al. 

1995). 

 

Figure 21: A map of the Nebraska Sand Hills, with the location and names of 
the lakes and groundwater wells sampled. 

The high permeability of the sandy soils, the low average precipitation, and the 

high rate of PET render overland inflow to the lakes negligible and imply that the 

groundwater inflow is the predominant source that sustains the lakes (Gosselin 1997; 

Wilhite and Hubbard 1998; Gosselin et al. 1999). The mechanisms controlling the salinity 
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of the lakes have been the source of ample research over the past decades (e.g., Winter 

1986; Loope et al. 1995; Ong et al. 2010). It is largely agreed that the salinity of the lakes 

is generally controlled by fresh groundwater evaporation and the ratio between 

groundwater inflows and outflows (Wood and Sanford 1990; 1995; Gosselin et al. 1994; 

1997; Zlotnik et al. 2009; 2010). Similar mechanisms have been suggested by Wood and 

Talling (1988) to control the salinity of similar Na-HCO3 lakes in Eastern Africa. They 

showed that the salinity was controlled primarily by evaporation and that differences 

between lakes of the same system were mostly the result of the flow regime for each 

lake, the flow through lakes having lower salinities than that of terminal lakes. Wood 

and Sanford (1995) and Ong (2010) have suggested that eolian processes can carry 

precipitated salts from the lake margins into the nearby dunes, or from the dunes into 

the lakes, thereby contributing to the temporal and spatial variability in the salinity of 

the lakes. Additional mechanisms that have been suggested to account for the large 

variability in the chemistry of the lakes include the differences in local groundwater flow 

systems (La Baugh 1986; Winter 1986), and restricted flow through differential 

permeability, such as in paleo-channels and impermeable layers of sediments (Loope et 

al. 1995). Additionally, the effect of past climatic and hydrological conditions on the 

salinity of the lakes has been considered (Gosselin et al. 1997). 

This paper does not attempt to investigate the source of localized differences in 

the salinity of the Sand Hills lakes. Rather, this study focuses on the behavior of Ra in 

surface water with the wide salinity range that characterizes the Sand Hills lakes to 

evaluate the processes that control the distribution of Ra isotopes in the lakes and how 

they affect the calculations of the groundwater flux in landlocked bodies of water of 

varying salinities. 
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4.2 Methods 

A single sampling trip was conducted in March 2009, when 19 water samples 

were collected representing the local groundwater and 5 of the lakes in the sampling 

area. Large volume water samples (50 L for groundwater; up to 100 L for surface water) 

were collected in large jerry cans for Ra isotope analysis. Upon collection, the water 

samples were slowly (flow rate <1 L per minute) passed through a series of plastic 

columns containing acrylic fibers coated with manganese oxide (Moore and Arnold 

1996). This process allowed the Ra to adsorb on the fibers, which were later used to 

measure the activity of the different isotopes, as described below. Fresh, oxidized 

surface water were first passed through a pre-column containing uncoated acrylic fibers 

to filter the large suspended particles, then through a single column containing MnO2-

coated fibers. Due to the extremely high salt content of the saline lakes, the saline surface 

water were first passed through a pre-column to filter the large suspended particles, and 

then through 3 chained columns containing MnO2-coated fibers to ensure that all the 

dissolved Ra was adsorbed onto the fibers. Because MnO2 can be reduced and washed 

away from the fibers under anoxic conditions (Vinson et al. 2009), anoxic groundwater 

were passed through 3 chained columns containing MnO2-coated fibers. Additionally, 

field parameters were recorded for temperature, dissolved oxygen, conductivity, and 

pH. Additional water samples were collected for alkalinity and general chemistry.  

Anions in the water samples were analyzed using Dionex IC DX-500 with CD-20 

detector, a GP-40 pump and an AS-14 column. Cations were measured using Direct 

Current Plasma (DCP). Alkalinity was determined by titration to pH 4.5.  

The measurements of Ra in the water samples were conducted at the Laboratory 

for Environmental Analysis of RadioNuclides (LEARN) at Duke University 

(http://www.nicholas.duke.edu/learn/). Analyses of 224Ra and 223Ra were performed 
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soon after sample collection by alpha counting using a delayed coincidence counter 

(Moore and Arnold 1996; Garcia-Solsona et al. 2008; Vinson et al. 2009). For fibers with 

less than 20 counts per minute (cpm), 224Ra was quantified using the 220Rn channel, 

corrected for chance coincidence events. For fibers with greater than 20 cpm, 224Ra was 

measured by total counts and corrected for activity attributable to 223Ra (Garcia-Solsona 

et al. 2008). 224Ra was calibrated by an old, equilibrated 232Th solution that was 

transferred onto MnO2 fibers. 224Ra and 223Ra were decay-corrected to the time of 

collection. The fibers were re-counted 3 weeks after collection to correct for the in situ 

generation of 224Ra,that is supported by the small amount of 228Th adsorbed onto the 

fibers. 226Ra analysis was performed by radon counting of the fibers after ~3 weeks of 

incubation in a sealed, evacuated glass column on a Durridge RAD7 alpha counting 

instrument (Kim et al. 2001). 226Ra standards were prepared from a NIST-4969 solution 

transferred onto MnO2 fibers.  

In addition to the water samples, a sediment sample was collected from the 

bottom of the freshwater lakes to represent the suspended matter in the lakes. The 

sediments reaching the lakes were represented by a series of samples collected around 

Alkali Lake: eight samples were collected from quadrant spokes, 400 m off the shore of 

the lake. Subsamples (20 g) were collected from each sample, united and homogenized 

to make the background soil sample. The sediment samples contained predominantly 

loose, sand size sediments. The lake sediments remained sealed in a refrigerator pending 

analysis. Each sediment sample was split among several 50-mL centrifuge tubes and 

spun at 4300 rpm for 40 min to extract the pore water; then they were dried in an oven at 

500C for 48 hrs. The dried sediments were then crushed to regain their natural loose 

sand nature and then packed tightly in flip-top plastic containers, covered, weighed, and 

sealed with electric tape to prevent gas escape. The background soil sample only 
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sufficed for one replicate. Three replicates were made of each lake sediment sample. The 

sealed containers were incubated for at least 3 weeks (to allow 226Ra to reach secular 

equilibrium with its 214Bi granddaughter), then counted using a Canberra DSA2000 

BEGe gamma detector at LEARN for ~2 days to measure the nuclides from the U-Th 

series. 226Ra activities were obtained through the 359 keV energy lines of its radioactive 

granddaughter, 214Bi, assuming secular equilibrium. Nuclide activities were calibrated 

using the CCRMP U-Th ore standard DL-1a measured under physical conditions 

identical to the samples (e.g., container size and material type). 

4.3 Results 

Samples can be split into four groups: (1) fresh groundwater (n=10), (2) saline 

groundwater (n=2), freshwater lakes (Lake Gimlet, Crescent Lake, n=2), and (4) saline 

lakes (Alkali Lake, Lake Wilson, and Lake Rayleigh, n=3). In all water samples, the 

dominating anion was HCO3, with much smaller amounts of SO4 and Cl. The 

dominating cation in the fresh groundwater was Ca, followed by similar concentrations 

of Mg, Na, and K; whereas in the saline groundwater and all lakes, Na was the 

predominant cation, followed by similar amounts of K and Mg for the freshwater lakes, 

and K-Ca-Mg for the saline groundwater and lakes (Table 9). The concentrations of most 

major solutes were plotted against salinity and show a continuous linear line and an 

increase with the overall salinity (Figure 22). 226Ra activity in all water groups was 

similar (Figure 23) and generally increased from the fresh groundwater (0.088-0.46 dpm 

L-1) to the saline lakes (0.13-1.66 dpm L-1). The 226Ra:Cl ratio decreased with salinity 

(Figure 24), from a maximum of 0.11 in the fresh groundwater, intermittent values in the 

saline groundwater and freshwater lakes, to a minimum (average) of 0.0006 in the saline 

lakes. 224Ra activities showed two distinguished correlation patterns for groundwater 

and lakes (Figure 25a). The ratio of 224Ra:Cl can be divided into two separate groups with 
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respect to their slopes: one group contained the groundwater samples; the other 

contained the lake samples. In both groups, the ratio decreased with increasing salinity. 

In the groundwater group, the ratio decreased from 0.30 to 0.019 as salinity increased; 

among the lakes, the ratio decreased from 0.0051 to 0.00063 with increasing salinity 

(Figure 25b, Table 9). 

 

Figure 22: Variations against salinity of the major dissolved ions in the lakes and 
groundwater samples 
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Figure 23: The activity of radium is similar in the freshwater lakes despite their 
different salinities. In the saline lakes, the activity of radium increases with salinity 

 

 

Figure 24: The ratio of 226Ra:Cl decreases with increasing salinity, displaying a 
continuous linear trend for all the sampled groundwater and lakes.
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Table 9: Major element chemistry and radium isotopes in groundwater and surface water of the Sand Hills, Nebraska 

Sample name PH  Cond Na K Mg Ca Sr Ba HCO3 Cl SO4 Br TDS 224Ra 226Ra 224Ra/Cl 226Ra/Cl 
  mS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L dpm/L dpm/L   

Freshwater lakes 
Lake Gimlet 9.2 0.68 80 49 17 38 0.3 0.195 396 17 6 0.18 604 0.09 0.21 0.005 0.0121 
Crescent Lake 8.9 1.04 149 64 28 24 0.2 0.009 572 22 41 0.40 900 0.08 0.16 0.004 0.0073 

Saline lakes 
Alkali Lake 10.4 78.50 17457 10530 6 65 0.5 0.007 76314 1943 4320 61 110697 3.01 1.66 0.002 0.0009 
Lake Wilson 9.9 16.56 4334 1671 13 60 0.3 0.003 9913 288 1716 7 18003 0.18 0.13 0.001 0.0005 
Lake Rayleigh 10.3 69.10 14577 9966 5 58 0.3 0.003 55051 1604 1021 58 82341 1.87 0.57 0.001 0.0004 

Fresh groundwater 
GW WM Lake Rayleigh 6.7 0.43 30 15 10 34 0.2 0.108 214 4 33 0.09 339 0.26 0.13 0.066 0.0339 
WM-R1 7.3 0.18 5 7 3 19 0.1 0.046 69 3 19 0.00 125 0.27 0.09 0.103 0.0336 
SOLAR-W 7.5 0.33 14 13 6 34 0.2 0.125 181 3 15 0.05 267 0.45 0.24 0.150 0.0805 
WM-W2 7.4 0.45 16 10 7 58 0.2 0.278 193 9 43 0.08 338 1.10 0.46 0.117 0.0492 
GW near WM-W2 7.2 0.44 21 11 8 51 0.2 0.230 249 3 23 0.06 368 0.28 0.16 0.095 0.0536 
NW-W4 7.6 0.26 7 11 5 28 0.1 0.106 134 2 15 0.04 203 0.73 0.22 0.304 0.0942 
E-W4 7.9 0.22 9 20 3 19 0.1 0.048 113 3 11 0.05 178 0.33 0.18 0.106 0.0595 
SOLAR-E 7.7 0.52 70 9 6 34 0.2 0.100 261 9 39 0.19 429 0.34 0.12 0.039 0.0134 
GW Lake Gimlet  7.6 0.14 6 9 3 13 0.1 0.052 78 2 3 0.00 114 0.11  0.050  
WM near Crescent 6.7 0.19 12 18 3 17 0.1 0.168 85 3 10 0.05 150 0.58 0.32 0.193 0.1050 

Saline groundwater 
OHM-W4 10.0 4.29 860 283 3 34 0.1 0.005 2390 75 140 2.36 3788 1.41 0.60 0.019 0.0080 
SE-W4 8.2 1.20 240 14 8 34 0.2 0.012 662 25 63 0.82 1048 1.01 0.21 0.040 0.0084 
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Figure 25: (A) 224Ra against Cl. Two groups with different slopes are apparent, one 
consisting of groundwater, the other of lakes samples. Within each group, the activity 
of 224Ra increases with salinity. (B) Variations in the ratio of 224Ra:Cl with salinity, 
showing a trend of decreasing ratio with increasing salinity. 

