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14 
This critical review presents the key factors that control the occurrence of natural elements from 15 

the uranium- and thorium decay series, also known as naturally occurring radioactive materials 16 

(NORM), including uranium, radium, radon, lead, polonium, and their isotopes in groundwater 17 

resources. Given their toxicity and radiation, elevated levels of these nuclides in drinking water 18 

pose human health risks, and therefore understanding the occurrence, sources, and factors that 19 

control the mobilization of these nuclides from aquifer rocks is critical for better groundwater 20 

management and human health protection. The concentrations of these nuclides in groundwater 21 

are a function of the groundwater residence time relative to the decay rates of the nuclides, as well 22 

as the net balance between nuclide mobilization (dissolution, desorption, recoil) and retention 23 

(adsorption, precipitation). This paper explores the factors that control this balance, including the 24 

relationships between nuclide chemistry (e.g., solubility and speciation), lithological and 25 

hydrogeological factors, groundwater geochemistry (e.g., redox state, pH, ionic strength, ion-pairs 26 

availability), and their combined effects and interactions. The various chemical properties of each 27 

of the nuclides results in different likelihoods for co-occurrence. For example, the primordial 238U, 28 
222Rn, and, in cases of high colloid concentrations also 210Po, are all more likely to be found in 29 

oxic groundwater. In contrast, in reducing aquifers, Ra nuclides, 210Pb, and in absence of high 30 

colloid concentrations, 210Po, are more mobile and frequently occur in groundwater. In highly 31 
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 2 

permeable sandstone aquifers that lack sufficient adsorption sites, Ra is often enriched, even in 32 

low salinity and oxic groundwater. This paper also highlights the isotope distributions, including 33 

those of relatively long-lived nuclides (238U/235U) with abundances that depend on geochemical 34 

conditions (e.g., fractionation induced from redox processes), as well as shorter-lived nuclides 35 

(234U/238U, 228Ra/226Ra, 224Ra/228Ra, 210Pb/222Rn, 210Po/210Pb) that are strongly influenced by decay-36 

related (recoil), lithological, and geochemical factors. Special attention is paid in evaluating the 37 

ability to use these isotope variations to elucidate the sources of these nuclides in groundwater, 38 

mechanisms of their mobilization from the rock matrix (e.g., recoil, ion-exchange), and retention 39 

into secondary mineral phases and ion-exchange sites. 40 

 41 
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 45 

1. Introduction 46 
 47 

The decay of the three primordial radioisotopes 238U, 235U, and 232Th generates cascades 48 

of progeny radionuclides along with the emission of alpha, beta, and gamma radiation and ends 49 

with the stable isotopes of lead (206Pb, 207Pb, 208Pb for 238U, 235U and 232Th decay series, 50 

respectively; Figure 1). The occurrence of the U- and Th-decay radionuclides in groundwater 51 

resources is controlled by multiple interconnected hydrogeological and geochemical factors, 52 

including lithology, water composition, redox conditions, pH, speciation, water-rock 53 

interactions, and physical (i.e., decay of parent dissolved nuclides, recoil of progeny nuclides 54 

from host aquifer solids) factors, which are evaluated in this review paper.  55 

Naturally occurring radionuclides in groundwater resources can pose risks to human 56 

health due to both toxicity and radiation. For example, high concentrations of uranium in 57 

drinking water have been associated with nephrotoxic and other health effects (Zamora et al., 58 

1998; Kurttio et al., 2002; WHO, 2017; Ma et al., 2020). Other radionuclides from the U- and 59 

Th-decay series pose health risks due to alpha and beta radiation (Table 1), with the activity of 60 

the radionuclides in the consumed water determining the dose level for the exposed population. 61 

The dose from internal exposure of alpha- and beta-particles depends on the concentrations of 62 

the radionuclides, their movement and retention within the body (e.g., guts, lungs), and the 63 

amount of energy adsorbed by the impacted tissue from the radioactive decay. While alpha 64 

radiation poses no threat when exposure occurs outside the body, when ingested most of its 65 

energy is absorbed in a relatively small volume of tissues in the guts (for drinking water) or 66 

lungs (for radon inhalation) that can induce DNA damage and thus increase cancer risks to the 67 
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exposed populations (Siegel and Bryan, 2014). Based on recommendations from the 68 

International Commission on Radiological Protection, the World Health Organization (WHO, 69 

2017) recommends a reference dose level (RDL) of 0.1 mSv/year, which represents the threshold 70 

for a minimum lifetime risk of health effects (i.e., an excess estimated lifetime cancer risk of 1 in 71 

10,000) upon prolonged exposure to radionuclides in drinking water. Due to the debate 72 

surrounding the shape of the dose-response curves (e.g., threshold versus linear) and chronic 73 

effects of low dose exposure (Siegel and Bryan, 2014), more conservative cancer risk levels (1 in 74 

105 and 1 in 106) have been proposed (IRCP, 2012). The 0.1 mSv/year RDL threshold was 75 

adopted for enforceable standards in the European Union (EU, 1998) and the U.S. (EPA, 2021).  76 

The magnitude of the dose exposure depends on the volume and continuity (e.g., lifetime) 77 

of water consumed, activity (concentration) of the radionuclides, and the radionuclide dose 78 

coefficients (i.e., the effective dose, or the radiation effect of 1 Bq of a given nuclide, express in 79 

dose (sieverts (Sv)) to Bq ratio) of specific radionuclides; ICRP, 2012). Nuclides with higher 80 

dose coefficients (e.g., 210Po, 210Pb, and 228Ra) cause larger health impacts, and therefore the dose 81 

coefficients are an integrative part of guidance levels for radionuclides in drinking-water, 82 

following the equation: 83 

𝐺𝐿 =  
𝐼𝐷𝐶

𝐷𝐶 𝑥 𝑉
          (1) 84 

where GL is guideline level of nuclides allowed in drinking water, IDC is the individual does 85 

criterion (WHO recommends 0.1 mSv/year), DC is the dose coefficient (mSv/Bq), and V is the 86 

volume of annual consumption of drinking water (~2L/day). Table 1 presents the effective dose 87 

and regulated drinking water standards for all of the U- and Th-decay series radionuclides. While 88 

uranium and radium are included in the U.S. and EU drinking water regulations, other 89 

radionuclides such as 210Pb and 210Po and not, mostly due to lack of information and analytical 90 

difficulties (Szabo et al., 2020). Yet, drinking water regulations and enforcement for nuclides 91 

occurrences are restricted in many countries and not available for many communities using 92 

groundwater, including rural areas across the U.S. It is estimated that about 40 million people in 93 

the United States utilize private wells for household drinking water without any water quality 94 

restrictions or protection (Johnson et al., 2019).  95 
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   96 
Figure 1: Distribution of the major radionuclides of the U- and Th-decay series with the 97 

nuclides’ half-lives and the type of radiation. Nuclides that are discussed in this study are 98 

highlighted. Some of the minor decay branches have been omitted. 99 

 100 

Table 1: Health related drinking water parameters for U- and Th-series nuclides. The dose 101 

coefficient values reflect the ionizing radiation dose in Sievert (Sv) units resulting from the 102 

ingestion of 1 Bq of the given radionuclide in drinking water.  Based on ICRP (2012), WHO 103 

guidance for radionuclide occurrence in drinking water (WHO, 2017), EU drinking water 104 

standard (EU, 1998), and the U.S. EPA Maximum Contaminant Level in drinking water (EPA, 105 

2021). 106 

 107 
Radionuclide Half-life 

(Years) 

Decay 

mode 

Dose 

coefficient 

(Sv/Bq) 

WHO 

Guidance 

(Bq/L) 

EU 

standard 

(Bq/L) 

USEPA 

standard 

(Bq/L) 

HBSL1 

(Bq/L) 

238U Series        
238U 4.47x109  4.5x10-8 10 30 g/L2 30 g/L2  
234U 2.45x105  4.9x10-8 1 N/A N/A  
230Th 7.7x104  2.1x10-8 1 N/A N/A  
226Ra 1600  2.8x10-8 1 0.5 0.1853  
222Rn 3.823 

days 
 3.5x10-9  N/A N/A 11.1 

(150)4 
210Pb 22.23 - 6.9x10-7 0.13 N/A N/A 0.0375 
210Po 138.4 

days 
 1.2x10-6 0.13 N/A N/A 0.0266 
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232Th Series        
232Th 1.4x1010  2.3x10-7 1 N/A N/A  
228Ra 5.75 - 6.9x10-7 0.1 0.2 0.1853  
228Th 1.91  7.2x10-8 1 N/A N/A  
235U Series        
235U 7.04x108  4.7x10-8 1 N/A N/A  

1 HBSL – Health-based Screening Level  108 
2 Uranium concentrations in g/L 109 
3 The USEPA standard is for combined 226Ra+228Ra (EPA, 2021), equal to a lifetime cancer risk of 1x10-4 110 
4 The US-EPA HBSL recommend level for radon (300 pCi/L and 4,000 pCi/L, respectively (NRC, 1999). 111 
Radon threshold is defined by the NRC (1999) as Alternative Maximum Contaminant Level (AMCL). 112 
5 210Pb activity of 0.037 Bq/L equal to a lifetime cancer risk of 5x10-5 (Szabo et al., 2020)  113 
6 210Po activity of 0.026 Bq/L equal to a lifetime cancer risk of 5x10-5 (Szabo et al., 2020)  114 

 115 

 116 

2. Principles for the occurrence of radionuclides in groundwater 117 

While the occurrence of the three primordial radioisotopes 238U, 235U, and 232Th in 118 

groundwater depends on chemical factors such as element solubility, water chemistry, and 119 

lithology, the occurrence of the progeny radionuclides from the three decay chains also depends 120 

on physical processes, i.e. the radioactive decay of dissolved parent nuclides and recoil from the 121 

aquifer solids. Porcelli and Swarzenski (2003) outlined the basic processes that control inputs 122 

and outputs, and therefore, the concentration of each of the radionuclides from the U and Th 123 

decay series in groundwater systems: 124 

 125 

𝜕𝐼𝑤

𝜕𝑡
= −𝑉

𝜕Iw

𝜕𝑥
+ 𝑏WI IR + bI P PR + IADS k-1

 + fI P PADS + P PW – QI - W – k1 Iw            (2) 126 

 127 

where V is groundwater flow velocity, I and P are the molar concentrations of the radionuclide 128 

and its direct parent, subscripts W, R and ADS refer to the water, rock, and adsorbed fraction, 129 

respectively, t is time (s), x is distance (m), b is the ratio of the mass of aquifer rock to the mass 130 

of water, WI is the weathering rate constant of I (s-1-). I is the fraction of the daughter that is 131 

released to the solution by direct recoil from the rock,  is the decay constant, fI is the fraction of 132 

the daughter nuclide that is formed due to the decay of the adsorbed parent on the solid  and 133 

released to the solution, QI is the precipitation rate of I (s-1) and k1 and k-1 are the rate constants 134 