4.4 Discussion 

4.4.1 Lake geochemistry 

The Na, K, HCO3, SO4, and Cl content in the groundwater and surface water 

increased linearly with salinity. This trend suggests that the water groups are part of the 

same connected hydrologic system, where water chemistry and salinity are controlled 

primarily by evaporation. The Mg concentration increases with salinity in the fresh 

groundwater and surface water, but decreases with salinity in the saline lakes. This 

indicates that Mg is not behaving conservatively in the saline lakes, and the salinity 

enhances its removal. Similarly, Ca concentrations increase with salinity in the fresh 

waters and remain nearly constant in both the saline groundwater and lakes. This 

suggests Ca is also removed in the saline lakes. Similar observations have been made by 

Wood and Talling (1988) for Na-HCO3 lakes of a wide salinity range in Eastern Africa, 

who have suggested that Ca and Mg are removed by carbonate precipitation. Similarly, 

Gosselin (1997) and Gosselin et al. (1994; 1997) have suggested that the major source of 
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water and solutes for lakes in the Sand Hills is groundwater seepage, coupled with 

evaporation, which leads to the precipitation of Ca- and Mg-carbonate minerals.  

Gosselin (1997) has suggested that Cl behaves conservatively in the Na-HCO3 

lakes from the Nebraska Sand Hills. In addition to evaporation, Wood and Talling (1988) 

have suggested that precipitation of carbonates and base-exchange reactions with clays 

are the main processes affecting the water chemistry of Na-HCO3 lakes in Eastern Africa, 

and they have argued that Cl is a conservative element in their lake system because the 

water is below halite saturation. Our data show similar conservative behavior for Cl; 

therefore, we use the variations in the Cl content to calculate the degree of evaporation 

of different dissolved ions along the salinity gradient (604-110,697 mg L-1 TDS) observed 

in the lakes. Given that the water chemistry is controlled by evaporation, the seasonal 

effect could be significant. Therefore, it is important to note that the discussion below 

reflects the lake conditions during our sampling trip in March 2009. At that time of year, 

the lakes were in transition between their low stand, typical of the beginning of the fall 

(September), and their high stand, typically observed towards the spring (May; Gosselin 

1997; Bennett et al. 2007). We assume that, if the samples had been collected a few 

months later, the salinity of the lakes would have been lower. Similarly, it is likely that, 

if the sampling occurred a few months earlier, the salinity of the lakes would have been 

higher, and additional minerals might have reached saturation.  

Assuming that, under the conditions in March 2009, Cl is a conservative element, 

and that the fresh groundwater is the major water source for the lakes, the degree of 

evaporation in each lake can be defined using the following equation: 

(4.1) 

! 

Cl[ ]Lake
Cl[ ]Groundwater

= "Cl = Degree of evaporation, 

where the Cl concentrations in the lakes and the fresh groundwater are given in meq L-1.  
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Figure 26 shows the comparison between the Cl-based degree of evaporation 

calculations (

! 

"Cl ), and those calculated using other elements dissolved in the lakes (

! 

" i).  

The amount of each element (X) missing (or found in excess) from the water can 

be calculated using equation 4.2 by subtracting the measured concentration (Xlake) from 

that expected from the evaporation of groundwater (Xexpected): 

(4.2) 

! 

"X mg
L[ ] = Xexpected # Xlake =

X
Cl
$ 

% 
& 

' 

( 
) 
GW

* Cl( )lake # Xlake  

A positive !X suggests depletion, and a negative !X value suggests an excess of element 

X in the lake water as compared to the concentration expected from the evaporation of 

the groundwater. Assuming Cl acts as a conservative element in the sampled lakes, any 

deviation from the line representing a 1:1 ratio between 

! 

"Cl and 

! 

" i  would indicate 

processes contributing or removing element i from the lake water. The results are 

subsequently divided in four groups: (1) HCO3; (2) Br, Na, and K; (3) Ba; and (4) SO4, Ca, 

and Mg.  

HCO3: The 

! 

"HCO3 value falls on the 1:1 line with Cl, suggesting that HCO3 acts as a 

conservative element and that there is no significant precipitation of HCO3 minerals in 

the lakes. This is unlikely, however, because other studies have documented carbonate 

mineral precipitation in similar saline lakes (Wood and Talling 1988; Gosselin et al. 1994; 

Gosselin et al. 1997). Although the relative amount of bicarbonate removed by 

precipitation is not sufficient to change the linearity of the Cl-HCO3 relationships, 

measurable amounts of bicarbonate removed from the water of each lake were 

calculated. The !HCO3 in the freshwater lakes is 6.0 and 6.1 meq L-1 in Lake Gimlet and 

Crescent Lake, respectively. In the saline lakes, the bicarbonate deficit is 42.3, 134.6 and 

240.9 meq L-1 for Lake Wilson, Alkali Lake and Lake Rayleigh, respectively. Some of the 

HCO3 lost through mineral precipitation could be balanced by sulfate reduction in the 
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sediments, which could generate HCO3 to the saline lakes (Wood and Talling 1988; 

Gosselin et al. 1994). 

Br, Na, and K: The " values for this group fall on the 1:1 line in the freshwater 

lakes. The !Na in Lake Gimlet and Crescent Lake is negative, with values of 0.1 and 2.3 

meq L-1, respectively, which indicates that Na is deficient in these lakes. In the saline 

lakes, the " values fall above the 1:1 line, indicating that these elements are being added 

to the water relative to the expected increase in concentration only by evaporation. The 

negative !Na values calculated for the saline lakes are 133.2, 326.2 and 386.2 meq Na L-1, 

which indicates that Na is in excess for Lake Wilson, Lake Rayleigh and Alkali Lake, 

respectively. Similarly, the negative !K values of 14.6, 98.3 and 79.6 meq K L-1 indicate 

that K is in excess in Lake Wilson, Lake Rayleigh and Alkali Lake, respectively. These 

observations do not agree with Gosselin et al. (1994), who has suggested that K- and Na-

carbonates and sulfate minerals precipitate in the saline lakes of the Sand Hills. The 

enrichment of these elements in the saline lakes relative to the expected evaporative 

concentrations could be derived from the precipitation of halite (NaCl). Given that the 

Na/Cl ratio of the initial groundwater is > 1 (~6), the residual brine after halite 

precipitation is expected to have Na/Cl>>1. The data show that the Na/Cl ratio in the 

saline lakes is ~14. Furthermore, the Br/Cl ratio of the saline lakes (~1.4x10-2) is 

significantly higher than the fresh groundwater (0.8x10-2), which suggests a bromide 

enrichment that could be associated with halite precipitation. Consequently, the 

assumption of the conservative nature of Cl in the lake system, particularly the saline 

lakes, may be incorrect. 

Ba: The " values for Ba fall under the 1:1 line for all water types, showing that Ba 

removal from the lake water increases with salinity.  
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Freshwater lakes - As indicated by Figure 26h and the discussion below, sulfate 

salts do not reach saturation in the freshwater lakes. Specifically, BaSO4 does not reach 

saturation as indicated by the negative saturation index calculated for this mineral in the 

freshwater lakes using PHREEQC software. A likely alternative loss mechanism for Ba is 

its adsorption onto suspended and bottom sediments in the freshwater lakes. 

Saline lakes - The evaporation fraction of both Ba and SO4 fall significantly below 

the 1:1 line with 

! 

"Cl , indicating Ba removal. While thermodynamic data for BaSO4 is not 

available for the salinity and water chemistry encountered in the sampled saline lakes, 

their simultaneous depletion suggests that BaSO4 reaches saturation and acts as a major 

removal mechanism for Ba in the saline lakes. This is supported by the gradual increase 

in Ba removal with salinity (Figure 27a). Sulfate removal in the saline lakes is also by 

sulfate reduction.  
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Figure 26: The evaporation fraction of major elements, radium and barium in 
the lakes, against that of chloride. The continuous line represents a 1:1 ratio with Cl, 
indicating evaporation is the only process affecting the concentration. Plotting above 
the 1:1 line indicates contribution and below indicates the removal of a given element 
from the lake water through processes other than evaporation. 
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Figure 27: The difference between the measured concentrations of Ba and Ra 
in surface water, and the concentrations expected from the evaporation of 
groundwater. In all cases, the depletion increases with salinity. 

SO4, Ca, and Mg: The " values for this group fall on or slightly below the 1:1 line 

with Cl for the freshwater lakes, suggesting that, under freshwater conditions, these 

elements are not significantly removed from the water. The !Ca is 7.0 and 7.5 meq L-1, 

and the !Mg is 0.9 and 0.5 meq L-1 for Lake Gimlet and Crescent Lake, respectively. The 
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amount of Ca+Mg missing from the freshwater lakes slightly exceeds the depletion in 

HCO3. This suggests that there are additional processes removing Ca and Mg that do not 

affect HCO3, such as cation exchange on the sediment surface, which involves the 

adsorption of Ca and the subsequent release of Na into the water. Cation exchange 

would also account for the change in the dominating cation from Ca to Na, along with 

the transition from fresh groundwater to fresh surface water. If Ca is being removed 

from the freshwater lakes through the precipitation of carbonates and cation exchange, 

the amount of Ca missing from the lakes should equal the sum of the missing HCO3 and 

the excess Na in each lake. These values are 6.1 and 8.4 meq L-1 for Lake Gimlet and 

Crescent Lake, respectively. The similarity of these values to the amount of missing Ca 

suggests carbonate precipitation and cation exchange are, in fact, the processes 

controlling the concentration of Ca, HCO3 and Na in the freshwater lakes. 

In the saline lakes, the " values for Ca, Mg and SO4 fall below the 1:1 line, which 

implies their removal from the saline lake water. The ! values also indicate significant 

removal of these elements from the saline lakes: 36.0, 206.2 and 249.8 meq Mg L-1 and 

112.7, 641.4 and 777.5 meq Ca L-1 are missing from the waters of Lake Wilson, Lake 

Rayleigh and Alkali Lake, respectively. These amounts far exceed the amount of 

bicarbonate missing from these saline lakes (42.9-240.9 meq L-1). Carbonate precipitation 

and the conversion of Si-Al detritus and Kaolinite into montmorillonite have been 

suggested as the removal mechanisms for Mg in saline, Na-HCO3 lakes (Wood and 

Talling 1988). For other Sand Hills lakes with similar salinities, Gosselin (1997) has 

suggested carbonate precipitation (Lake Wilson) and the precipitation of carbonates and 

authigenic clays (Lake Rayleigh, Alkali Lake) as removal mechanisms for Ca and Mg, 

which occur only in trace amounts in the saline lakes. Processes that remove Na and K 

from the water, such as the precipitation of Na2SO4, will result in lower ! values for 
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those elements and artificially lower the amount of cation exchange that could take place 

in the saline lakes.  

In Lake Rayleigh and Alkali Lake, !Ca+!Mg (847.5 and 1027.4 meq L-1, 

respectively) exceeds the sum of the absolute values of !HCO3, !Na and !K (!Sal; 665.4 

and 600.4 meq L-1, respectively). One explanation for this discrepancy is that Na is being 

removed from the lake water through the precipitation of halite. Considering that !SO4 

represents the amount of Na2SO4 and K2SO4 precipitated, and adding !SO4 to !Sal, there 

is still more Ca and Mg being removed from the water than can be accounted for 

considering the precipitation of carbonates, sulfate salts and cation exchange. Other 

processes not discussed here, including the precipitation of authigenic clays, must also 

be taking place to account for the excess depletion of Ca and Mg. 