(s-1) of adsorption and desorption of I, respectively.  135 

Figure 2 illustrates the different parameters of Equation 1 that include: (1) advection of the 136 
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groundwater in the aquifer (−𝑉
𝜕Iw

𝜕𝑥
); (2) dissolution of radionuclide I from the aquifer rock (𝑏WI 137 

IR); (3) recoil of I from the decay of its parent radionuclide in the aquifer rock (bI P PR); (4) 138 

desorption of I from exchange sites of clay minerals and/or oxides on aquifer solids (IADS k-1); (5) 139 

decay of parent nuclide that is adsorbed on clay minerals and/or oxides (fI P PADS); (6) decay of 140 

dissolved parent radionuclide in groundwater (P PW); (7) precipitation of I into secondary 141 

minerals (QI); (8) decay of dissolved I (W); and (9) adsorption of I onto exchange sites of clay 142 

minerals and/or oxides (k1 Iw). The different chemical properties and chemical reaction rates 143 

(e.g., dissolution << desorption) and decay rates (e.g., recoil rate of short-lived nuclides >> recoil 144 

of long-lived nuclides) of parent and daughter nuclides from the U and Th-decay series result in 145 

differential occurrence in groundwater as compared to their abundances in the host aquifer rocks.  146 

 In addition to the occurrence of dissolved radionuclides in groundwater, transport of 147 

radionuclides in aquifers can also occur through colloids. Colloids are small (< 10 m) 148 

nonaqueous particles composed of organic, inorganic and biopolymer materials that actively 149 

interact with the aqueous dissolved constituents in groundwater (Buffle et al., 1998; Grolimund 150 

and Borkovec, 2005; McCarthy and Zachara, 1989). The high surface reactivity and low 151 

solubility of certain radionuclides results in their occurrence and transport exclusively through 152 

the transport of colloids, such as the transport of Po in groundwater underlying the Nevada test 153 

site (Kersting et al., 1999; Maher et al., 2013). 154 

  155 
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  156 

Figure 2: Schematic illustration of the input and output of nuclides in a porous aquifer system. 157 

The different processes that control nuclide contribution (#2 dissolution, #3 recoil from parent 158 

nuclides on minerals, #4 desorption, #5 decay from adsorbed parent; #6 production from 159 

dissolved parent) and retention (#7 precipitation to secondary minerals, #8 decay, #9 160 

adsorption) are described in the text and Equation 1. Based on Porcelli and Swarzenski (2003). 161 

 162 

 163 

3. Uranium  164 
 165 

3.1 The occurrence of uranium in global groundwater  166 
 167 

Groundwater uranium concentrations vary widely, with global data compiled from the 168 

literature ranging from below the detection limit up to 89,000 µg/L (Table 2). There is great 169 

inconsistency in groundwater uranium data availability across the globe, ranging from over 170 

189,000 data points in the U.S. to much lower sampling points in other parts of the world (Table 171 
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2; Figure 3). This highlights the need for more measurements and/or more accessible data from 172 

many aquifers around the world. 173 

 174 

 175 

Figure 3. Number of uranium measurements in groundwater sorted by country. The data sources are 176 
listed in Table 2. 177 

  178 

 179 
Table 2: Summary statistics of compiled available global dataset of uranium concentrations in 180 

groundwater (data were based on systematic survey of published scientific publications; some 181 

studies may not be included in that list). 182 

 183 
Country Number of 

data 

Mean 

(µg/L) 

Median 

(µg/L) 

Range (µg/L) Reference 

Afghanistan 108 8.45 6.62 0.72 - 60.20 (Broshears et al., 

2005) 

Algeria 39 1.51 0.22 0.01 - 4.7 (Chkir et al., 2009; 

Edmunds et al., 

2003) 

Argentina 94 33.60 16.90 2.60 - 203.70 (Nicolli et al., 

1989; Smedley et 

al., 2002a) 

Australia 573 147.74 1.00 0.02 - 

10140.00 

(Fitzgerald et al., 

1999; Ivkovic et 

al., 1998; Larsen, 

1998; NSW Office 

of Water, 2013) 

Bangladesh 456 1.84 0.15 0.00 - 47.10 (Hoque et al., 

2014; Kinniburgh 

and Smedley, 

2001) 

Formatted: French (Switzerland)
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Belgium 45 0.67 0.38 0.01 - 5.50 (EEA, 2019) 

Bolivia 11 1.36 0.98 0.48 - 5.07 (Wilson, 2018) 

Brazil 90 0.17 0.06 0.001 - 4.82 (Bonotto 2017; de 

Silva and Bonotto 

(2015) 

Bulgaria 1 35.00 35.00 35.00 - 35.00 (EEA, 2019) 

Burundi 94 52.38 1.42 0.03 - 735.51 (Post et al. 2017) 

Cambodia 447 2.59 0.40 0.00 - 59.10 (Berg et al., 2007; 

Berg et al., 2001) 

Canada 453 0.90 0.29 0.00 - 21.03 (Canada, 2015; 

Ontario Ministry 

of Environment; 

Read et al., 2017) 

Chile 49 25.36 0.50 0.05 - 1093 Leybourne and 

Cameron (2008) 

China 

132 16.00 1.78 0.0005 - 1120 

(Smedley et al., 

2003; Xie et al., 

2009; Zhu et al. 

2014Chen et al., 

2020; Ma et al. 

2020; Peng et al. 

2016)  

Egypt 240 0.92 0.04 0.003 - 33.96 (Dabous 1994 ; 

Dabous and 

Osmond, 2001 ; 

Sherif and 

Sturchio 2018 ; 

2021) 

Ethiopia 

145 6.48 2.60 0 - 68.6 

(Rango et al., 

2010; 2012; 

Reimann et al., 

2002)  

France 3 0.00 0.00 0.00 - 0.00 (EEA, 2019) 

Germany 2072 1.58 0.80 0.10 - 144.40 (EEA, 2019; 

LUBW 

Landesanstalt für 

Umwelt, 2019) 

Ghana 204 1.04 0.21 0.00 - 32.30 (Smedley et al., 

2002b; Smedley, 

1996) 

Greece 11 6.77 7.54 3.46 - 10.02 (Katsoyiannis et 

al., 2007) 

India 517 20.75 5.21 0.00 - 294.00 (Lapworth et al., 

2017; McArthur et 

al., 2018) 

Indonesia 102 0.02 0.00 0.00 - 0.49 (Winkel et al., 

2008) 

Ireland 68 13.45 1.04 0.82 - 238.57 (EEA, 2019) 

Israel 21 3.49 3.29 0.24 - 8.01 (Kronfeld et al. 

(1979) 

Italy 5 2.22 1.85 0.50 - 5.30 (EEA, 2019) 

Japan 40 2.24 0.31 0.012 - 28 (Kozai et al. 2013; 

Iwatsuki et al., 

Formatted: Italian (Italy)

Formatted: French (Switzerland)

Formatted: English (United States)

Formatted: French (Switzerland)
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2004; Ski et al., 

2007) 

Jordan 35 4.90 1.38 0.0048 - 25.04 ( Siebert et al 

2019) 

Kazakhstan 12 12.85 1.31 0.54 - 63.87 (Kawabata et al. 

2008) 

Korea 24 600.40 328.75 215 - 3607 (Shin et al. 2016) 

Mexico 182 40.53 3.51 0.04 - 1986.74 (Knappett et al., 

2020; Planer-

Friedrich, 2000) 

Mongolia 13 16.47 10.90 0.01 - 64 ( Pfeiffer et al. 

2015) 

Morocco 19 0.70 0.41 0.005 - 2.96 (Bouchaou et al. 

2017) 

Myanmar 18 11.22 10.00 0.5 - 45 ( Bacquart et al. 

2015) 

Norway 477 16.20 2.47 0.00 - 749.00 (de Caritat et al., 

1998; Frengstad et 

al., 2000) 

Paraguay 48 0.13 0.04 0.001 - 1.14 ( Houben et al. 

2015) 

Peru 56 0.00 0.00 0.00 - 0.00 (de Meyer et al., 

2017) 

Poland 1128 0.75 0.07 0.05 - 107.69 (EEA, 2019) 

Russia 1 0.01 0.01 0.01 - 0.01 (de Caritat et al., 

1998) 

Sweden 227 3.14 0.21 0.00 - 107.00 (Geological 

Survey of Sweden, 

2007) 

Switzerland 976 1.56 0.72 0.00 - 28.80 (Deflorin, 2004; 

EEA, 2019; 

Haldimann et al., 

2005) 

Tanzania 48 19.79 6.50 0.00 - 149.00 (Smedley et al., 

2002b) 

Tunesia 144 2.54 1.61 0.006 - 19.53 ( Chkir et al., 

2009; Edmunds et 

al., 2003 

Turkey 7 18.20 7.45 1.71 - 70.45 Kaçmaz and 

Nakoman 2009) 

United Kingdom 2722 1.37 0.40 0.01 - 83.95 (EEA, 2019; 

Smedley and 

Edmunds, 2002; 

UK Environment 

Agency, 2021) 

USA 189,206 8.32 0.29 0.00 - 

89000.00 

(Coyte and 

Vengosh, 2020; 

Read et al., 2017; 

U.S. Geological 

Survey, 2004) 

Vietnam 624 0.22 0.00 0.00 - 20.00 (Berg et al., 2007; 

Winkel et al., 

2011) 

 184 

Formatted: French (Switzerland)
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The distribution of groundwater uranium in the U.S. (data from sources in Table 2, 185 

n=189,206; see uranium distribution in Table S1) shows a higher frequency of U concentrations 186 

above the health threshold of 30 g/L in certain aquifer systems (Figure 4), for example the High 187 

Plain aquifers (72% of the total wells), Basin and Range basin-fill aquifers (29%), Central Valley 188 

aquifer system (28%), and Rio Grande aquifer system (33%) in the western U.S.  189 

Kidney disease is the commonly most cited concern related to drinking water containing 190 

high concentrations of uranium, but recent studies have also suggested a possible link between 191 

adverse birth outcomes and pre-natal uranium exposure (Bloom et al., 2015; Wang et al., 2020; 192 

Zhang et al., 2020). Due to possible nephrotoxic effects, the World Health Organization has set a 193 

provisional guideline for uranium in drinking water of 30 µg/L (Zamora et al., 1998; Kurttio et 194 

al., 2002; WHO, 2017), which is also the Maximum Contaminant Level (MCL) for drinking 195 

water in the U.S. and the EU drinking water standard (EU, 1998). The USEPA Maximum 196 

Contaminant Level Goal (MCLG) for uranium in drinking water is zero (EPA, 2021).  197 

 198 

199 
Figure 4. Uranium concentrations in groundwater in the contiguous United States (n=189,015; 200 

sources listed in Table 2), shown as meeting (blue) or exceeding (red) the WHO provisional 201 

guideline for uranium in drinking water (30 µg/L). Data sorted by aquifers are listed in Table 202 

S1. 203 
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3.2 Factors controlling the occurrence of uranium in groundwater  204 
 205 

   Uranium sources, transport, and groundwater geochemistry all affect the ultimate 206 

concentrations of uranium in groundwater. Uranium in groundwater can be derived from natural 207 

aquifer materials or anthropogenic pollution, including pollution from uranium mining and 208 

milling operations, phosphate mining, fertilizer use, or inappropriate waste disposal (Guimond 209 

and Hardin, 1989; Barisic et al., 1992; Zielinski et al., 1997; 2000; Gómez et al., 2006; 210 

Wetterlind et al., 2012; Alam and Cheng, 2014; Kamp and Morrison, 2014; Wang et al., 2014; 211 

Wu et al., 2014;  Liesch et al., 2015; Blake et al., 2019; Reiller and Descostes, 2020). Uranium’s 212 

average abundance in the upper crustal abundance is modest at about 2.6 mg/kg (Hu and Gao, 213 

2008), but it can occur at very high concentrations in a variety of geologic settings. As uranium 214 

is precipitated in reducing environments, it tends to accumulate in certain sedimentary settings, 215 

such as organic-rich sandstones and shales and phosphate-rich sediments (Hobday and Galloway, 216 

1999; Grenthe et al., 2006). Uranium is also incompatible in silicate melts, where it is usually 217 

preferentially partitioned into low-temperature residual melts or U- and Th-rich phases such as 218 

apatite and zircon. This leads to some highly evolved felsic rocks having extremely high 219 

concentrations of uranium (Plant et al., 1999; Grenthe et al., 2006). Uraninite is the most 220 

common uranium-bearing mineral, and while its idealized form is UO2, it nearly always contains 221 

some U(VI) due to oxidation (Grenthe et al., 2006).  222 

Geologic studies of cores in crystalline aquifers in South Carolina with high concentrations 223 

of uranium have posited uraninite as the primary mineral source of uranium in groundwater, as 224 

other mineral phases are either too resistant to dissolution (e.g. zircon) or don’t represent a 225 

significant fraction of uranium within the aquifer (Warner et al., 2011). A study on orthogneiss 226 

from Austria concluded that uraninite and thorite could be significant contributors to aqueous 227 

uranium concentrations. However, depending on the specific geochemical conditions, sorption 228 

phenomena may be more important than mineral release (Elster et al., 2018). Studies in 229 

unconsolidated materials have mostly reported that uranium mobilized from adsorption sites is a 230 

more important source of uranium in groundwater from these settings than mineral release 231 

(Jurgens et al., 2010; Alam and Cheng, 2014). 232 

The aqueous chemistry of uranium is complex, with mobility being governed by redox 233 

conditions, pH, the presence of complexing agents, and adsorption/desorption (Langmuir, 1978; 234 
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Hummel et al., 2005; Maher et al., 2013; Reiller and Descostes, 2020). In nature, uranium 235 

usually occurs in either the +4 or +6 oxidation state. Compounds containing U(IV) have low 236 

solubility (Wall and Krumholz, 2006; Sharp et al., 2011), but the oxidized U(VI) is soluble. 237 

U(IV) can be oxidized abiotically and biotically by both oxygen and nitrate, though oxidation 238 

pathways involving nitrate are usually indirect (Finneran et al., 2002; Senko et al., 2002; 2005; 239 

Gardner and Vogel, 2005; Pierce et al., 2005; Moon et al., 2007; Weber et al., 2011). Iron 240 

sulfides have been shown to buffer U(IV) against oxidation (Abdelouas et al., 1999; Carpenter 241 

et al., 2015). U(VI) can be reduced and immobilized both abiotically (Hostetler and Garrels, 242 

1962; Langmuir, 1978; Wersin et al., 1994; Scott et al., 2007; Descostes et al., 2010) and by 243 

multiple species of microbes (Lovley et al., 1991; Merroun and Selenska-Pobell, 2008), with 244 

iron- and sulfate-reducing bacteria being particularly studied for remediation (Komlos et al., 245 

2008; Carpenter et al., 2015;). A study of fresh water in Germany where uranium concentrations 246 

were generally less than 10 µg/L found uranium concentrations in groundwater to be higher in 247 

oxic groundwater and nitrate- and manganese- reducing conditions, but lower under iron and 248 

sulfate reducing conditions (Riedel and Kübeck, 2018). Studies that report concentrations of 249 

groundwater uranium greater than 30 µg/L usually also report measurable concentrations of 250 

dissolved oxygen or otherwise infer the groundwater to be relatively oxidizing (Jurgens et al., 251 

2010; Burow et al., 2017; Coyte et al., 2018; Cho and Choo, 2019). For the global data compiled 252 

for this study (Table 2), samples that had dissolved oxygen (DO) concentrations greater than 0.5 253 

mg/L had significantly higher uranium concentrations than those with lower DO concentrations 254 

(Figure 5; p-value << 0.001).  255 

 256 
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Figure 5: Boxplots of uranium concentrations from a compilation of global studies. The fraction 257 

of oxic samples (DO>0.5 mg/L) had higher uranium concentrations than those with lower DO. 258 

Data sources are in Table 2. 259 

 260 

U(VI) forms the uranyl oxycation (UO2
+2), which is susceptible to adsorption onto 261 

various materials (Barnett et al., 2000; Hsi and Langmuir, 1985). However, it also can form 262 

complexes that compete with sorption sites and retard adsorption (Stewart et al., 2010; 263 

Villalobos et al., 2001). In most natural waters, these complexes are usually found with either 264 

carbonate or hydroxide. Of particular note are ternary complexes with carbonate and alkali earth 265 

metals (especially calcium), which dominate uranium speciation in most natural waters (Duff 266 

and Amrhein, 1996; Dong et al., 2005; Dong and Brooks, 2006; Prat et al., 2009; Jurgens et al., 267 

2010; Baik et al., 2015; Coyte et al., 2018). Figure 6 shows the typical uranium speciation of 268 

groundwater samples from one semiarid site (Kabul, Afghanistan) and two humid sites 269 

(Daejeon, Korea and North Carolina, USA; Broshears et al., 2005; Baik et al., 2015; Coyte and 270 

Vengosh, 2020). While the complexes with calcium and carbonate dominate in most cases, low 271 

pH groundwater from a granitic aquifer in North Carolina leads to UO2(CO3) being the 272 

dominant species there. These complexes may also decrease the rate and extent of bacterial 273 

uranium reduction (Brooks et al., 2003). Other complexes may be important in the context of 274 

pollution, especially complexes with sulfate or organic ligands, which may be more abundant at 275 

polluted sites (Maher et al., 2013; Reiller and Descostes, 2020).276 

 277 

Figure 6: Distribution of uranium speciation of typical groundwater samples from various parts 278 

of the world, calculated using the PRODATA database (Baik et al., 2015; Broshears et al., 2005; 279 

Coyte and Vengosh, 2020; Reiller and Descostes, 2020). 280 

 281 
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Factors leading to concentrations of geogenic uranium exceeding the WHO’s provisional 282 

guideline of 30 µg/L in groundwater may vary by climatic settings. Based on available 283 

geolocated data from the literature, median groundwater uranium concentrations tend to be 284 

higher in more arid settings (Figure 7). The proportion of wells that exceed the WHO guideline 285 

of 30 µg/L tends to decrease with both increasing precipitation and increasing actual 286 

evapotranspiration but is not closely related to potential evapotranspiration (Figure 7). This 287 

difference may be related to varying amount of organic matter in humid versus arid settings, as 288 

organic matter is well known to reduce and scavenge uranium (Hobday and Galloway, 1999; 289 

Grenthe et al., 2006). In humid environments, where groundwater salinity is usually low, high 290 

concentrations of geogenic uranium in groundwater are associated with uranium-rich aquifer 291 

rocks (Duff and Amrhein, 1996; Prat et al., 2009; Dong et al., 2005; Dong and Brooks, 2006; 292 

Jurgens et al., 2010; Brindha and Elango, 2013; Yang et al., 2014; Baik et al., 2015; Thivya et 293 

al., 2016; Coyte et al., 2018; Cho and Choo, 2019; Coyte and Vengosh, 2020; Gross and Brown, 294 

2020).  This has been particularly noted in the literature for groundwater from granitic aquifers, 295 

or aquifers close to granitic intrusions, which have been shown to produce groundwater with 296 

uranium concentrations higher than 1,000 µg/L (Prat et al., 2009; Cho and Choo, 2019; Gross 297 

and Brown, 2020). The addition of anthropogenic salts and land-use effects have also been 298 

discussed as possibly increasing groundwater uranium concentrations in some humid settings 299 

due to competitive ion effects (Riedel and Kübeck, 2018).  300 

301 
Figure 7: Comparisons between high (>30µg/L) and low (<30µg/L) portions of the global 302 
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uranium dataset by actual evapotranspiration (A&B), aridity (C&D), potential 303 

evapotranspiration (E&F), and precipitation (G&H).  304 

 305 

The role of competitive ion effects can be more readily seen in arid and semiarid 306 

environments where uranium tends to occur in higher TDS groundwater. As described by 307 

Villalobos et al (2001), carbonate competes with sorption sites for the uranyl ion, and forms 308 

stable complexes, especially with calcium (Villalobos et al., 2001). Studies in such settings often 309 

report uranium as being well correlated with HCO3
- (Baik et al., 2015; Brindha and Elango, 310 

2013; Cho and Choo, 2019; Coyte et al., 2018; Coyte and Vengosh, 2020; Dong et al., 2005; 311 

Dong and Brooks, 2006; Duff and Amrhein, 1996; Gross and Brown, 2020; Jurgens et al., 2010; 312 