In Lake Wilson, !Ca+!Mg (148.7 meq L-1) is lower than !Sal (190.7 meq L-1). This 

could be explained by an additional process contributing Na to the lake. Given that the 

sampling occurred in March when the lakes were approaching their high stand 

(typically in May), the geochemistry of the lakes can reflect the transition from higher to 

lower salinity and is accompanied by the de-stabilization of minerals that are typical 

under extremely high salinity conditions. Because the salinity of Lake Wilson is only 

50% that of sea water, sulfate salts might become unstable as a result of this seasonal 

salinity change and release excess Na into the water. This is supported by the negative 

!SO4 calculated for Lake Wilson (4.4 meq L-1), which would partially account for the 

difference in !Ca+!Mg and !Sal. 

4.4.2 Radium geochemistry 

In surface water, the most notable removal mechanisms for Ra, other than 

radioactive decay, are adsorption onto bottom and suspended particles, and co-
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precipitation with BaSO4 (and other sulfate salts). The Ra sources in lakes are 

groundwater seepage and desorption from suspended particles in the water column. 

The actual concentration of Ra would be the net balance of the sources and sinks 

coupled with evaporation and dilution (Hancock et al. 2000; Charette et al. 2001; Raanan 

et al. 2009). Because different removal mechanisms seem to occur at different salinities, 

we will discuss the fresh and saline lakes separately. 

4.4.2.1 Freshwater lakes 

The effect of the processes that may influence Ra activity in surface water is 

summarized in Figure 28. Webster et al. (1995) have shown that when the salinity of 

surface water is less than 2.6% of the salinity of seawater, as is the case for the freshwater 

lakes sampled, only a small amount of radium that is adsorbed onto suspended particles 

is desorbed back to the water. For this reason, groundwater seepage and evaporation are 

the two main processes that control radium activity in the freshwater lakes. Because 

BaSO4, or any other sulfate salts, do not seem to reach saturation in the freshwater lakes, 

and the half-life of 226Ra is 1600 y, adsorption and dilution are the likely mechanisms for 

Ra removal. Figures 26b-c show that the two freshwater lakes in this study have similar 

magnitudes of Ra removal.  
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Figure 28: Illustration of the different processes affecting radium activity in 
surface water. The effect of each individual process increases with the direction of the 
arrow. Adsorption: with higher salinity there is less adsorption and the activity of 
radium increases. Rain: higher salinity indicates less dilution with radium-free rain, 
and the activity of radium in surface water would increase. Desorption: at higher 
salinity, less radium can be adsorbed, leading to the release of radium from 
adsorption sites and an increase in its dissolved activity. Evaporation: increased 
evaporation would increase the measured activity of radium. Groundwater seepage 
(of the composition indicated by the black circle) would lead to a similar surface 
water activity. Co-precipitation: will be more effective as salinity increases; therefore, 
it will remove more radium at higher salinity. If it is the only process affecting 
radium activity, the activity would decrease with increasing salinity due to increased 
removal. 
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Groundwater seepage could affect both the salinity and Ra activity of the lakes. 

While the salinity of the groundwater is 2-4 times lower than the freshwater lakes, the 

average Ra activity is similar to, and even slightly higher than, that of these lakes. This 

indicates that Ra is significantly removed from the lake water, most likely through 

adsorption. 

Ra adsorption has been shown to decrease with salinity due to an increased 

competition with other second column divalent cations, such as Ca and Mg (e.g., 

Krishnaswami et al. 1982; Webster et al. 1995; Raanan et al. 2009). Raanan et al. (2009 and 

unpublished data) have shown that even small changes to salinity, like the ones between 

Lake Gimlet and Crescent Lake, could have an effect on radium adsorption. For 

example, they have shown that as salinity increases from 700 to 900 mg TDS L-1 there is a 

three-fold decrease in the adsorption coefficient for Ra, from 3000 to 1000 ml g-1, 

respectively. Hence, if adsorption is the only process effecting radium activity in the 

water, we can expect the activity of radium to notably increase with salinity because 

significantly less Ra is expected to be removed. However, the data show that, although 

the salinity of Crescent Lake is higher than that of Lake Gimlet by a factor of 1.5, the Ra 

activity of the two lakes is very similar. This observation could be explained by the 

higher Ca concentration in Lake Gimlet (38 mg L-1) as compared to Crescent Lake (24 mg 

L-1), which implies more competition for adsorption sites by divalent cations in that lake 

despite the lower TDS, suggesting it is the chemistry of the water and not the absolute 

salinity that affect Ra adsorption onto sediments. 

If Ra is only lost through adsorption and no significant authigenic co-

precipitation of Ra takes place, we can use the Ra activity in sediments from the lakes 

and outside the lakes to quantify the adsorption coefficient of Ra in this system. We use 

the difference between the 226Ra activity of the bottom sediments from Lake Gimlet 
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([226Ra]sed,lake in Equation 4.3; 1.28 dpm g-1) and that from sediments outside the lake 

([226Ra]sed,bkg in Equation 4.3; 1.03 dpm g-1), divided by the dissolved Ra ([226Ra]dissolved) to 

represent the distribution coefficient of Ra adsorption on the sediments (Kd): 

(4.3) 

! 

Kd
ml
g[ ] =

226Ra[ ]adsorbed
226Ra[ ]dissolved

=

226Ra[ ]sed ,lake "
226Ra[ ]sed ,bkg

226Ra[ ]dissolved
  

Using Equation 4.3, the Kd value for Lake Gimlet is 1562 ml g-1. A similar value (1224 ml 

g-1) was calculated by Raanan et al. (2009 and unpublished data) for a Na-Ca-Mg-Cl-

HCO3 solution with similar TDS (~600 mg L-1).  

In contrast, the 226Ra activity in the bottom sediments from Crescent Lake was 

only 0.76 dpm g-1, which is lower than the activity measured in the background 

sediments (1.03 dpm g-1). This suggests radium is being desorbed from the background 

sediments into the lake, which should be accompanied by an enrichment of radium in 

the lake water beyond the activity expected from sheer evaporation of the groundwater. 

Because, as shown by Figure 27, radium activity in Crescent Lake is lower than expected 

from evaporation, desorption cannot be the reason for the low radium activity measured 

in the sediments of Crescent Lake. One explanation could be significant authigenic 

precipitation of minerals from the water of Crescent Lake that do not contain Ra, which 

would dilute the activity of radium in the sediments. Because there is no evidence of 

significant calcite deposition in the lake sediments, this is not likely to be the reason for 

the low radium activity measured in the sediments of Crescent Lake. An alternative, 

more likely, explanation is that the sediments sampled in the vicinity of Alkali Lake do 

not accurately represent the sediments entering Crescent Lake. As discussed below, it is 

likely that BaSO4, a mineral that tends to co-precipitate radium, reaches saturation in 

Alkali Lake. If so, and as suggested by Wood and Sanford (1995) and Ong (2010), dried 

salts from the perimeter of Alkali Lake could be blown away and reach the nearby 
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dunes. If they contain barite, the radium activity of those salts is expected to be elevated 

because the 226Ra concentration in barium sulfate can reach more than 1000 dpm g-1 

(Paytan et al. 1996). Because this is a local phenomenon, it would imply that a sample 

representing background sediments must be collected from a location that has been 

proven to be unaffected by localized eolian processes. This also means the Kd value 

calculated for Lake Gimlet might not truly represent the extent of adsorption taking 

place in that lake. 

4.4.2.2 Saline lakes 

In most saline environments, radium removal from water is mostly through co-

precipitation with barite and other sulfate minerals, while its sources are from 

groundwater discharge and desorption (e.g., Charette et al. 2001). The fact that the Ra 

activity of Lake Wilson (0.13 dpm L-1; 18,000 mg TDS L-1) is lower than that of the local 

groundwater (average: 0.21 dpm L-1; 250 mg TDS L-1) can be explained by extensive 

radium removal from the water column through, most likely, co- precipitation with 

BaSO4 and/or other sulfate minerals.  

In most saline environments, an increase in Ra activity with salinity can be 

explained by the decrease of radium adsorption onto the sediments. In most 

environments with salinity greater than 50% that of seawater, adsorption could be 

considered insignificant, and desorption would be near its maximum level (Webster et 

al. 1995; Raanan et al. 2009). Therefore, in saline lakes, such as the Sand Hills lakes, the 

main difference in surface water activity would be the efficiency of Ra removal.  

In the saline lakes, both radium activity (Figures 22 and 24), and the Ra deficit 

from the expected conservative evaporation (based on Cl concentrations; Figures 26b-c), 

increase with salinity. This suggests that further evaporation is associated with further 

precipitation of Ba-sulfate and/or other sulfate minerals that remove Ra. This 
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interpretation is consistent with the observation that the Ba and Ra in the lakes are lower 

than the expected concentration from groundwater evaporation to the degree 

represented by chloride (

! 

"Cl ; Equation 4.1). The relative Ra and Ba deficits from the 

water were calculated using Equation 4.2. The results show that 10, 56, and 67 mg Ba L-1 

was removed from Lake Wilson, Lake Rayleigh, and Alkali Lake, respectively. Similarly, 

113, 93, and 17 dpm 226Ra L-1 were removed from Alkali Lake, Lake Rayleigh, and Lake 

Wilson, respectively. If both Ba and Ra are removed only through the precipitation of 

BaSO4, then the ratio of !226Ra to !Ba should be equivalent to the 226Ra/Ba ratio in the 

barite precipitating in the lakes. The calculated !226Ra/!Ba ratio for the Sand Hills saline 

lakes was 984.5±0.1 dpm g-1, similar to the range (700-1300 dpm g-1) measured by Paytan 

et al. (1996) in marine barite. Notably, the estimated radium activity in barite is the same 

for the three saline lakes despite the wide ranges in salinity (18,000-111,000 mg TDS L-1) 

and 226Ra:Ba ratios (45.1, 200.6 and 246.3 for Lake Wilson, Lake Rayleigh and Alkali 

Lake, respectively). This suggests that the rate of radium co-precipitation in barite is 

constant and does not depend on salinity; therefore, barite has a limited capacity to 

remove radium from saline lakes. 

4.5 Summary 

Ra and geochemical data from five lakes in Sand Hills, Nebraska, USA, with a 

wide range of salinities (600-111,000 mg TDS L-1), were used to evaluate the processes 

that affect Ra removal in lake systems. The uniqueness of the system is that a single 

groundwater source with known chemistry and Ra activity is discharging to the lakes, 

yet internal processes control the removal mechanisms and the subsequent activity of Ra 

in each lake.  