Katsoyiannis et al., 2006; Prat et al., 2009; Thivya et al., 2016; Yang et al., 2014), indicating the 313 

importance of complexation for controlling aqueous uranium concentrations. In the United 314 

States, decadal scale increases in uranium concentrations in the semi-arid to arid western part of 315 

the country were directly tied to changes in groundwater bicarbonate concentrations (Burow et 316 

al., 2017). Jurgens et al. (2010) first proposed a link between elevated bicarbonate 317 

concentrations (and by extension uranium) and irrigation practices when writing about 318 

California’s Central Valley. They proposed that irrigation in a semiarid environment increases 319 

microbial activity in the soil zone, which in turn increases PCO2 and ultimately groundwater 320 

bicarbonate. A limited number of other studies have reported concentrations of groundwater 321 

calcium or TDS as important for producing groundwater with uranium concentrations higher 322 

than 30 µg/L (Hudak, 2018; Lopez et al., 2021). Other authors have linked human-enhanced 323 

weathering in agricultural settings more broadly to the nitrification of N-fertilizers, which could 324 

also increase groundwater bicarbonate (Barnes and Raymond, 2009).  325 

Jurgens et al. (2010) also described groundwater withdrawals as increasing the rate of 326 

downward groundwater movement in the aquifer, bringing shallow groundwater rich in uranium 327 

to deeper parts of the aquifer. The potential role that groundwater overexploitation could play in 328 

uranium mobility was also studied in the context of massive groundwater drawdowns in 329 

Northwestern India. Coyte et al (2018) described groundwater in areas with rapidly falling 330 

groundwater tables (as much as 1 m/yr) that had high concentrations of uranium and high 331 

234U/238U activity ratios. This was interpreted as newly oxic conditions brought about by water 332 

table loss preferentially leaching loosely bound 234U during the early stages of chemical 333 

weathering.    334 
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 335 

3.3. Uranium isotope abundance and fractionation 336 

 337 

 3.3.1 Isotopic fractionation between 238U and 235U 338 
 339 

The two primordial uranium isotopes, 238U and 235U (half-lives 4.47 x 109 and 7.04 x 108 340 

years, respectively; Figure 1) account for 99.27% and 0.7204% of uranium atoms in naturally 341 

occurring uranium (CIAAW, 2019).  More precise abundances are often given (e.g., CIAAW, 342 

2019) but naturally occurring isotopic fractionation, described below, causes significant natural 343 

variation.  As both 238U and 235U are unstable nuclides, and decay of 238U is slower, the 238U/235U 344 

abundance ratio increases systematically over times scale of millions of years.  But this ratio also 345 

varies in response to chemical processes that fractionate the U isotopes.  This type of variation in 346 

238U/235U ratios has been studied in some detail, as it can be used in the same way as stable 347 

isotope ratios of other elements to trace chemical processes (e.g., Andersen et al., 2017).  348 

238U/235U measurements are made using multicollector ICP-MS, employing a “double spike” 349 

containing 236U and 233U to correct for the inherent mass bias of the instruments (Andersen et al., 350 

2017).  Results are usually reported as per mil deviations from standards: 351 

 352 

𝛿238𝑈 =  (
(

𝑈238

𝑈235⁄ )
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

(
𝑈238

𝑈235⁄ )
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

− 1) × 1000‰     (3) 353 

 354 

Most recent studies use the CRM–112a reference material (or the CRM–145 solution made from 355 

CRM–112a, U metal) as the interlaboratory standard.  Both of these refernce material are 356 

available from the New Brunswick Laboratory, U.S. Department of Energy. Variation of roughly 357 

±2‰ from the average earth value has been observed, with the greatest variability occurring in 358 

earth surface environments and relatively little variation occurring in igneous rocks (e.g., 359 

Andersen et al., 2017). 360 

Variations in the 238U/235U ratio arise from two types of isotopic fractionation.  The first 361 

is mass-dependent fractionation, wherein the mass differences between the isotopes of an 362 

element cause differences in their quantum energies and chemical properties (e.g., Urey, 1947).  363 

This is the phenomenon driving stable isotope fractionation in the lighter elements.  Uranium and 364 

other very heavy elements are affected by a second phenomenon known as the nuclear field shift 365 
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or the nuclear volume effect (NVE) (Bigeleisen, 1996; Schauble, 2007; Abe et al., 2008).  The 366 

nuclei of U isotopes are very large and interact significantly with electron orbitals.  The nuclear 367 

radii of 238U and 235U differ by about 0.4% (Abe et al., 2008), and as a result, the electron orbital 368 

energies and therefore the energies of the bonds formed by U differ slightly between 238U and 369 

235U.  As redox reactions add or remove electrons from U, the energies of the redox reactions 370 

differ between 238U- and 235U-bearing isotopologues.  This energy difference leads to equilibrium 371 

and kinetic isotopic fractionation. 372 

Theory-based calculations predict significant NVE-driven isotopic fractionation if 373 

equilibrium between U(VI) and U(IV) species is attained (Abe et al., 2008).  This fractionation 374 

generally enriches 238U in U(IV) species, relative to U(VI) species, at equilibrium.  NVE-driven 375 

fractionation opposes mass-dependent fractionation and is much larger.  Accordingly, the 376 

combined redox-related isotopic fractionation is opposite to the redox-related fractionations 377 

observed for other elements.  The calculated 238U/235U ratio of U(IV) is lighter than that of 378 

U(VI), with a fractionation factor of about 1.0020 (i.e., 238U/235UIV = 1.0020 x 238U/235UVI; Abe 379 

et al., 2008).  Laboratory measurements of equilibrium fractionation between U(IV) and U(VI) in 380 

an HCl solution matrix have confirmed the theory-based calculations; Wang et al. (2015) 381 

reported a fractionation factor of 1.0016.  Smaller isotopic fractionation between U(VI) adsorbed 382 

onto mineral surfaces and dissolved U(VI) has been observed and is thought to be caused by a 383 

shift in the configuration of U-O bonds when adsorption occurs (Brennecka et al., 2011).  At 384 

equilibrium, δ238U of the adsorbed U(VI) is 0.14‰ to 0.25‰ less than that of the dissolved 385 

uranium (Jemison et al., 2016). 386 

Kinetic fractionation related to redox reactions has been studied in detail and is more 387 

applicable to groundwater systems, as redox equilibrium is not readily achieved at aquifer 388 

temperatures (Wang et al., 2015).  In most laboratory studies, reduction of dissolved U(VI) 389 

involves a fractionation that follows the equilibrium fractionation; the U(IV) product is enriched 390 

in 238U relative to the U(VI) reactant by up to 1.0‰ (Basu et al. 2014; Stirling et al. 2015; Stylo 391 

et al. 2015; Dang et al., 2016; Brown et al., 2018).  In rare cases, the observed fractionation is 392 

nearly zero or even exhibits slight enrichment of the product in 235U (Stylo et al., 2015).  This 393 

variation in isotopic fractionation has been ascribed to differences in the kinetics of the U(VI) 394 

reduction reaction between different dissolved species (Brown et al., 2018).   395 
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In groundwater systems with naturally occurring or artificially induced U(VI) reduction, 396 

δ238U variations indicate that isotopic fractionation occurs, with the instantaneous U(IV) product 397 

enriched in 238U by 0.4‰ to 0.9‰ (Bopp et al., 2009; Brennecka et al., 2010; Murphy et al., 398 

2014; Basu et al., 2015; Shiel et al., 2016; Jemison et al., 2020).  Accordingly, δ238U 399 

measurements appear to be useful as indicators of immobilization of U(VI) via reduction (Bopp 400 

et al., 2010; Brown et al., 2016; Shiel et al., 2016; Lefebvre et al., 2019) and possibly as 401 

indicators of re-oxidation and re-mobilization of U(IV) generated by previous reduction 402 

processes (Jemison et al., 2018). 403 

 404 

3.3.2.  Variation in 234U/238U ratios 405 

234U (half-life 245,000 y), a member of the 238U decay chain (Figure 1) , is also found in 406 

significant abundance (ca. 0.005%) in natural materials.  Currently, the 234U/238U ratio is most 407 

commonly measured using multicollector ICP-MS (e.g., Andersen et al., 2004).   The 234U/238U 408 

ratio varies widely (its range is greater than a factor of ten) because of multiple effects related to 409 

the role of alpha decay in its production (Osmond and Cowart, 2000; Porcelli and Swarzenski, 410 

2003).  As is true generally with U-series nuclides, 234U/238U ratio measurements are usually 411 

expressed as activity ratios (activity = λIw). 412 

Mineral grains that are more than about a million years old have 234U/238U ratios very 413 

close to secular equilibrium; simple, congruent weathering of minerals thus releases U with an 414 

activity ratio very close to one. However, when alpha decay of 238U produces 234Th (half-life 24 415 

d) there is a significant chance of the recoil effect ejecting the 234Th into the groundwater pore 416 

space (Osmond and Cowart, 2000; Porcelli and Swarzenski, 2003).  Rapid decay then produces 417 

234U in the dissolved/adsorbed pool, driving groundwater or unsaturated zone pore water 418 

234U/238U ratios higher.  Additionally, 234U inside minerals is located in damaged recoil tracks 419 

and may be readily leached into the water if the tracks are very near the mineral surface (e.g., 420 

Andersen et al., 2009).  The combined effects of this phenomenon and recoil may cause the 421 

formation of mineral rinds or U-rich coatings that are 234U-depleted (Osmond and Cowart, 2000).   422 

Given this conceptual model, the observed variation of 234U/238U activity ratios in groundwater, 423 

which range from about 0.5 to about 20, can be rationalized (Osmond and Cowart, 2000; Porcelli 424 

and Swarzenski, 2003).  In recharge zones where U-bearing minerals are rapidly dissolved, the 425 

recoil-related flux of 234U is small relative to the overall U dissolution flux and thus the water 426 
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acquires U with a 234U/238U activity ratio close to one.  At the other extreme, in cases where 427 

weathering in the recharge zone is slow, recoil processes are strong in a relative sense, and high 428 

234U/238U activity ratios are observed.  234U/238U activity ratios less than one in groundwater are 429 

less common; they may be caused by changing conditions (e.g., a shift from U reduction to 430 

oxidation) leading to dissolution of 234U-depleted mineral rinds and/or UO2 coatings (Osmond 431 

and Cowart, 2000).  Within aquifers, 234U/238U ratios inherited from recharge areas may change 432 

due to ongoing mineral weathering reactions (e.g., Roback et al., 2001; Triccia et al., 2001; 433 