We use a series of mass-balance calculations to show that the chemistry of the 

freshwater and saline lakes is controlled by groundwater seepage, evaporation, and the 
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removal of dissolved constituents through adsorption and mineral precipitation. Our 

data suggest that the water chemistry, and not just the absolute salinity, determines the 

fate of Ra in surface water. In freshwater lakes, it appears that the Ca concentration 

determines the adsorption-desorption equilibrium for Ra. In saline lakes, barite and 

other sulfate salts can remove Ra from the water. We show that despite large variations 

in salinity and Ba contents, the apparent Ra/Ba ratios in the authigenic barite is 

constant, inferring the limited ability of barite to remove Ra from saline lake water. 
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5.1 Introduction 

Surface water makes up only 0.3% of the fresh water on earth, and yet it is a 

major water source that supplies fresh drinking water to millions around the globe 

(Shiklomanov 1993). Given the effects of climate change, the probability of extreme 

climatic events is likely to increase, leading to added uncertainty regarding the stability 

and future of water resources, particularly surface water (Bates et al. 2008). Recent 

droughts in the southeastern United States have demonstrated that predictions of the 

availability of the future of water resources, require thoroughly understanding the 

processes contributing to both water quality and quantity (Seager et al. 2009). One 

important process affecting the quantity and quality of surface water is groundwater 

discharge that provides non-point-source base flow to streams and rivers. While the 

surface flow in a channel can be directly measured, measuring the contribution of non-

point-source groundwater discharge can be challenging. The importance of such 

discharge has been emphasized in recent years (Winter 1995; Sophocleous 2002) and tied 

to the rapid change in land use and shifts in hydrologic regimes associated with climate 

change (Fetter 1994; Clow et al. 1996; Grayson et al. 1997; Eyre and Pepperell 1999; 

Wayland et al. 2003), reflecting that base flow is and should be considered as an 

important part of regional watershed budgets. Although base flow is influenced by 

strong seasonal variability, up to 30% of river flux can be attributed to groundwater 

discharge in some cases (Durand et al. 2005; Dulaiova et al. 2006; Baillie et al. 2007; 

Krause et al. 2007; Acuna and Tockner 2009). The frequent occurrence of drought 

periods in the southeastern USA has underlined the importance of understanding the 
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role of groundwater base flow on the quantity and quality of surface water. A dry future 

induced from climatic change could change the water balance and increase the relative 

contribution of groundwater discharge and possibly also man-made recycled effluents 

that could significantly impact the quality of surface water. 

Many physical factors control the interaction of groundwater with surface water, 

including the permeability of the rocks and sediments that comprise the stream beds 

and the underlying aquifers (Harvey and Bencala 1993; Valett et al. 1996; Winter et al. 

1998), the differential pressure head formed by stream flow and groundwater 

piezometic levels, and the geometry and size of the contact areas (Woessner 2000; Poole 

et al. 2006; Krause et al. 2007). The hyporheic zone, which is located along the transition 

between groundwater and surface water, is commonly defined as “the saturated 

interstitial spaces below the stream bed and adjacent stream banks that contain some 

proportion of channel water” (White 1993; Boulton et al. 2010). It is a biogeochemically 

and chemically active zone, bounded by overlying surface water and underlying 

groundwater. The lower boundary is dynamic and depends on the relative pressure 

heads of the two water sources; under high surface flows, stream water enters the 

shallow groundwater system (i.e., in the form of influent or losing streams), whereas a 

reverse water gradient (i.e., in the form of effluent or gaining streams) causes 

groundwater to drain into the stream as base flow (Stanford and Ward 1993; Williams 

1993; Brunke and Gonser 1997; Woessner 2000; Sophocleous 2002; Boulton et al. 2010).  

Numerous studies of the hyporheic zone have shown that the interactions 

between groundwater and surface water vary in space and time, reflecting spatial 

changes in aquifer and river bed heterogeneity and the continuously changing hydraulic 

gradients between groundwater and surface water (Vaux 1968; Pinder and Sauer 1971; 
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Larkin and Sharp 1992; Harvey and Bencala 1993; Valett et al. 1997; Edwards 1998; 

Winter et al. 1998).  

This chapter addresses the potential of radium and strontium isotopes as natural 

tracers for groundwater seepage into rivers. The study approaches the four Ra isotopes 

as four individual independent tracers, considering Ra as a multi-tracer. The Ra-related 

geochemical evaluation of sampling points along a stream is presented together with a 

model that utilizes the Ra individual isotopes in order to calculate the amount of 

groundwater seeping into a river on discreet time and space intervals. Strontium isotope 

data and Sr-based seepage modeling are also presented in conjunction with and 

comparison to the Ra-based results. 

5.1.1 Radium as a potential tracer for groundwater seepage in 
streams 

Over the years, several methods have been used to estimate groundwater 

discharge into surface water. In principle, tracers can generally be divided into two 

groups: (1) direct physical measurements, which are measurements that can provide 

immediate results, but face the limitation that interpolation of a few measurements over 

a large area is problematic because seepage processes tend to vary significantly even 

over short distances. Common physical tracers for seepage include the direct 

measurement of water flow in seepage meters (Lee and Cherry 1978; Hatch et al. 2006), 

temperature variations induced from groundwater discharge (Constantz et al. 2003 

Hatch et al. 2006), artificially injected tracers (Bencala et al. 1990; Clark et al. 1996; Hatch 

et al. 2006), and discharge gauging (Hatch et al. 2006); and (2) chemical tracers, which 

tend to be more involved and challenging to interpret, but can provide an integrated 

view over a larger area and time. Some common chemical tracers for groundwater 

discharge into rivers include stable isotope composition (!18O and !2H; Cook et al. 2008), 
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major dissolved constituents (e.g., chloride content; Constantz et al. 2003; Cook et al. 

2008), radon activity (Cook et al. 2008; Stellato et al. 2008), Sr isotopes (87Sr/86Sr; Bullen 

and Kendall 1998; McNutt 2000; Douglas et al. 2002; Rose and Fullagar 2005), and 

Nitrogen isotopes (d15N; Kendal and Aravena 2000; Panno et al. 2001). 

Hunt et al. (1996) compared several physical and chemical methods for the 

measurement of groundwater flow into a Wisconsin wetland and concluded that, while 

a multi-tracer approach generally yields more accurate results, natural tracers provide a 

better and more cohesive estimate of natural conditions. Each of the currently available 

geochemical tracers has unique properties along with its own set of advantages and 

disadvantages. For example, Sr isotopes can trace groundwater flow from different 

aquifer lithologies and pathways (Bullen and Kendall 1998; Hunt et al. 1998; Bohlke and 

Horan 2000; McNutt 2000; Negrel and Lachassagne 2000; Semhi et al. 2000; Douglas et 

al. 2002; Farber et al. 2004; Negrel and Petelet-Giraud 2005; Rose and Fullagar 2005; 

Shand et al. 2007). However, the ability to use natural tracers depends primarily on the 

geochemical difference between local meteoric water and groundwater. Successful 

application of a natural tracer is possible only in cases where the groundwater 

composition is noticeably different from that of the local meteoric and/or surface water 

in order to provide the required sensitivity to identify the groundwater component for 

adequate mass balance calculations.  

Consequently, this chapter presents an additional tracer – the Ra isotope quartet 

– produced almost entirely from groundwater- aquifer rock interactions (through 

leaching and "-recoil). In contrast to Sr isotopes and the stable isotopes of water, Ra 

activity in precipitation is negligible, and its occurrence in rivers and streams is assumed 

to be derived entirely from groundwater discharge. Ra removal from water occurs 

mostly through adsorption onto oxides and clay minerals; adsorption onto the latter 
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decreases with increasing salinity (Kraemer and Reid 1984; Krishnaswami et al. 1991; 

Webster et al. 1995; Sturchio et al. 2001; Raanan et al. 2009). For these reasons, Ra has 

been considered as a leading tracer for submarine groundwater discharge (SGD) into 

saline estuarine and coastal environments over the past three decades, the main 

assumption being that under these conditions Ra is a conservative tracer, apart from the 

differential radioactive decay of its four isotopes (e.g., Knauss et al. 1978; Elsinger and 

Moore 1983; Rama and Moore 1996; Torgersen et al. 1996; Turekian et al. 1996; Charette 

et al. 2003; Moore and Krest 2004; Burnett et al. 2008).  

In contrast to its wide application in saline systems, only a small number of 

studies have investigated Ra in fresh water systems; these include the quantification of 

fresh groundwater fluxes into Cayuga Lake, New York (Kraemer 2005), and the 

evaluation of fresh groundwater flow rates into the fresh section of the Everglades, 

Florida (Krest and Harvey 2003), and saline groundwater fluxes into the fresh water of 

the Sea of Galilee, Israel (Raanan et al. 2009; Lazar et al. 2008). Although a large sample 

volume is needed for the measurement of Ra in surface water, the same sample can be 

used for measuring all four isotopes in a fairly simple, inexpensive manner. The four 

naturally occurring Ra isotopes can be used simultaneously as four individual tracers -- 

a scenario in which each Ra sample becomes a multi-tracer, providing a more reliable 

prediction than possible from a single tracer. Given their different half lives (ranging 

from 3.66d for 224Ra to 1600y for 226Ra), the different isotopes of Ra can be used to 

examine different aspects of the seepage process, from fast-paced turbulent seepage to a 

more generalized overview of the seepage process over time. This chapter will examine 

the use of the Ra isotope quartet as a multi-tracer.  

To support the proposed model, the chapter compares the Ra-based seepage 

calculations with results from a Sr-based model. The Sr isotope ratio (87Sr/86Sr) has been 
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extensively used in watershed studies to trace water pathways and to define weathering 

reactions that control the chemistry of ground water and base flow (e.g., Bullen and 

Kendall 1998; Negrel and Lachassagne 2000; Semhi et al. 2000; Negrel and Petelet-

Giraud 2005; Farber et al. 2007; Petelet-Giraud and Negrel 2007; Shand et al. 2007). Since 

Sr isotopes do not fractionate as a result of biological or low-temperature abiotic 

chemical reactions, their ratio will be determined primarily by weathering reactions 

(Hunt et al. 1998). In addition, the Sr isotopes of water in a watershed can be influenced 

by agricultural return flows (Bohlke and Horan 2000; Hosono et al. 2007). In the 

Piedmont region of the Middle Oconee River basin in northeastern Georgia in the USA, 

Rose and Fullagar (2005) used Sr isotopic signals to distinguish the contribution of deep 

ground water from shallow groundwater flows to the river. This present study uses a 

similar approach by monitoring the 87Sr/86Sr ratio of the Neuse River in central North 

Carolina as it flows through granitic rocks of the Raleigh Belt with a high 87Sr/86Sr ratio. 

Although Sr isotopes have been used extensively for delineating groundwater discharge 

into surface water, here they will be used as a validity check for the Ra isotope quartet’s 

use as a tracer for quantifying groundwater seepage into fresh water streams and rivers. 

5.1.2 Research area 

Samples were collected from a narrow stretch of the upper Neuse River located 

in Garner, North Carolina (Figure 29). The Neuse River basin is contained entirely 

within North Carolina, draining urban areas in its upper part where it flows through the 

NC piedmont, and draining mostly agricultural and industrial centers as it flows 

through coastal NC towards New Bern, where it drains into the Pamlico Sound estuary 

(DEM 1983; Showers et al. 1990). The dominant outcrop in the research area is the 

Rolesville Batholith, a massive, weakly foliated granitic intrusion with several vertical 

narrow diabase dike intrusions (Hibbard et al. 2002; McSwain et al. 2009). The river is 
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the principal water source for several urban areas, including Raleigh, which is North 

Carolina’s capital and one of the fastest growing areas in the nation. The upstream 

samples were collected from the Auburn-Knightdale Bridge, adjacent to the North 

Carolina State University RiverNet monitoring station, which is located within a 

suburban, well-water-supported area of Wake County. The downstream samples were 

collected from within the perimeter of the City of Raleigh’s Neuse River Wastewater 

Treatment Plant (NRWWTP). The NRWWTP treats approximately 170,000 cubic meters 

per day, and between the years 1982-2002 was allowed to dispose of 7,000 tons of 

biosolids over an area of 1,030 acres (McSwain et al. 2009), an area in which the 

downstream sampling site is located.  