Maher et al., 2006; Chabaux et al., 2011; Ma et al., 2010). In the common cases, where aquifers 434 

transition from oxic to anoxic, dissolved U(VI) undergoes chemical reduction and the resulting 435 

precipitation of U(IV) minerals as thin coatings tends to drive enhanced recoil effects.  436 

Accordingly, high 234U/238U activity ratios often occur in groundwater from these redox 437 

transition zones (Osmond and Cowart, 2000). 438 

Measurements of 234U/238U in groundwater have been used as tracers of distinct water 439 

masses, as indicators of certain chemical processes, and as indicators of groundwater age.  The 440 

234U/238U ratios of groundwater masses often differ from each other and from surface water (e.g., 441 

Snow and Spaulding, 1994; Durand et al., 2005; Garcia, 2021) and can be used to trace 442 

groundwater migration directions, recharge from rivers, and groundwater discharge into surface 443 

water.  The excess 234U that occurs where aquifers transition from oxic to anoxic has been used 444 

as an indicator of U ore deposits, and the decay of the excess 234U as the groundwater continues 445 

downgradient has been used as a groundwater age indicator (Osmond and Cowart, 2000). The 446 

distinction between weathering and dissolution with 234U/238U ~1 and recoil process with 447 

234U/238U >1 have been also used to delineate between external uranium sources such as 448 

uranium-rich fertilizers; (Liesch et al., 2015; Lyons et al., 2020) or uranium-mill effluent 449 

(Zielinski et al., 1996) versus naturally occurring uranium mobilization for tracing groundwater 450 

contamination (Coyte et al., 2018; Milena-Pérez et al., 2021; Zielinski et al., 2000; Zielinski et 451 

al., 1996). 452 

 453 
 454 

 455 

 456 

 457 

 458 

 459 
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4. Radium 460 

 461 

4.1. Factors that control the occurrence of radium in groundwater  462 
 463 

Radium has chemical properties similar to calcium, and its long-term consumption in 464 

drinking water has been associated with bone cancer. Several epidemiologic studies in the U.S. 465 

(Cohn, 2003), Canada (Finkelstein, 1994; 1996), and Thailand (Hirunwatthanakul, 2006) have 466 

shown an increase of cancer prevalence among residents that consume radium above the health 467 

risks guidelines (NRC, 2006). Elevated Ra in drinking water has been associated with relatively 468 

high bone cancer prevalence, particularly among children (Finkelstein, 1994; 1996) and aging 469 

males (Cohn, 2003).  The U.S. Environmental Protection Agency (EPA) estimates that the 470 

lifetime cancer mortality risk is above 2x10-4 (predominantly due to bone cancer) upon exposure 471 

to combined 228Ra and 226Ra activity of 0.185 Bq/L, which is the Maximum Contaminant Level 472 

allowed in U.S. drinking water public utilities. In the EU, the drinking water standards for 228Ra 473 

and 226Ra are 0.2 Bq/L and 0.5 Bq/L, respectively (EU, 1998).  474 

Radium in groundwater mostly occurs due to water-rock interactions, with Ra 475 

concentrations reflecting the net balance between Ra mobilization from host aquifer solids (e.g., 476 

desorption, recoil) and retention (adsorption, incorporation into secondary-formed minerals) 477 

shown in Equation 1 and Figure 2. Ra in groundwater can also be derived from external U- and 478 

Th-rich sources,  such as effluents from uranium mining (Carvalho et al., 2007; De Pree, 2020; 479 

Gil-Pacheco et al., 2020; Mangeret et al., 2020; Mathuthu et al., 2020; Matshusa and Makgae, 480 

2017; Ruedig and Johnson, 2015), oil and gas wastewater (Agbalagba et al., 2013; Ahmad et al., 481 

2021; Jaeschke et al., 2020; Knee and Masker, 2019; Lauer and Vengosh, 2016; Lauer et al., 482 

2016; Lauer et al., 2018; Ni et al., 2018; Tomita et al., 2010; Van Sice et al., 2018; Vengosh et 483 

al., 2009; Vengosh et al., 2014; Warner et al., 2013), and deicing using oil-produced water 484 

(Lazur et al., 2020; McNaboe et al., 2017). Both Ra and U are enriched in phosphorite rocks, but 485 

during extraction and fertilizer production most of the Ra is incorporated in the solid waste 486 

product (phosphogysum), while U is enriched in the fertilizers (Al Attar et al., 2011; Barisic et 487 

al., 1992; Haridasan et al., 2002; Hassan et al., 2016; Lauria et al., 2004; Pearson et al., 2019; 488 

Sandhu et al., 2018). Likewise, Ra is relatively enriched in fly ash, particularly from U-rich coals 489 

(Lauer et al., 2017; Lauer et al., 2015) and under reduced conditions in environments lacking 490 

sulfate could leach to groundwater systems. In some cases, naturally occurring Ra in 491 
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groundwater is affected by anthropogenic activities that change the groundwater chemical 492 

conditions, such as salinization (Bouchaou et al., 2017; Faraj et al., 2020; Krishnaswami et al., 493 

1991; Tomita et al., 2010; Vengosh, 2014; Vinson et al., 2018; Vinson et al., 2013) or artificial 494 

groundwater recharge (Vinson et al., 2018).  495 

Aquifer lithology plays an important role in Ra occurrence in groundwater. Groundwater 496 

from sandstone (Elliot et al., 2014; Faraj et al., 2020; Gilkeson and Cowart, 1987; Grundl and 497 

Cape, 2006; Ivanovich et al., 1992; Jaeschke et al., 2020; Knee and Masker, 2019; Lauer and 498 

Vengosh, 2016; Lauer et al., 2016; Lauer et al., 2018; Mathews et al., 2018; Sherif et al., 2018; 499 

Sherif and Sturchio, 2018; Stackelberg et al., 2018; Szabo et al., 2012; Vengosh et al., 2009; 500 

Vinson et al., 2012), carbonate (Brown et al., 2019; Condomines et al., 2014; Jones et al., 2011; 501 

Luis Guerrero et al., 2016; Minster et al., 2004; Sturchio et al., 2001), and felsic rock (Przylibski, 502 

2004; Vinson et al., 2009) aquifers have typically relatively higher Ra activities than 503 

groundwater from mafic or volcanic rocks aquifers with typically lower Ra concentrations 504 

(Charette et al., 2015; Kadko et al., 2007; Szabo et al., 2012). High levels of Ra in groundwater 505 

have been documented particularly in aquifers associated with uranium-rich such as thorium-rich 506 

monazite sands (Lauria et al., 2004).  507 

In addition to the lithology, groundwater chemistry plays an important role in the 508 

processes that affect Ra mobilization and retention and thus the overall Ra occurrence. Dickson 509 

(1990) suggested that the groundwater chemistry controls radium mobilization and thus is an 510 

important factor for the occurrence of Ra-rich groundwater, regardless of the U and Th 511 

concentrations in the host aquifer rocks. Radium occurs mostly as cationic Ra2+, and unlike 512 

uranium, Ra speciation is not directly affected by redox processes. When concentrations of 513 

SO4
2- are high, however, minor RaSO4 species may also occur (Kitamura and Yoshida, 2021; 514 

Langmuir, 1985). In fresh groundwater (TDS<300 mg/L), such as groundwater from crystalline 515 

rocks in the Piedmont area of North Carolina (Vinson et al., 2009) and groundwater from the 516 

Disi (Saq) sandstone aquifer in southern Jordan (Vengosh et al., 2009), Ra occurs 517 

predominantly (>90%) as Ra2+, with less than 10% of the radium occurring as RaSO4 (Figure 518 

8). Even in a more saline groundwater, such as the groundwater from Gujarat in Northwestern 519 

India (TDS of 1,000-5,220 mg/L; Coyte et al., 2018), with higher SO4
2- concentrations, the 520 

RaSO4 species distribution would only increase to around 15% of the total aqueous Ra. While it 521 

is difficult to model speciation in hypersaline brines, Ra-chloride species such as RaCl+ and 522 
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RaCl2 may be present in such radium-rich brines as hydraulic fracturing flowback fluid 523 

(Dickson, 1990; Lauer and Vengosh, 2016; Lauer et al., 2016; Lauer et al., 2018; McMahon et 524 

al., 2019; Ni et al., 2018; Rowan, 2011; Vengosh et al., 2014; Warner et al., 2013). Radium 525 

carbonate species are only expected to be relevant under conditions of high pH and high 526 

carbonate concentrations (Beneš, 1982).  527 

  528 
Figure 8: Distribution of radium species in groundwater from crystalline rocks in the Piedmont 529 

area of North Carolina (Vinson et al., 2009), Disi (Saq) sandstone aquifer in southern Jordan 530 

(Vengosh et al., 2009), and Gujarat in Northwestern India (Coyte et al., 2018), as well as 531 

flowback and produced waters from the Marcellus shale in the U.S. (Warner et al., 2012) and 532 

Yumen oil basin in China (Ni et., 2021). Radium speciation was calculated using USGS 533 

PHREEQC software (USGS, 2020) and the PRODATA thermodynamic database (Reiller and 534 

Descostes, 2020). 535 

 536 

 537 

Numerous studies have shown high correlations between dissolved Ra and salinity and 538 

relatively high concentrations of Ra in saline groundwater and hypersaline brines in comparison 539 

to common low-saline groundwater (Faraj et al., 2020; Gilkeson and Cowart, 1987; Kraemer 540 

and Reid, 1984; Kraemer et al., 2014; Krishnaswami et al., 1991; Moise, 2000; Nguyen Dinh et 541 

al., 2011; Sturchio et al., 2001; Szabo et al., 2012; Tricca et al., 2000; Zheng et al., 2016; 542 

Hammond et al., 1988; Minster et al., 2004; Moise, 2000; Vinson et al., 2013). The high 543 

correlation between dissolved Ra and TDS is due to: (1) the direct effect of the ionic strength of 544 

the groundwater on the Ra adsorption coefficient, with lower Ra adsorption capacity with 545 

increasing salinity; (2) increased concentrations of divalent cations (e.g., Ca, Mg) in the 546 

groundwater and competition with Ra on adsorption sites, thereby decreasing the Ra adsorption 547 

capacity of the saline groundwater; and (3) increases in the relative fraction of the uncharged 548 
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RaSO4 and RaCl2 species that would reduce Ra adsorption capacity and increase Ra desorption 549 

in saline water. At the same time, in sulfate-rich groundwater, supersaturation and precipitation 550 

of secondary barite (BaSO4) and celestite (SrSO4) minerals result in Ra retention (Langmuir and 551 