The average annual precipitation in Wake County is 1150 mm, the wettest and 

driest months being July and November, respectively. The population of the county in 

2005 was approximately 748,000 people, projected to increase by 20% by the year 2020 

along with an increase of 26% in the demand for water (McSwain et al. 2009; 

http://demog.state.nc.us/). In recent years, the southeastern USA and NC, in particular, 

have experienced drought conditions, receiving merely 890 mm of rain in 2007 and 950 

mm in 2008 and 2010, a situation that emphasizes the importance of understanding the 

role of groundwater base flow on the quantity and quality of surface waters. 
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Figure 29: The Neuse River watershed and the upstream and downstream 
sampling points used during this research 

5.2 Methods 

5.2.1 Sampling and analytical methods 

Groundwater from wells located in the NRWWTP compound was collected in 

February and April 2006 and again in April 2009. Surface water from the 

aforementioned up- and downstream sampling locations were collected in July 2008, 

and were collected nine additional times between April 2009 and May 2010. During each 

sampling event, field measurements were conducted for pH, conductivity, temperature, 

and dissolved oxygen. Large volume water samples  

(50L for groundwater, 100-150L for surface water) were collected for Ra isotope 

analysis. Upon collection, the water were slowly (flow rate of < 1 L per minute) passed 

through plastic columns containing manganese-oxide (MnO2)- coated acrylic fibers 

(Moore 1976) to allow Ra adsorption on the fibers, which were later used to measure the 

activity of the different isotopes as described below. Oxidized surface water were passed 

through a pre-column containing “white” fibers (acrylic fibers not coated with MnO2) in 

order to filter large suspended particles before the water passed through a column 
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containing MnO2-coated fibers. Anoxic groundwater were passed through a double-

column configuration (two chained columns marked A and B; surface water only have 

column A) to assure sufficient Ra removal (Vinson et al. 2009). During each sampling 

event, additional water samples were collected for general chemistry, trace metals, 

alkalinity, and Sr isotopes. 

To measure 228Th activity within the riverbed, sediment samples were collected 

from the river using a dredge in both the up- (two samples) and downstream (one 

sample) sampling locations during the October 2009 sampling trip. Upon collection, 

samples were sealed in plastic containers and maintained refrigerated pending analysis. 

Anions in the water samples were analyzed using a Dionex IC DX-500 with a 

CD-20 detector, a GP-40 pump and an AS-14 column; trace metals were measured using 

a VG PlasmaQuad-3 inductively coupled plasma mass spectrometer (ICP-MS). Cations 

were measured on a Direct Current Plasma (DCP) spectrometer. Alkalinity was 

determined by titration to pH 4.5.  

Ra measurements in the water samples were conducted at the Laboratory for 

Environmental Analysis of Radionuclides (LEARN) at Duke University 

(http://www.nicholas.duke.edu/learn/). The analysis of 224Ra and 223Ra was carried out 

as soon as possible (after their concentration onto Mn oxide fibers) by alpha counting 

using a delayed-coincidence counter (Moore and Arnold 1996; Garcia-Solsona et al. 2008; 

Vinson et al. 2009). For fibers with less than 20 counts per minute (cpm), 224Ra was 

quantified using the 220Rn channel, correcting for chance coincidence events. For fibers 

with greater than 20cpm, 224Ra was measured by total counts, correcting for activity 

attributable to 223Ra (Garcia-Solsona et al. 2008). 224Ra was calibrated by a previously 

equilibrated 232Th solution that was transferred onto Mn oxide fibers. 224Ra and 223Ra 

were decay-corrected to the time of collection. The fibers were re-counted three weeks 
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after collection to correct for in situ generation of 224Ra, supported by the small amounts 

of 228Th adsorbed onto the fibers. 226Ra analysis was performed by radon counting of the 

fibers after approximately three weeks of incubation in a sealed, evacuated glass column 

on a Durridge RAD7 alpha counting instrument (Kim et al. 2001). 226Ra standards were 

prepared from a NIST-4969 solution transferred onto Mn oxide fibers. 228Ra was 

measured by a Canberra high resolution Broad Energy germanium (BEGe) detector 

(BE5030; with 50% relative efficiency) gamma spectrometer. 228Ra analysis was 

performed on fibers of the A column that had been compressed into a disk geometry 

65mm in diameter and ~5mm thick in a metal canister (Vinson et al. 2009). 228Ra was 

quantified from counts of the 911 keV peak of 228Ac and, for groundwater samples, 

corrected for the partitioning of Ra between the A and B columns using relative 224Ra 

activities. The standard for gamma spectrometric analysis is U-Th ore standard DL-1a 

(Canadian Certified Reference Materials Project), loaded to resemble the geometry of the 

compressed fibers. The systematic measurements of standards in our lab (Vinson et al. 

2009) yielded approximate precision for the Ra isotopes of 226Ra ~4%, 224Ra ~9–12%, and 

228Ra ~16%. 

Sr isotopes were measured using the Thermo Scientific TRITON thermal 

ionization mass spectrometer at Duke University 

(http://www.nicholas.duke.edu/tims). The aquatic solutions were evaporatively 

preconcentrated in HEPA filtered clean hood and re-digested in 0.6mL of Optima grade 

3.5N HNO3, from which Sr was separated using Eichrom Sr-specific ion exchange resin. 

Approximately 1 to 10µg Sr were loaded onto out-gassed single rhenium filaments along 

with 2µL of a TaO activator solution. Samples and standards were gradually heated to 

obtain a 88Sr beam intensity of ~3V, after which 300 cycles of data were collected. Our 
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typical internal 87Sr/86Sr precision was ~0.000004 (1 sd). External reproducibility on 

standard NIST987 yielded a mean 87Sr/86Sr ratio of 0.710233 ± 0.000009. 

The measurement of 228Th activity in river sediments was conducted by Dr. 

Aaron Beck at the Department of Physical Sciences in the Virginia Institute of Marine 

Science using a method developed after Sun and Torgersen (1998; 2001). More than three 

weeks were allowed to pass between sampling and sediment analysis to assure that all 

of the unsupported 224Ra in the sediments had decayed, and that 224Ra had reached 

secular equilibrium with its parent nuclide, 228Th. Thus, the 224Ra measured in the 

riverbed sediments also represents the activity of 228Th. Dried river sediments were 

mixed in a clean plastic dish with deionized water in a 5:100 weight ratio and mixed 

with a spatula until they attained a uniform consistency. Approximately 150g of dry 

sediment were placed in plastic columns between thick plugs of “white” fibers that 

served to prevent particles from exiting the columns. Each sample was split in two; the 

measurement of 224Ra production from each sample was repeated three times. 224Ra 

production was measured from the decay of its parent 228Th using the RaDECC system 

used for measuring 224Ra and 223Ra in water. Standards were prepared in a way similar to 

the samples, using 150 g clean sand with 224Ra activity similar to the background noise 

produced by the RaDECC system (~0.2cpm). Standards were made to contain 0.6–1.6Bq 

224Ra by dripping 0.2–0.5mL of a 20-year-old 232U standard solution containing 3.2Bq mL-

1 of 224Ra directly onto the clean sand. The sand containing the standard solution was 

homogenized similarly to the samples, as described above. The weight of sand filled 

columns was measured between runs, and samples were re-wet (and re-homogenized) 

to assure a constant solid-to-liquid ratio between runs.  
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5.2.2 Ra-based model development 

The possible removal mechanisms for Ra in fresh water are through radioactive 

decay and adsorption, which can occur both along the river channel and within the 

hyporheic zone. Co-precipitation, most notably with BaSO4 (barite), a common sink in 

saline water, is not a sink for Ra in fresh water since under these conditions barite 

typically does not reach saturation. As mentioned earlier, Ra is mobilizes into 

groundwater through water-rock interactions (weathering and "-recoil), and thus, its 

concentration is relatively high in groundwater. In contrast, Ra activity in rain is 

negligible due to the low rock-to-water ratio. The main source of Ra in surface water is 

therefore groundwater seepage. Short-lived Ra isotopes can be produced in-situ in river 

sediments, providing an additional source for 223Ra and 224Ra in river water. 

The presented model considers the differences in Ra activity in a river segment of 

known length as well as the Ra activity of regional groundwater. The model considers 

gradual groundwater transition to the river domain through the hyporheic zone and 

that the adsorption process occurs in the hyporheic zone but not in the river. We assume 

that advection is the main process controlling the flow of both groundwater and the 

river, and solve for a distinct point in time. Following the approach of Bencala and 

Walters (1983) and Cook et al. (2006), we define the mass balance of surface-reactive, 

radioactive solutes as 

 (5.1) 

! 

d Qc( )
dx

=Q
dc
dx

+ c
dQ
dx

= Ici " Lc " #wdc + $ swd + F  

where Q is the flux of the river (m3 d-1), I is the flux of groundwater entering the 

stream per unit length (m3 m-1 d-1), L is the flux of river water recharging the aquifer per 

unit length (m3 m-1 d-1), # is the radioactive decay constant of the isotope used for the 

model (d-1), and w and d are the width and depth of the river in the modeled section 
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(m), respectively. c and ci represent the activity of the isotope used for the model in the 

surface water and groundwater (mBq m-3), respectively, and F represents processes 

related to hyporheic exchange as described below. Production of the modeled isotope 

from the decay of its parent nuclide in suspended matter in the surface water, $s (mBq d-

1), is defined based on the calculations of Porcelli and Swarzenski (2003) and Cook et al. 

(2006) as 

 (5.2) 

! 

" s = bs# s$pcp,s 

where bs is the mass ratio of rock to water in the surface water, !s is the recoil release 

fraction of the parent nuclide in surface water, and "p and cp,s are the radioactive decay 

constant (d-1) and the suspended matter activity (Bq kg-1) of the parent nuclide, 

respectively. We define the hyporheic zone as a single-layer, mixed storage zone 

underneath the streambed with uniform thickness (h (m)) and the same width as the 

stream, an assumption shown by Choi et al. (2000) to serve as a reasonable 

approximation. We assume there is a continuous water flux between the groundwater 

and the stream that passes through the hyporheic zone, that there is no significant lateral 

flow and that the net flux in each point is zero (Cook et al. 2006). Adsorption, k (d-1), and 

radioactive decay, # (d-1), are sinks for the solute in the hyporheic zone, and its source is 

the decay of its parent nuclides, #h (mBq d-1). Considering these assumptions, the 

transport-reactive mass balance in the hyporheic zone can be described as 

(5.3) 

! 

dchqh
dt

= qhc " qhch +# hwh$ " %wh$ch " kwh$ch = 0  

where $ is the porosity of the hyporheic zone and qh and ch are the flux of water in and 

out of the hyporheic zone (m3 m-1 d-1) and the hyporheic zone activity of Ra (Bq m-3), 

respectively. The residence time of the water in the hyporheic zone was defined by Cook 

et al. (2006) as 
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(5.4) 

! 

th =
wh"
qh

 

Applying Equation 5.4 and rearranging equation 5.3 gives the concentration of Ra in the 

hyporheic zone: 

(5.5) 

! 

ch =
qhc +" hwh#

qh 1+ $th + kth( )
 

We define the net flux from the hyporheic zone to the river following Cook et al. (2006) 

as 

(5.6) 

! 

F = qh ch " c( ) 

and the change in river flux with distance as 

(5.7) 

! 

dQ
dx

= I " L " Ew  

where E is the evaporation rate (m d-1). Substituting 5.5-5.7 into 5.1 allows us to express 

the changes in solute concentration along a stream as 

(5.8) 

! 

Q
dc
dx

= Ew " #wd " I "
#wh$ + kwh$
1+ #th + kth

% 

& 
' 

( 

) 
* c + Ici + + swd +

+ hwh$
1+ #th + kth

, 

- 
. 

/ 

0 
1  

The terms describing Ra production in the hyporheic zone and the surface water differ 

in the relative magnitude of #h and #s, respectively. In shallow streams, d≈h. Assuming 

that the suspended particles in a stream are very small, the recoil fraction in surface 

water, $s, can be considered to be 1. The recoil fraction in the hyporheic zone is lower 

than in the surface water due to the wider variety of particle size in that zone compared 

to surface water, and was assumed to be 0.1. Since bs<<bh, and the other terms are 

comparable in magnitude, the production term in the surface water, #s, is negligible in 

comparison to that in the hyporheic zone, #h. Similarly, the term for evaporation, 

controlled by the magnitude of E (~10-3 m d-1 for central North Carolina; S. Palmroth, 

unpublished data) is negligible with respect to I for all of the isotopes considered in this 
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research. 