Riese, 1985) and thus reduce Ra concentrations in the groundwater.  552 

Vinson et al. (2013) have shown that saline groundwater with a higher abundance of 553 

divalent cations have higher Ra than Na-Cl predominant groundwater of the same salinity, 554 

reflecting the net effect of divalent cations competition that results in relatively lower Ra 555 

adsorption and higher Ra desorption. Consequently, the chemistry of the saline groundwater, in 556 

particular the water composition (e.g., Ca-Mg-Cl versus Na-Cl water type), affect the Ra 557 

concentration in the saline groundwater (Szabo et al., 2012; Vinson et al., 2013). 558 

High levels of Ra have also been reported in reduced (Herczeg et al., 1988; Szabo et al., 559 

2012; Zukin et al., 1987), acidic (Bolton et al., 2000; Cecil et al., 1987; Dickson and Herczeg, 560 

1992; Sturchio et al., 1993; Szabo et al., 1987; 2005), and thermal waters (Kitto and Kim, 2005; 561 

Sturchio et al., 1993), reflecting the role of pH, redox, and temperature on Ra adsorption. Since 562 

Ra adsorbs strongly to manganese and iron oxides in the aquifer, the reductive dissolution of 563 

these oxides decreases Ra adsorption and thus increases Ra concentrations (Szabo et al., 2012). 564 

The combination of high salinity, reduced conditions, elevated temperature, and relatively low 565 

pH results in high Ra concentrations in groundwater. This is demonstrated with high Ra 566 

concentrations in typically highly saline, reduced, and thermal flowback and produced waters 567 

from both conventional and unconventional oil and gas wells, generating Ra-enriched 568 

wastewater (Lauer and Vengosh, 2016; Lauer et al., 2016; Lauer et al., 2018; McMahon et al., 569 

2019; Ni et al., 2018; Rowan, 2011; Vengosh et al., 2014; Warner et al., 2013). 570 

At the same time, elevated levels of Ra have been reported also in low-saline 571 

groundwater, particularly in sandstone aquifers (Figure 9), such as the Disi aquifers in southern 572 

Jordan (Vengosh et al., 2009), the Saq aquifer in Saudi Arabia  (Al-Jaseem et al., 2016; Alharbi 573 

et al., 2018; Alkhomashi et al., 2016; Almasoud et al., 2020; Ebaid, 2020; Faraj et al., 2020; 574 

Shabana et al., 2013), and the Nubian sandstone aquifer in the Negev and Arava Valley, Israel 575 

(Peri, 2006), Sinai Peninsula, Egypt (Ramadan et al., 2011; Sherif et al., 2018), Eastern Egypt 576 

(Sherif and Sturchio, 2018) and western Egypt (Sherif and Sturchio, 2021), as well as the 577 

Hickory aquifer in central Texas (Cech, 1987; Kim, 1999; Landsberger and George, 2013; 578 

Standen, 2005). While the Ra activities in the sandstone aquifer rocks of the Disi/Saq and 579 
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Nubian Sandstone aquifers (combined 228Ra and 226Ra range of 5 to 112 Bq/L, mean=22 Bq/L) 580 

were shown to be consistent with the concentrations of Ra in many other worldwide sandstone 581 

rocks (Vengosh et al., 2009), it has been suggested that the low content of clay minerals and 582 

oxides in the highly permeable aquifer matrix results in a lack of adsorption sites and therefore 583 

limited adsorption capacity. The continuous recoil of Ra nuclides from the aquifer solids into the 584 

aquatic phase is not countered by effective retention through adsorption and/or co-precipitation 585 

with secondary barite minerals (Vengosh et al., 2009), which results in elevated levels of Ra in 586 

the low-saline groundwater (Table 3).  587 

Elevated Ra levels above the U.S. drinking water standards for combined 226Ra and 228Ra 588 

(0.185 Bq/L) have been measured in low-saline groundwater across U.S. aquifers, particularly in 589 

the Midcontinent and Ozark Plateau Cambro-Ordovician dolomites and sandstones, the North 590 

Atlantic Coastal Plain, the Floridan carbonate aquifer, felsic crystalline rocks (granitic, 591 

metamorphic) of New England, the Mesozoic basins of the Appalachian Piedmont, the Gulf 592 

Coastal Plain, and the glacial sands and gravels in New England (Szabo et al., 2012).  593 

  594 

Figure 9: Mean activities of 226Ra and 228Ra in groundwater from sandstone aquifers from 595 

different parts of the world, as compared to the EU drinking water standard for 228Ra (0.2 Bq/L, 596 

red dashed line) and 226Ra (0.5 Bq/L, blue dashed line). In the U.S., the drinking water standard 597 

is 0.185 Bq/L for combined 226Ra and 228Ra.  598 
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Table 3 Radium nuclide concentrations (Bq/L) in groundwater from sandstone aquifers in the 599 

Middle East. 600 

Aquifer system 226Ra 

range  

226Ra 

Mean 

228Ra 

range 

228Ra 

mean 

Source 

Shallow Nubian 

aquifer, Eastern Desert, 

Egypt 

0.02-0.75 0.25 0.02-1.42 0.44 Sherif and Sturchio (2018) 

Deep Nubian aquifer, 

Eastern Desert, Egypt 

0.02-0.05 0.03 0.01-0.25 0.09 Sherif and Sturchio (2018) 

Shallow Alluvial 

aquifer, Eastern desert, 

Egypt 

0.01-0.09 0.02 0.01-0.08 0.02 Sherif and Sturchio (2018) 

Shallow Nubian 

Aquifer, Sinai Penisula, 

Egypt 

0.03-0.19 0.11 0.03-0.31 0.18 Sherif et al. (2018) 

Deep Nubian Aquifer, 

Sinai Penisula, Egypt 
0.17-0.8 0.44 0.06-1.03 0.54 Sherif et al. (2018) 

Shallow Alluvial 

aquifer, Sinai Penisula, 

Egypt 

0.01-0.04 0.03 0.01-0.05 0.03 Sherif et al. (2018) 

Confined Rum, Disi 

aquifer, Jordan 

0.43-1 0.68 1.16-3.11 1.99 Vengosh et al. (2009) 

Unconfined Rum, Disi 

aquifer, Jordan 
0.1-1.27 0.53 0.2-2.11 0.91 Vengosh et al. (2009) 

Nubian Sandstone 

aquifer, Negev, Israel 

0.03-0.56 0.25 0.12-0.88 0.35 Peri (2006) 

 601 

 602 

 603 

4.2. Radium isotope abundance and fractionation  604 

 605 

Radium isotopes do not fractionate significantly during chemical water-rock interactions 606 

(i.e., dissolution, adsorption-desorption), and therefore, the abundances and ratios of the four Ra 607 

isotopes in groundwater, 226Ra from the 238U decay series, 228Ra and 224Ra from the 232Th decay 608 

series, and 223Ra from the 235U decay series (Fig. 1) depend primarily on the primordial 238U, 609 

232Th and 235U abundances and their ratios in the host aquifer rocks. Given that Ra nuclides in 610 

groundwater derived primarily from recoil process, differential recoil rates of the short-lived 611 

relative to the long-lived nuclides from the aquifer rocks, (i.e., 228Ra/226Ra, 224Ra/228Ra, 612 

223Ra/226Ra activity ratios), as opposed to identical adsorption and desorption rates of all the Ra 613 

nuclides onto and from exchangeable sites, would result in differential ratios of Ra nuclides in 614 

groundwater compared to the ratios in the host aquifer rocks. Porcelli and Swarzenski (2003) 615 

have listed the possible factors that result in differential recoil rates, including (1) the location of 616 

the parent nuclides in minor phases within the host rocks; (2) different recoil lengths that reflect 617 

the recoil energy and the matrix of the rocks; (3) different depletion of the parent nuclides 618 

located on mineral surface due to the recoil of the daughter atoms; the depletion increases 619 
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progressively along the decay chain so the magnitude of recoil of parent nuclides decreases 620 

along the decay chain. Yet Krishnaswami et al (1982) have suggested that higher retention of 621 

the parent nuclides along the decay chain would rather result in increasing recoil rates and the 622 

abundance of the recoiled daughters’ nuclides; and (4) differential losses due to differences in 623 

chemistry and mobilization of the parent nuclides. In addition, since the elemental removal 624 

through adsorption is equal for all the Ra nuclides, the ratios of the recoiled nuclides in the 625 

groundwater would reflect the “geochemical divide”, in which nuclides derived from parents of 626 

higher initial concentration will build-up in the water, whereas nuclides derived from parent 627 

nuclides of lower concentration will become depleted in the groundwater with progressive recoil 628 

and adsorption. Consequently, parent nuclides with ratios higher than unity would generate 629 

daughter nuclides with even higher activity ratios.   630 

Thorium concentrations in sandstone rocks, alluvial sediments, and organic-poor shale 631 

rocks are usually high, with Th/U activity ratios typically >1. Due to secular equilibrium of the 632 

radionuclides in the rocks, the 232Th/230Th activity ratio is also >1. In contrast, carbonate rocks 633 

and organic-rich shale rocks usually have low Th and high U concentrations, with a distinctive 634 

Th/U activity ratio <<1 (Chermak and Schreiber, 2014; Phan et al., 2015; Rimstidt et al., 2017; 635 

Vengosh et al., 2009). In most aquifer systems, the 228Ra/226Ra activity ratios in groundwater 636 

mimic their parent 232Th/230Th activity ratios in the aquifer solids (Porcelli and Swarzenski, 637 

2003; Reynolds, 2003; Tricca et al., 2000; Tricca et al., 2001). This, for example, is 638 

demonstrated for both low-saline and saline groundwater from the Disi sandstone aquifer in 639 

Southern Jordan (Vengosh et al., 2009) and the Nubian Sandstone Aquifer in the Negev, Israel 640 

(Peri, 2006) with 228Ra/226Ra activity ratios>1. In contrast, groundwater from a carbonate 641 

aquifer in the Negev (Peri, 2006) has predominantly high 226Ra occurrence with 228Ra/226Ra 642 

activity ratios<<1 (Figure 10). Similarly, flowback and produced water from unconventional U-643 

rich shales typically have 228Ra/226Ra activity ratios <<1 (e.g., Marcellus flowback and 644 

produced water), while conventional oil and gas produced waters and brines from sandstone 645 

formations are commonly characterized by 228Ra/226Ra activity ratios>1 (Lauer et al., 2018; Ni 646 

et al., 2018). 647 
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 648 

Figure 10: 228Ra versus 226Ra activities in groundwater from sandstone aquifers in Jordan and 649 