When considering each of the two long-lived Ra isotopes (226Ra and 228Ra), the 

terms for decay and production are negligible, since both " and "p for these two isotopes 

are in the order of 10-4 d-1 or smaller. For 226Ra and 228Ra, Equation 5.8 can thus be 

narrowed down to 

(5.9) 

! 

Q
dc
dx

= Ici " I +
kwh#
1+ kth

$ 

% 
& 

' 

( 
) c  

To independently provide an analytical solution for I using each of the long-lived Ra 

isotopes, k and th must be estimated or measured. Extrapolating the k values presented 

by Krishnaswami et al. (1991; k1 in his notation) yields a range of 0.02–0.002 d-1, which is 

in agreement with the range calculated by Lazar et al. (2008) for Ra adsorption rate in 

the low salinity water of the Sea of Galilee, Israel. The half-life of the shortest-lived Ra 

isotope (224Ra) is 3.6 days. Since unsupported 224Ra is measured in the stream water, the 

residence time of water in the hyporheic zone, th, cannot exceed 28 days, a period in 

which all of the unsupported 224Ra would have decayed. 

To minimize the discreet differences in the measured Ra activities influenced by 

the selection of the sampling location, this model uses the ratio of Ra/Cl. We refer to 

chloride as a non-reactive element, and rearrange Equation 5.9 to solve for I: 

(5.10) 

! 

I = Q
dc 
dx

+
kwh"
1+ kth

# 

$ 
% 

& 

' 
( c i ) c ( ))1 

where 

! 

c i and 

! 

c  are the ratios of Ra/Cl in groundwater and surface water, respectively. 

To solve for I using the ratio of Ra/Cl for the short-lived 223Ra and 224Ra, Equation 5.8 can 

be narrowed down and rearranged as: 

(5.11) 

! 

I = Q
dc 
dx

"
# hwh$

1+ %th + kth

+ %wdc +
%wh$ + kwh$
1+ %th + kth

c 
& 

' 
( 

) 

* 
+ c i " c ( )"1
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5.3.3 Sr-based model 

As mentioned above, the main sources of Sr in surface water are precipitation 

and groundwater seepage. As a long-lived radioactive element, Sr is not produced, nor 

does it decay in the residence time of water flow along the river channel.  Thus, the 

expressions specified in Equation 5.1 for modeling the contribution of production and 

decay are irrelevant for using Sr to model groundwater seepage. For the same reason, 

adsorption is the only possible sink for Sr in the hyporheic zone. Hence, Equations 5.1 

and 5.7 can now be written as 

(5.12) 

! 

d Qg( )
dx

=Q
dg
dx

+ g
dQ
dx

= Igi " Lg+ Rwgr + F  

and 

(5.13) 

! 

dQ
dx

= I " L " Ew + Rw  

where R is the average daily precipitation during the month of sampling (m d-1) and gi, 

g, and gr are the products of the Sr concentration and isotope ratio in groundwater, 

surface water, and rain water, respectively. Equation 5.3 can now be narrowed to the 

form of 

(5.14) 

! 

d(ghqh )
dt

= qhg " qhgh " kwh#gh = 0   

 

where gh is the product of the Sr concentration and isotope ratio in the hyporheic zone. 

Applying Equation 5.4 and rearranging Equation 5.14 gh can be expressed as 

(5.15) 

! 

gh =
g

1" kth  
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where k is the adsorption rate constant for Sr. Substituting Equation 5.15 into Equation 

5.6, and combining this with Equations 5.12 and 5.13, we can rearrange Equation 5.12 to 

solve for I as follows: 

(5.16)  

! 

I = Q
dc
dx

" Ew " Rw "
kwh#
1+ kth

$ 

% 
& 

' 

( 
) g " Rwgr

* 

+ 
, 

- 

. 
/ gi " g( )"1 

5.3 Results 

5.3.1 Water 

The concentrations of Cl and Sr, the 87Sr/86Sr isotope ratio, and the activity of the 

four isotopes of Ra in surface and groundwater are presented in Table 10. The average 

ratios of the isotopes of Ra to chloride in groundwater from wells penetrating granites in 

Wake County, NC, are 4.58, 3.21, 0.34, and 3.56 mBq mg-1 for 226Ra, 228Ra, 223Ra, and 224Ra, 

respectively, with 14-16% variations (standard error). These average values are the 

combined results of samples collected during this research from the NRWWTP and from 

the data of Vinson et al. (2009). In the surface water, the average ratio of Ra to Cl was 

0.134, 0.088, 0.0054, and 0.117 mBq mg-1 for 226Ra, 228Ra, 223Ra, and 224Ra, respectively, with 

a standard error of 10-15% (Figure 30). The average 87Sr/86Sr isotope ratio of 

groundwater samples from Wake County and the NRWWTP is 0.707257 (n=22) and 

local precipitation (n= 2) is 0.709450. The average Sr concentration in groundwater 

samples from Wake County and the NRWWTP was 603.4 µg L-1 (Figure 31). The 

variations in both the average Sr isotope ratio and average concentration in groundwater 

were 26%. The average Cl concentration in groundwater from the NRWWTP was 24.6 

mg L-1, which is also assumed to represent the concentration in the hyporheic zone 

(Table 10).  
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Table 10: Chloride, strontium and radium in surface water and groundwater. 
The groundwater data combines the results of this research with those reported by 

Vinson et al. (2009) for Ra in granites from Wake County, NC 

 Cl Sr 87Sr/86Sr 226Ra/Cl 228Ra/Cl 223Ra/Cl 224Ra/Cl 
 mg L-1 µg L-1   mBq mg-1   

WWTP surface water - UPSTREAM 
  

2-Jul-08 5.48 50.1 0.708448 0.19 0.115 0.010 0.08 
29-Apr-09 9.90 47.5 0.708035 0.11 0.050 0.002 0.09 
28-May-09 8.35 48.8 0.708378 0.17 0.032 0.004 0.15 
15-Jul-09 10.07 51.6 0.708080 0.10 0.056 0.002 0.05 
26-Aug-09 9.54 49.2 0.708130 0.09 0.142 0.004 0.06 
2-Oct-09 10.01 51.1 0.708282 0.10 0.071 0.004 0.09 

14-Dec-09 6.53 34.6 0.707874 0.13 0.132 0.009 0.14 
19-Jan-10 9.30 40.5 0.708512 0.11 0.111 0.005 0.18 
1-Mar-10 8.47 31.7 0.707786 0.07 0.079 0.007 0.18 

12-May-10 11.88 51.7 0.708203 0.08 0.040 0.002 0.05 
Average 8.95 45.68 0.708173 0.12 0.083 0.005 0.11 
Error % 6.5% 5.1% 0.011% 10.2% 15.1% 18.9% 15.1% 

          
WWTP surface water - DOWNSTREAM 
  

2-Jul-08 5.89 51.7 0.708295 0.41 0.216 0.013 0.13 
29-Apr-09 9.93 48.6 0.708026 0.11 0.101 0.004 0.11 
28-May-09 8.26 49.7 0.708355 0.18 0.100 0.004 0.17 
15-Jul-09 10.10 52.1 0.708070 0.11 0.026 0.005 0.08 
26-Aug-09 9.57 50.2 0.708129 0.10 0.013 0.002 0.07 
2-Oct-09 9.81 51.9 0.708242 0.08 0.031 0.002 0.06 

14-Dec-09 6.57 35.0 0.707883 0.13 0.128 0.011 0.17 
19-Jan-10 9.41 41.0 0.708497 0.17 0.149 0.011 0.25 
1-Mar-10 8.48 32.2 0.707782 0.08 0.096 0.008 0.17 

12-May-10 11.82 54.0 0.708186 0.14 0.082 0.003 0.09 
Average 8.98 46.63 0.708147 0.15 0.094 0.006 0.13 
Error % 6.2% 5.2% 0.010% 20.1% 20.7% 20.2% 14.3% 

          
WWTP surface water - combined 
  

Average 8.97 46.16 0.708160 0.13 0.088 0.006 0.12 
Error % 4.4% 3.6% 0.007% 12.3% 12.8% 14.2% 10.3% 

          
Groundwater  
  

Average 24.62 603.4 0.707257 4.58 3.21 0.34 3.56 
Error % 9.7% 27.0% 0.023% 15.2% 13.9% 14.2% 16.3% 
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Figure 30: Ra vs. Cl in surface water and groundwater from granites. The 
groundwater data combines the results of this study with those reported by Vinson et 
al. (2009) 

 

 

Figure 31: 87Sr/86Sr vs 1/Sr in groundwater, surface water, and local 
precipitation, as well as the data of Rose and Fullagar (2005) for Sr in precipitation 
from the Piedmont Province, Georgia.  
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The salinity (expressed as mg Cl L-1, Figure 32) does not significantly vary 

between the upstream and downstream sampling locations. During the course of the 

sampling period the salinity was highest during early fall and late spring. The 

exceptionally high salinity measured in July 2008 was due to the extreme drought 

conditions of that year.  

 

Figure 32: Chloride concentration in the up- and downstream sampling points 
as measured on each sampling trip 

5.3.2 Sediments 

The activity of 228Th (T1/2=1.93y; the parent of 224Ra) in the river sediments was 

found to be 5.67 mBq g-1. The activity of 227Th, the parent nuclide of 223Ra, was not 

directly measured but was estimated as follows, assuming that the river sediments are 

derived from local rocks: assuming secular equilibrium, the activity of 238U in the rocks 

should equal the activity of 226Ra measurements in well cuttings from the NRWWTP. 

Then, assuming a natural common 235U/238U ratio and a secular equilibrium between 

235U and 227Th, the activity of the latter can be calculated. Based on the 226Ra activity in 

cuttings from wells dug within the NRWWTP reported by Vinson et al. (2009), the 

activity of 227Th in the riverbed sediments is estimated as 0.27 mBq g-1.  
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5.4 Discussion 

Ra activities in regional groundwater may vary with water chemistry (e.g., 

salinity) and aquifer conditions (e.g., redox), but the Ra isotope ratios (228Ra/226Ra, 

224Ra/228Ra) in groundwater are assumed to be constant. These ratios have different 

values in different rock types due mostly to dissolution of aquifer minerals and 

differences in the U/Th ratio of the aquifer rocks (Vinson et al. 2009; and references 

therein), and might be different from the ratio measured in surface water due to decay 

or production of 224Ra during groundwater transport through the hyporheic zone.  

 

Figure 33: The ratios of 228Ra/226Ra and 224Ra/228Ra in the different rock types 
common in Wake County, NC, based on the data reported by Vinson et al. (2009) 

The ratios of 228Ra/226Ra and 224Ra/228Ra in water samples from different rock types in 

Wake County are shown in Figure 33. The typical ratios in granites, the common rock in 

the vicinity of the river sampling locations, are 0.73 (n=52) and 1.12 (n=34) for the ratio 

of 228Ra/226Ra and 224Ra/228Ra, respectively, and are different from the ratios typical of 

other rock types common along the flow path of the Neuse River in Central North 

Carolina (Vinson et al. 2009; Figures 28, 32). In the studied surface water the 228Ra/226Ra 

and 224Ra/228Ra were 0.66 and 1.38, respectively. 

If a stream is under gaining conditions, one can expect Ra activity to increase 

with the flow direction, since more Ra keeps entering the stream via seepage along its 
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flow path. This assumption might be correct only for 226Ra and 228Ra, however; due to 

their long half-life, these isotopes are not affected by time-dependent hyporheic zone 

processes such as production and radioactive decay. These processes would affect the 

measured activity of the short-lived 223Ra and 224Ra, and could mask the effect of seeping 

groundwater on activity in the surface water. The only process affecting the activity of 

the long-lived Ra isotopes other than seepage is adsorption, which would affect all of the 

Ra isotopes to the same extent. Since the adsorption of Ra changes with salinity, 

comparing the ratio of Ra to Cl instead of using the absolute Ra activity in the up and 

downstream sampling location could unveil the effect of adsorption. Consequently, one 

would assume that the Ra/Cl ratio should remain constant along the stream unless 

more Ra is being added to the river. We thus compared the ratio of 226Ra and 228Ra to Cl 

in the up- and downstream sampling locations to assess whether the river was under 

gaining conditions for each sampling trip (Figure 34). In July 2008, May 2009, as well as 

January, and May 2010, the ratio of both 226Ra and 228Ra to Cl was higher at the 

downstream than at the upstream sampling location, indicating that the river was under 

gaining conditions. In April 2009 and March 2010 the ratio of 228Ra/Cl indicated the river 

was under gaining conditions, while using the ratio of 226Ra/Cl it was not possible to 

determine whether the river was under gaining conditions. On the rest of the sampling 

events (i.e., July, August, October, and December 2009) both ratios were not sensitive 

enough to determine whether the river was under gaining conditions (Figure 34, Table 

11).  
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Figure 34: Ra/Cl in the up- and downstream sampling points as measured on 
each sampling trip 

The 87Sr/86Sr isotope ratio in surface water reflects mixing between local 

precipitation and groundwater seepage. As mentioned before, the average 87Sr/86Sr ratio 

in groundwater from granites around Wake County, NC and within the NRWWTP was 

0.707257. The same ratio in surface water have an average value of 0.708160 which 

indicates the contribution of water with h higher 87Sr/86Sr ratio. Rose and Fullagar (2005) 

reported and average 87Sr/86Sr isotope ratio of 0.711738 for precipitation in the Piedmont 

province in Georgia, USA. Similar measurements in local precipitation yielded an 

average ratio of 0.70945. Thus the Sr isotope ratio measured in surface water represents 

mixing between local precipitation and groundwater seepage (Figure 31). Since the 

distance between the up- and downstream sampling locations is small (1.3 km), we can 

assume the contribution of precipitation to the difference in the Sr signature between the 

two sampling locations to be minimal. The downstream Sr signature can therefore be 

viewed as the result of mixing between groundwater and water coming from upstream. 

Figure 35 shows that, except for the sampling of January 2010, the downstream Sr 
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signature can be the result of mixing between local groundwater and the range of 

87Sr/86Sr ratio and Sr concentration measured in the upstream sampling location, the 

relative contribution of the groundwater component being about 1% or less for all 

sampling events.  

 

Figure 35: The range of Sr isotope composition expected from mixing between 
groundwater and surface water collected at the upstream sampling point. Dashed 
lines represent the proportion of groundwater in the mixed component. The Sr 
composition of surface water samples collected at the downstream sampling point are 
represented by squares. 

Since the Sr concentration in groundwater (average of 603 µg L-1) is higher than 

in surface water (average of 46 µg L-1), the concentration of Sr should increase along the 

flow path of the river if seepage is occurring. Thus, comparing the Sr concentration 

between the upstream and downstream sampling locations suggests the river was under 
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gaining conditions on July 2008, April, May, August, and October 2009, and on May 

2010. The conditions of the stream on the other sampling events could not be 

determined using the concentration of Sr in surface water. Similarly, since the 87Sr/86Sr 

ratio is lower in regional groundwater than in precipitation and surface water, the Sr 

isotope ratio should decrease along the flow path of the river if seepage is a dominant 

process. Based on the 87Sr/86Sr isotope ratio, the river should have been under gaining 

conditions on July 2008, May and October 2009, and January and May 2010. At the rest 

of the sampling events, the ratio of 87Sr/86Sr did not allow distinguishing between 

gaining and losing conditions (Figure 36, Table 11). 

 

Figure 36: Sr concentration and isotope ratio in the up-and downstream 
sampling points as measured on each sampling trip 
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Table 11: Predictions of stream conditions and seepage calculations for each individual modeling method (226Ra, 228Ra, 
224Ra, and 87Sr/86Sr) for each sampling event 

  river flux precipitation predicted stream conditions (gaining/loosing) calculated groundwater 
flux (m3 m-1 d-1) % of river flux 

date x105 m3 d-1 cm d-1 226Ra 228Ra 224Ra Sr 226Ra 228Ra 224Ra Sr min max 

2-Jul-08 7.00 5.00 gaining gaining gaining gaining 25.9 17.1 7.9 1.7 0.3% 5.0% 

29-Apr-09 13.81 0.00 undetermined gaining gaining gaining 1.4 16.6 5.9 2.0 0.1% 1.6% 

28-May-09 15.00 11.20 gaining gaining gaining gaining 4.3 23.7 7.6 2.2 0.2% 2.1% 

15-Jul-09 6.82 13.15 undetermined undetermined gaining gaining 0.6 <0 4.6 0.9 0.1% 0.9% 

26-Aug-09 7.34 3.00 undetermined undetermined undetermined gaining 1.3 <0 1.5 1.0 0.2% 0.3% 

2-Oct-09 6.67 6.70 undetermined undetermined undetermined gaining <0 <0 <0 0.9 0.2% 0.2% 

14-Dec-09 101.40 13.20 undetermined undetermined gaining gaining 9.6 <0 68.4 5.9 0.1% 0.9% 

19-Jan-10 39.56 8.80 gaining gaining gaining undetermine
d 39.8 35.6 54.3 2.8 0.1% 1.8% 

1-Mar-10 120.39 8.30 undetermined gaining undetermined gaining 17.8 48.2 <0 7.7 0.1% 0.5% 

12-May-10 7.53 10.25 gaining gaining gaining gaining 7.2 7.6 5.7 2.7 0.5% 1.3% 
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5.4.1 Model results 

Since direct gage height measurements were not available at the time of the 

sampling trips, that parameter, as well as that of the flux of water in the river, had to be 

assessed based on measurements from other close by river stations. We thus compared 

gage height measurement from nearly six continuous years (Feb 21, 2003 through Dec 

31, 2008) conducted by the USGS and the North Carolina State University RiverNet 

group in Clayton, NC, and at the Auburn-Knightdale Bridge near Garner, NC, 

respectively (Figure 29). We then used the great linearity of the two data sets (R2=0.89) to 

calculate the gage height in the Auburn-Knightdale station for each of our sampling 

events. The river bed was assumed to have the shape of a simple rectangle, and the 

following procedure was used for calculating the flux at Auburn-Knightdale using the 

Clayton data: the flux measured in Clayton at the sampling date was divided by the 

width of the river (assumed to be constant over time) and the gage height measured on 

that same day to yield the water velocity at the Clayton station. That velocity was then 

multiplied by the width of the river and calculated gage height at the Auburn-

Knightdale station to yield the flux at that station. This clearly introduces a significant 

error to the model (~10% based on the R2 value of the gage height comparison) that must 

be considered when comparing the results of our model calculations from the different 

sampling events.  

The parameters and results of the models are presented in Tables 12 and 11, 

respectively. The ratio of the short-lived Ra isotopes produced in-situ to Cl in the 

hyporheic zone was determined by dividing their hyporheic zone production-derived 

activity by the average concentration of Cl in the hyporheic zone (24.62 mg L-1). Using 

226Ra, the river was found to be under gaining conditions for all of the sampling events, 

except October 2009. This is consistent with our observations of the difference between 
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the ratio of 226Ra/Cl between the upstream and downstream sampling points. It is 

important to note that the magnitude of the calculated flux does not indicate the relative 

contribution of groundwater flow to the overall river flux. For example, the flux 

calculated using 226Ra on July 2008 was 26 m3 m-1 d-1, which was 5% of the river flux. 

There was also a large difference between the ratio of 226Ra/Cl measured upstream and 

downstream. In contrast, the higher flux calculated in January 2010 (40 m3 m-1 d-1) 

reflected only 1.4% of the river flux and displayed a less prominent difference between 

the ratio of 226Ra/Cl measured at the upstream and downstream sampling points. 

Therefore, the magnitude of the differences in the Ra/Cl ratios between the upstream 

and downstream measurements serves as an indicator for the relative importance of 

groundwater seepage during each sampling event: the higher the difference - the larger 

is the groundwater fraction entering the stream.  

Table 12: Model parameters 

Parameter Units Value 

x m 1342 
k, min d-1 0.02-0.002 
w m  41 
!  0.41 
th, max d 28 
" 223Ra d-1 0.061 
" 

224Ra d-1 0.189 
" 228Th d-1 0.001 
" 227Th d-1 0.037 
bh  3.8 
!!  0.01 
E m d-1 0.001 

 

The data also shows good agreement between the predicted stream conditions 

and the model calculations for both 228Ra and 224Ra: the model results show that the river 

was under gaining conditions in all cases for which the river was predicted to be gaining 
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based on the ratios of 224Ra- and 228Ra/Cl. When these ratios indicate that the river was 

not gaining, the model results indicated similar patterns, except for August 2009, when 

the stream conditions could not be determined from a comparison of 224Ra 

measurements; however, using the model, the river was found to be gaining. Unlike the 

other three Ra isotopes, the 223Ra/Cl ratios and the model calculations were not 

consistent: in four cases where the measurements of 223Ra/Cl indicated that the river was 

gaining, the model predicted the river to be under losing conditions. This disagreement 

might be due to an overestimation of 223Ra production by the sediments along the 

hyporheic zone due to the lack of direct measurements of 227Th activity (the parent 

nuclide of 223Ra) in the sediments. Therefore, direct measurements of 227Th activity in the 

riverbed sediments are essential to make 223Ra a reliable tracer for evaluating 

groundwater seepage into our stream.  

Table 13: Comparison of predictions of stream condition and seepage 
calculations using only Ra isotopes only and the combination of Ra and Sr isotopes. 

  predicted stream condition calculated seepage as % of river flux 
Ra-based Ra- and Sr-based 

date Ra-based Ra- and Sr-based 
min max min max 

2-Jul-08 gaining gaining 0.3% 5.0% 0.3% 5.0% 
29-Apr-09 undetermined gaining 0.1% 1.61% 0.1% 1.6% 

28-May-09 gaining gaining 0.2% 2.12% 0.2% 2.1% 

15-Jul-09 undetermined undetermined   0.1% 0.9% 

26-Aug-09 undetermined undetermined   0.2% 0.3% 

2-Oct-09 undetermined undetermined   0.2% 0.2% 

14-Dec-09 undetermined undetermined   0.1% 0.9% 

19-Jan-10 gaining gaining 1.35% 1.8% 0.1% 1.8% 

1-Mar-10 undetermined undetermined   0.1% 0.5% 

12-May-10 gaining gaining 0.5% 1.35% 0.5% 1.3% 
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The combined effect of groundwater on the differences in both the Sr isotope 

ratio and Sr concentration between the up and downstream sampling locations is 

displayed in Figure 35, and suggests the river was under gaining conditions during all 

the sampling events, except the sampling conducted on January 2010. 