Isreal (Vengosh et al., 2009) as compared to groundwater from a carbonate aquifer in the 650 

Negev, Isreal (Peri, 2006).  651 

 652 

While Ra isotopes do not fractionate as part of chemical processes involved in water-rock 653 

interactions (i.e., dissolution, adsorption-desorption; Fig. 2), the 228Ra/226Ra in groundwater can 654 

be affected by (1) different distributions of Th and U on aquifer surfaces and exchangeable sites; 655 

(2) differential recoil rates of 228Ra (half-life of 5.75 years) from the primordial 232Th relative to 656 

226Ra (1600 years) that recoiled from the 230Th, which is relatively depleted due to recoil along 657 

the 238U decay chain; and (3) the “geochemical divide” that reflects the combination of initial 658 

232Th/230Th> 1 in the aquifer surface and identical retention rates of the two nuclides by 659 

adsorption. These processes could result in higher 228Ra/226Ra activity ratios in the groundwater 660 

relative to the parent 232Th/230Th (and thus also 228Ra/226Ra ) activity ratios in the aquifer host 661 

rocks (Osmond and Cowart, 1992; Porcelli and Swarzenski, 2003; Reynolds, 2003 ; Tricca et 662 

al., 2000; Tricca et al., 2001). This is demonstrated by comparing the 228Ra/226Ra activity ratios 663 

in groundwater to the sandstone aquifer rocks of the major aquifer systems in the Middle East 664 

and Northern Africa. Data compilation of groundwater from the Disi (Saq) sandstone aquifer in 665 

southern Jordan (Vengosh et al., 2009), Nubian sandstone aquifer in the Negev and Arava 666 
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Valley, Israel (Peri, 2006), and Western Desert, Egypt, Sherif and Sturchio (2021) showed an 667 

overall higher 228Ra/226Ra activity ratio in the groundwater compared to the 228Ra/226Ra activity 668 

ratios in the host sandstone rocks (228Ra/226Ra activity ratio~1.6; Figure 11). Similarly, 669 

groundwaters from other sandstone aquifers such as the Khraghoda in India (Krishnaswami et 670 

al., 1991), Ojo Alamo in New Mexico (Reynolds et al., 2003), Cambrian and Ordovician 671 

sandstone of northern Illinois (Gilkeson and Cowart, 1987), and sandstone aquifers in Australia 672 

(Dickson, 1987) have generally high 228Ra/226Ra activity ratios compared to a lower 232Th/226Ra 673 

activity ratio (1.6) reported in worldwide sands and sandstone rocks (Seddeek et al., 2005; 674 

Vengosh et al., 2009). 675 

 676 

Figure 11: 228Ra versus 226Ra activities in groundwater from sandstone aquifers in the Middle 677 

East and Northern Africa (see Table 3 for data and references) as compared to the 228Ra/226Ra 678 

ratio of common sandstone rocks (Vengosh et al., 2009). 679 

 680 

 While the 224Ra and 228Ra activities in the aquifer rocks are expected to be in secular 681 

equilibrium (i.e., 224Ra/228Ra activity ratio =1), the 224Ra/228Ra activity ratios in groundwater are 682 

typically higher than unity. This has been explained by recoil of both the parents of 224Ra, 228Ra 683 

and 228Th, that are adsorbed and continue to supply daughter nuclides to the groundwater 684 

(Davidson and Dickson, 1986; Krishnaswami et al., 1982). Data compilation of groundwater 685 

from the Disi (Saq) sandstone aquifer in southern Jordan (Vengosh et al., 2009) and Nubian 686 
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sandstone aquifer in the Negev and Arava Valley, Israel (Peri, 2006) show systematically higher 687 

224Ra/228Ra activity ratios as compared to the expected 1:1 in the host aquifer rocks (Fig. 12).  688 

Given that the natural activity ratio of the primordial decay series 235U/238U activity ratio 689 

is equal to 0.046, one can assume that under secular equilibrium, the ratios of the decay 690 

products, 223Ra from the 235U decay series and 226Ra from the 238U decay series (Fig. 1), would 691 

be equal to this activity ratio under secular equilibrium in the aquifer rocks. However, data 692 

reported from groundwater systems show systematically higher 223Ra/226Ra activity ratios than 693 

the expected secular equilibrium ratio of 0.046. This is demonstrated in the abundance of 694 

223Ra/226Ra activity ratios in groundwater from the Disi (Saq) sandstone aquifer in southern 695 

Jordan (Vengosh et al., 2009) and Nubian sandstone aquifer in the Negev and Arava Valley, 696 

Israel (Peri, 2006) with 223Ra/226Ra activity ratios above the secular equilibrium ratio expected 697 

in the sandstone rocks (Figure 12).  698 

  699 

Figure 12: Variations of 224Ra/228Ra and 223Ra/226Ra activity ratios in groundwater from the 700 

Disi (Saq) sandstone aquifer in southern Jordan (Vengosh et al., 2009) and Nubian sandstone 701 

aquifer in the Negev and Arava Valley, Israel (Peri, 2006). 702 

 703 

5. Radon, Polonium-210 and Lead-210 nuclides 704 
 705 

5.1. Radon in groundwater  706 
 707 

Radon is a short-lived (t1/2 = 3.8 days) radioactive gas originating from the decay of 226Ra 708 

as part of the uranium-238 decay chain, which decays into short-lived polonium and lead 709 

radionuclides (Figure 1).  The ingestion and inhalation of radon and its progeny nuclides present 710 

health risks, particularly for lung cancer (NRC, 1999). In 1991, the U.S. EPA proposed an MCL 711 
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threshold of 11 Bq/L (300 pCi/L) for radon levels in drinking water. A review by the U.S. 712 

National Academy of Sciences (NRC, 1999) has found that most of the risks for exposure to 713 

radon is due to inhalation; while radon itself is most exhaled immediately after inhalation, two of 714 

its short-lived progeny, 218Po and 214Po (t1/2 = 3.05m and 26.8m, respectively) are reactive ions 715 

and tend to be deposited in the lungs. 222Rn, 218Po, and 214Po are all alpha emitters, and it is this 716 

exposure to alpha irradiation in the lungs that presents the greatest human health risk from radon. 717 

Exposure to radon and its progeny in water is only secondary, and the overall impact of degassed 718 

radon from water use is small as compared to radon from subsurface soil emanation. Based on 719 

these observations, the National Academy of Sciences recommended that the radon 720 

concentrations in drinking water not exceed the level of radon naturally present in outdoor air 721 

(0.15 Bq/L, 4 pCi/L in air), which is equivalent to 150 Bq/L in water (~4,000 pCi/L; Table 1), 722 

defined as the Alternative Maximum Contaminant Level (AMCL; NRC, 1999). Degassing of 723 

radon from water through water use in a household (e.g., washing machine, shower, toilet) could 724 

lead to the buildup of progeny nuclides in the ambient closed air, particularly as they reach 725 

secular equilibrium during relatively long-term water use and degassing such as showers 726 

(Bernhardt and Hess, 1996; Burmaster, 1998; Datye et al., 1997; Fitzgerald et al., 1997; Hess et 727 

al., 1982; Vinson et al., 2008). It has been demonstrated that a 20-minute shower using 728 

groundwater with relatively high radon concentrations could increase the air radon concentration 729 

by at least one order of magnitude relative to the background level (Vinson et al., 2008) and thus 730 

increase health risks.  731 

Radon typically has the highest activities among the U- and Th-decay radionuclides in 732 

groundwater (Porcelli and Swarzenski, 2003). Since radon is a noble gas and not affected by 733 

adsorption-desorption processes, its occurrence in groundwater is primarily controlled by recoil 734 

from aquifer solids balanced by its decay (Krishnaswami et al., 1991; Krishnaswami and 735 

Cochran, 2008). Consequently, radon levels in groundwater are directly associated with the 736 

abundance of U and Ra nuclides in the aquifer rocks (Asikainen and Kahlos, 1979; Porcelli and 737 

Swarzenski, 2003). In addition, the degree of weathering, grain size, distribution of U in the 738 

aquifer rocks, and geological factors such as faults and fracturing of the aquifer rocks have an 739 

important role on the occurrence of radon in groundwater (Miklyaev et al., 2021; Sukanya et al., 740 

2021).  Elevated radon has also been observed in groundwater associated with geothermal 741 

activity (Bonotto, 2019; Nikolopoulos and Vogiannis, 2007; Tan et al., 2019). Retention of the 742 
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radon parent 226Ra onto secondary minerals and/or adsorption sites would further increase the 743 

222Rn emanation, and thus its concentration in groundwater (Porcelli and Swarzenski, 2003). The 744 

lack of radon retention on aquifer solids in settings where Ra adsorption is high results in high 745 

222Rn/226Ra activity ratios (Porcelli and Swarzenski, 2003). For example, groundwater from 746 

granite, amphibolite, and migmatite rocks in the Helsinki region, Finland have an average 222Rn 747 

of 2035 Bq/L relative to 226Ra of 0.22 Bq/L (i.e., an activity ratio of 9340 that reflects the 748 

retardation factor of 226Ra; Asikainen and Kahlos, 1979). 749 

Surveys on the occurrence of radon in U.S. groundwater systems have shown a wide range 750 

of 222Rn concentration in groundwater. Table 4 shows the ranges and median groundwater 222Rn 751 

activities in the U.S. states, based on the most recent measurements by the U.S. Geological 752 

Survey . Many groundwater resources contain 222Rn levels exceeding the proposed US-EPA 753 

MCL level of 11 Bq/L, particularly groundwater defined as oxic and mixed oxic-anoxic 754 

conditions (Ayotte et al., 2011; Focazio et al., 2001). Groundwater associated with Piedmont and 755 

Blue Ridge crystalline-rock aquifers and New York and New England crystalline-rock aquifers 756 

had relatively higher proportions of 222Rn levels exceeding the AMCL of 150 Bq/L (Ayotte et 757 

al., 2011; Focazio et al., 2001).  The overall median 222Rn concentration in 3,877 public well 758 

supplies across the U.S. was 15.9 Bq/L, in which 65% of the wells exceed the MCL of 11 Bq/L 759 

and 2.6% exceed the AMCL of 150 Bq/L (Ayotte et al., 2011; Focazio et al., 2001). A survey of 760 

radon occurrence in groundwater in Sweden has shown similar results; 222Rn was much higher in 761 

groundwater from uranium-rich granites (300 – 4000 Bq/L; max 89,000 Bq/L) and uranium-rich 762 

pegmatites (max 15,000-30,000 Bq/L) relative to the common 222Rn concentration in Swedish 763 

groundwater (10-300 Bq/L; Skeppström, 2007). Similarly, elevated radon in groundwater has 764 

been reported in aquifers composed of U-rich granitic and gneiss rocks, as evidenced in North 765 