Overall, there was good agreement between the results of the models utilizing 

226Ra, 228Ra, and 224Ra activities and the 87Sr/86Sr isotope ratio. On the three sampling 

occasions (July 2008, May 2009, May 2010) where all four methods predicted that the 

stream would be gaining, this was found to be the case, and seepage was calculated to 

be 0.2 to 5.0% of the stream flux, assuming there was continuous discharge between the 

two sampling points (Table 11). In April 2009 and January 2010, the measurements of 

226Ra and Sr, respectively, were not sensitive enough to predict the river conditions, but 

the three other methods predicted that the river was gaining. On both occasions, all of 

the model calculations indicated gaining conditions, and seepage was found to account 

for 0.1 to 1.8% of the river flux. On four of these five sampling events, the Sr-based 

seepage was found to be within the range calculated using the three Ra isotopes, 

emphasizing the agreement between the tracers and validating the use of Ra as a tracer 

for seepage in environments with low salinity, where Ra is lost through adsorption. For 

the remaining five sampling events, at least two of the tracers were not sensitive enough 

to determine whether the river was under gaining conditions. For those events, when 

seepage was calculated using our models, it was found to be less than 1% of the river 

flux. Table 13 compares our predictions of the river conditions only using the three Ra 

isotopes with predictions made using the three Ra isotopes and Sr. When using only Ra 

to determine the condition of the river, it was considered gaining if all three isotopes 

indicated gaining conditions, and ‘undetermined’ if at least one isotope could not be 

used for determining the condition of the river. When using both Ra and Sr, the river 
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was determined to be under gaining conditions if at least three of the models indicated 

so and if no more than one model had insufficient sensitivity to predict the conditions of 

the river. If more than one tracer could not be used for determining the condition of the 

river, it was ruled ‘undetermined’. In all but one sampling event, there was agreement 

between the river conditions predicted using only Ra and the river conditions predicted 

using a combination of Ra and Sr. Similarly, on all but one occasion when the river was 

predicted to be under gaining conditions, the calculated seepage using the Sr isotope 

ratio was within the range calculated using the three Ra isotopes. Therefore, we 

determined that combining the model results from the three Ra isotopes (226Ra, 228Ra, and 

224Ra) yielded reliable model results that are consistent with the results of models based 

on other more established tracers of groundwater seepage into low salinity streams.  

 

Figure 37: Comparison between seepage calculations and river flux 

Figure 37 shows that no clear relationship can be established between the relative 

contribution of seepage to the stream and the river flux. It appears, however, that sharp 

decreases in the stream flux are accompanied by sharp increases in the relative 
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contribution of seepage to the stream but that sharp increases in the river flux are 

accompanied by significant decreases to the relative contribution of seepage.  

5.5 Conclusions  

Models using the four isotopes of Ra (226Ra, 228Ra, 223Ra, and 224Ra) and the ratio of 

87Sr/86Sr were developed to assess the relative contribution of fresh groundwater to a 

fresh water stream. While the Sr isotope ratio has been used in the past for this purpose, 

this study is only the second time that the short lived 223Ra and 224Ra isotopes have been 

used, and the first time that 226Ra and 228Ra have been used in a model to calculate 

groundwater seepage into a stream where both the groundwater and the surface water 

are of low salinity. The results from our 223Ra-based seepage calculations do not agree 

with those of the other models, most likely because of the lack of a direct measurement 

of the 227Th activity in sediments, which is the parent nuclide of 223Ra. Comparing the 

results of the four models using the ratios of 226Ra/Cl, 228Ra/Cl, 224Ra/Cl, and 87Sr/86Sr, 

there is good agreement between the Sr- and Ra-based models. This suggests that Ra can 

be used as a tracer for seepage in such fresh water environments, despite its non-

conservative behavior. 

The combined results of our 226Ra, 228Ra, 224Ra, and 87Sr/86Sr-based models in the 

case study of the Neuse River in NC indicate that seepage accounts for up to 5% of the 

river flux, which is only a small fraction of the water flowing in the stream and well 

within the measurement error of the model parameters. The agreement in the model 

results between our four tracers, however, indicates the importance of this small amount 

of seepage to the availability of trace metals in the river water.  
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The main goal of this research was to examine the use of naturally occurring 

radium isotopes as tracers for groundwater seepage into lakes and rivers in non-marine 

salinity interface. This goal was achieved by exploring radium geochemistry in various 

salinities, along with the use of radium as a tracer for ground water discharge into 

surface water systems in a wide range of salinity interfaces (i.e., saline groundwater 

seeping into fresh surface water; fresh groundwater seeping into fresh surface water; 

fresh groundwater seeping into hypersaline surface water).  

The main conclusions of this research are as follows: 

1) The main source of radium in fresh surface water is groundwater seepage. An 

additional source of radium to lakes can be from discharging streams, which to contain 

radium, must be influenced by the seepage of radium-bearing groundwater. 

2) The main sink for 226Ra (T1/2=1600 y) and 228Ra (T1/2=5.76 y) in fresh surface 

water is adsorption, which was shown to become irrelevant at salinities as low as 5% of 

the salinity of seawater. To use radium isotopes as tracers for groundwater seepage, the 

loss of radium through adsorption must be assessed. In freshwater lakes, this could be 

achieved by conducting a mass balance of radium in the sediments entering and exiting 

the lake. 

3) The residence time of water in lakes (a few years) is typically too long to allow 

the use of 223Ra (T1/2=11.43 d) and 224Ra (T1/2=3.66 d) as tracers for seepage. To be able to 

use these isotopes for tracing groundwater seepage into streams, their production along 

the hyporheic zone must be assessed. This could be achieved by measuring their 

supported activity in sediments collected from the riverbed. 
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4) Radium availability in lakes is determined by the water chemistry (i.e., the  

 concentration of Ca and other alkali earth elements) and not by the absolute salinity of 

the lake water. 

5) The main removal mechanism of radium from saline lake water is through co- 

 precipitation with sulfate minerals. However, radium can co-precipitate in significant 

quantities with non-sulfate minerals (i.e., carbonates). 

6) When radium co-precipitates with barite (BaSO4), its integration into the 

mineral lattice appears to be limited by the ratio of Ba:Ra in the precipitating barite, 

which would suggest that barite has a limited ability to remove radium. 

7) Sediments can be an important buffer for the delivery of radium and salts  

 to lakes through groundwater seepage. 

Overall, this research demonstrates that radium can be a sensitive tracer for 

groundwater seepage into surface water even in low salinity environments. However, 

due to the high reactivity of radium, a good understanding of the mechanisms removing 

and adding radium from and to the surface water is needed for its successful application 

as a tracer for groundwater seepage into low salinity surface water. 
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Table 14: Results of the 226Ra adsorption experiment described in Chapter 3. 
“No Ra” refers to experiments conducted without adding 226Ra to the solution to 

estimate the amount of radium desorbed from the sediments under the conditions of 
each experiment.  

Run 
type Cl Ca TDS 

Clay 
dry 
wt 

Initial 
226Ra 

aExcess 
dissolved 

226Ra 

Excess 
dissolved 

226Ra 

Adsorbed 
226Ra 

Adsorbed 
226Ra 

  mg L-1 mg L-1 mg L-1 g Bq Bq Bq ml-1 Bq Bq g-1 
Station 'A' 

250 59 690 2.0  0.0511 0.0017   
375 88 1035 2.0  0.0426 0.0014   
500 117 1380 2.1  0.0272 0.0009   

N
o 

R
a 

750 176 2070 2.1  0.0485 0.0016   
2.1 1.63 0.0108 0.0004 1.57 0.76 
2.1 3.26 0.1088 0.0036 3.10 1.50 
2.0 5.60 0.1211 0.0040 5.43 2.71 
2.0 10.52 0.4329 0.0144 10.04 4.98 
2.1 21.04 0.5940 0.0198 20.39 9.87 

250 59 690 

2.0 26.48 0.4592 0.0153 25.97 12.88 
2.0 1.19 0.0192 0.0006 1.13 0.56 
2.0 2.56 0.0646 0.0022 2.45 1.23 
2.0 4.95 0.2847 0.0095 4.62 2.29 
2.0 10.96 0.6158 0.0205 10.30 5.04 
2.0 21.22 1.0178 0.0339 20.16 9.93 

375 88 1035 

2.0 42.27 2.4372 0.0812 39.79 19.60 
2.0 2.05 0.8984 0.0299 1.13 0.56 
2.0 2.50 0.0433 0.0014 2.43 1.20 
2.0 5.68 0.1804 0.0060 5.47 2.73 
2.1 10.76 0.4614 0.0154 10.27 4.99 
2.1 21.62 1.3275 0.0442 20.26 9.87 

500 117 1380 

2.1 26.30 1.8113 0.0604 24.46 11.80 
2.0 2.29 0.0430 0.0014 2.20 1.09 
2.0 3.21 0.0855 0.0029 3.07 1.52 
2.0 5.26 0.1752 0.0058 5.04 2.51 
2.0 10.73 0.4538 0.0151 10.23 5.02 
2.0 21.49 1.6745 0.0558 19.76 9.91 

A
dd

ed
 R

a 

750 176 2070 

2.0 26.04 1.4512 0.0484 24.54 12.10 
 
                                                        

a In the Ra-spiked experiments (marked “Added Ra”), the desorbed radium (from the experiments marked 
“No Ra”) was subtracted from the final measured dissolved Ra to obtain the “Excess dissolved 226Ra”, which 
was divided by the volume of the solution (30ml) to produce Ra concentration in Bq ml-1. The adsorbed Ra 
was obtained by subtracting the dissolved Ra from the initial Ra, then dividing by the weight of dry clay to 
produce the concentration of adsorbed Ra in Bq g-1. 
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 Table 14: continued 

Run 
type Cl Ca TDS 

Clay 
dry 
wt 

Initial 
226Ra 

Excess 
dissolved 

226Ra 

Excess 
dissolved 

226Ra 

Adsorbed 
226Ra 

Adsorbed 
226Ra 

  mg L-1 mg L-1 mg L-1 g Bq Bq Bq ml-1 Bq Bq g-1 
Station 'F' 

250 59 690 2.0  0.0308 0.0010   
375 88 1035 1.9  0.0356 0.0012   
500 117 1380 2.1  0.0164 0.0005   

N
o 

R
a 

750 176 2070 2.0  0.0364 0.0012   
2.0 1.53 0.0479 0.0016 1.45 0.72 
2.0 2.76 0.0804 0.0027 2.65 1.31 
2.0 5.39 0.1254 0.0042 5.24 2.61 
2.0 10.34 0.2507 0.0084 10.05 4.99 
2.0 20.93 0.3008 0.0100 20.60 10.26 

250 59 690 

2.1 26.43 0.6692 0.0223 25.73 12.46 
2.0 1.35 0.0397 0.0013 1.27 0.63 
1.9 2.42 0.0692 0.0023 2.32 1.20 
2.0 5.26 0.1763 0.0059 5.05 2.51 
2.0 10.98 0.3240 0.0108 10.62 5.40 
2.0 21.50 0.5947 0.0198 20.87 10.55 

375 88 1035 

2.1 42.80 1.4935 0.0498 41.27 19.97 
2.0 2.03 0.0539 0.0018 1.95 0.96 
2.0 3.23 0.1169 0.0039 3.10 1.52 
2.0 5.29 0.1417 0.0047 5.13 2.55 
2.0 9.92 0.5956 0.0199 9.30 4.60 
2.1 21.46 0.8159 0.0272 20.63 9.87 

500 117 1380 

2.0 28.14 1.1277 0.0376 27.00 13.40 
2.1 2.21 0.0450 0.0015 2.13 1.02 
2.1 3.76 0.0462 0.0015 3.68 1.77 
2.0 5.18 0.1285 0.0043 5.02 2.51 
2.0 8.88 0.2904 0.0097 8.55 4.27 
2.1 21.43 1.3955 0.0465 20.00 9.64 

A
dd

ed
 R

a 

750 176 2070 

2.0 26.69 1.6148 0.0538 25.04 12.23 
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Figure 38: Porosity along the core (open squares) and the regression line (solid 
line) used to represent the changes in porosity with depth in Equations 3.2 and 3.3.  
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Figure 39: Sedimentation rates (open diamonds) estimated from Raanan et al. 
(2009) and Thompson et al. (1985). Based on our calculation showing that a THS-like 
brine with 11,000 mg Cl L-1 can be found 19m below the surface we assumed the 
sedimentation rate at 19m to be 0, as the brine is expected to be found in bedrock. The 
regression line is used to represent the changes in sedimentation rate with depth in 
Equation 3.2. 
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