Carolina (Campbell, 2011; Spruill, 1997; Vinson et al., 2009), South Carolina (King et al., 1982), 766 

Georgia (Dillon et al., 1991), Virginia (Harris et al., 2006), Maine (Brutsaert et al., 1981), 767 

Karamana River Basin in southwest India (Sukanya et al., 2021). Relatively higher radon 768 

activities were also found in Quaternary fluvial and glaciofluvial aquifers underlain by gneissic 769 

and granitic lithologies in Norway (Morland et al., 1998). 770 

 771 

Table 4:  Groundwater 222Rn activities for the United States, divided by state, based on the most 772 

recently accepted USGS NWIS data (Via https://www.waterqualitydata.us/).   773 

 774 
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State Number of 
Observations 

Minimum 
(pCi/L) 

Median 
(pCi/L) 

Maximum 
(pCi/L) 

AL 28 15 29.5 620 

AR 29 35 68 370 

AZ 63 18 460 2150 

CA 1058 bdl 380 19300 

CO 151 15 460 25500 

FL 156 12 285 9000 

GA 243 10 100 9200 

HI 30 16 70 220 

IA 391 bdl 55 2290 

ID 1023 14 60 8040 

IL 41 16 147 730 

IN 9 108 272 510 

KS 101 19 200 1230 

KY 2 54 54.5 55 

LA 184 14 84 1340 

MA 6 23 1085 2640 

MD 217 17 224 13800 

ME 36 22 134.5 8590 

MI 19 19 146 1100 

MN 27 103 270 2250 

MO 57 18 132 1070 

MS 104 17 90 630 

MT 168 22 990 45000 

NC 194 0 116.5 18600 

ND 1 390 390 390 

NE 219 8 29 1050 

NH 77 16 48 22400 

NJ 12 15 33.5 700 

NM 115 10 430 6600 

NV 54 21 47.5 3640 

NY 821 bdl 290 18800 

OK 53 28 251 3600 

OR 23 89 320 11600 

PA 321 Bdl 590 8500 

SC 105 Bdl 169 14100 

SD 8 170 330 1200 

TN 58 Bdl 115 1190 

TX 424 Bdl 204 7900 

UT 60 18 37.5 2820 

VA 106 15 205 9400 

WA 113 19 180 4000 

WI 55 18 260 1960 
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WV 312 Bdl 41.5 3200 

WY 148 9 56 6640 

 775 

 776 

 777 

5.2. Lead-210 in groundwater 778 

Lead-210 is a progeny of 222Rn decay to several short-lived (less than one hour) and yet 779 

highly reactive intermediate 218Pb, 214Pb, 214Bi, and 214Po radionuclides (Figure 1). As shown in 780 

Table 1, 210Pb has one of the highest dose coefficient values (6.9x10-7 Sv/Bq), meaning it poses 781 

one of the higher risks to human health among naturally occurring radionuclides (WHO, 2017; 782 

Eckerman, 1999). Nonetheless, in the U.S. the 210Pb concentration in drinking water is not 783 

regulated; the U.S. Environmental Protection Agency has identified a 210Pb threshold of 0.037 784 

Bq/L (1 pCi/L) as a cancer risk above 5x10-5 (assuming a 2 L/d intake over a lifetime of 70 y) 785 

(EPA, 2000; Szabo et al., 2020). Similarly, radon and its decay products are not part of the 786 

European Commission monitoring requirement, but a threshold of 0.2 Bq/L is recommended for 787 

210Pb as a reference maximum concentration in drinking water (Wallström, 2001). As shown in a 788 

survey of groundwater in Finland, in spite of relatively lower concentrations of 210Pb in the 789 

groundwater from drilled wells (mean concentration of 0.04 Bq/L), 210Pb (combined with 210Po) 790 

caused the largest portion of the effective dose among all of the nuclides from the U- and Th- 791 

decay series (Vesterbacka, 2005b). Table 5 shows the ranges and median groundwater 210Pb 792 

activities in the U.S. states, based on the most recent measurements by the USGS. 793 

Similar to Ra, lead is a highly surface-reactive element with typically low solubility in 794 

groundwater. In contrast to rocks and soils where 210Pb is equal to or exceeds secular equilibrium 795 

with 226Ra, which is one of the great-grandparents in the 238U decay chain (i.e., 210Pb/226Ra 796 

activity ratio ~1 or >1), most groundwater systems show disequilibrium with much lower 210Pb 797 

activities relative to 226Ra.  Lead in water occurs mainly as Pb2+ but can also occur as PbCl+ and 798 

PbCl2 species. The solubility of Pb decreases with increasing pH, and at pH >8, Pb(OH)2 799 

precipitates upon high Pb concentrations. In the presence of bicarbonate and sulfates, high pH 800 

solutions combined with high Pb would result in the precipitation of PbCO3 and PbSO4 solids 801 

(Hem and Durum, 1973). Under alkaline and reducing conditions, ion-pairing with carbonate ion 802 

generates PbCO3
0, which tends to be less reactive with the aquifer solids (Szabo et al., 2020). 803 

Given the relatively low solubility of elemental Pb in pH-neutral groundwater (Clausen et al., 804 
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2011; Jurgens et al., 2019), 210Pb occurrence in groundwater is mainly due to the recoil process 805 

through alpha decay of its parent 214Pb (Figure 1), which is balanced by retention of 210Pb to 806 

exchangeable sites in clay minerals and oxides in the aquifer rocks. The selective retention of 807 

210Pb as opposed to the net recoil (without retardation) of radon results in high 222Rn/210Pb ratios 808 

(103 to 105) in groundwater systems, which reflect the magnitude of  210Pb retardation (Coston et 809 

al., 1995; Hussain and Krishnaswami, 1980; Krishnaswami et al., 1982; Maity and Pandit, 2014; 810 

Porcelli, 2014). 811 

The occurrence of 210Pb is directly associated with that of 222Rn in groundwater. In the 812 

U.S., the majority of groundwater resources with radon levels exceeding 150 Bq/L also have 813 

210Pb levels above the health benchmark of 0.037 Bq/L, particularly in low pH and/or reducing 814 

groundwater from the U-rich felsic crystalline rocks of the Piedmont and Blue Ridge aquifers of 815 

Eastern U.S. (Szabo et al., 2020). An additional factor that controls 210Pb occurrence in 816 

groundwater is the potential complexation of Pb into ion pairs such as PbCO3
0 that decrease the 817 

absorption capacity of the recoiled 210Pb in groundwater. Consequently, geochemical conditions 818 

that enhance the formation of carbonate complexes, such as alkaline and reducing conditions are 819 

expected to be associated with higher 210Pb occurrence, although Szabo et al. (2020) have shown 820 

that even reduced groundwater with relatively low alkalinity and near-neutral pH such as the 821 

eastern Coastal Plain of the U.S. could have high proportions of PbCO3
0 species and thus higher 822 

210Pb abundance (Szabo et al., 2020). 823 

 824 

Table 5:  Groundwater 210Pb activities for the United States, divided by state, based on the most 825 

recent accepted USGS NWIS data (Via https://www.waterqualitydata.us/).   826 

State Number of 
Observations 

Minimum 
(pCi/L) 

Median 
(pCi/L) 

Maximum 
(pCi/L) 

AL 1 bdl bdl bdl 

AR 16 Bdl 0.22 5.8 

AZ 76 Bdl 0.24 10.7 

CA 76 Bdl bdl 0.7 

CO 26 bdl 0.245 2.6 

CT 17 bdl 0.1 0.6 

FL 117 bdl 0.1 2.4 

GA 96 bdl 0.3 2.6 

IA 51 bdl 0.2 0.9 

ID 6 bdl bdl 0.1 

IL 64 bdl 0.1 2.8 

IN 9 bdl 0.4 0.8 
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KS 12 bdl 0.2 0.7 

KY 2 0.15 0.325 0.5 

LA 30 bdl 0.4 1.3 

MA 4 bdl 0.13 0.8 

MD 109 bdl 0.19 1.8 

MI 34 bdl 0.295 0.6 

MN 57 bdl 0.15 2.2 

MO 58 bdl 0.025 2.5 

MS 81 bdl 0.13 1.2 

MT 4 bdl 0.1 0.44 

NC 88 bdl 0.4 1.8 

NH 8 0.02 0.245 0.7 

NJ 1 0.45 0.45 0.45 

NM 78 bdl 0.295 2.2 

NV 4 bdl 0.095 0.3 

NY 38 bdl bdl 0.5 

OK 16 bdl 0.19 2.5 

OR 23 bdl 0.1 1.5 

SC 53 bdl 0.2 3 

SD 7 bdl 0.4 0.8 

TN 40 bdl 0.16 0.7 

TX 235 bdl 0.15 3.5 

UT 9 0.3 0.62 2 

VA 37 bdl 0.3 1.8 

WA 90 bdl 0.1 2 

WI 14 bdl 0.24 0.5 

WY 5 0.1 0.3 0.6 

 827 

5.3. Polonium-210 in groundwater 828 

Polonium-210, a progeny of 210Pb through the beta decay of 210Bi (half-life of 5 days), is 829 

an alpha-emitter radionuclide with a half-life of 138.4 d that decays to stable 206Pb (Figure 1). As 830 

shown in Table 1, 210Po has the highest dose coefficient value (1.2x10-6 Sv/Bq) and thus has the 831 

highest potential among the U- and Th-decay radionuclides to induce health risks upon exposure 832 

(WHO, 2017; Eckerman, 1999). On a weight basis, 1 μg of 210Po emits as many alpha particles 833 

per second as 262x103 μg Ra and 4.5x1011 μg U (Carvalho and Phaneuf, 2017 ). Similar to 210Pb 834 

however, 210Po activity in drinking water is not regulated; the U.S. Environmental Protection 835 

Agency has listed 210Po under the Unregulated Contaminant Monitoring Rule and identified a 836 

210Po threshold of 0.026 Bq/L (0.7 pCi/L) as a cancer risk above 5x10-5 (assuming a 2 L/d intake 837 

over a lifetime of 70 y) (EPA, 2000; Seiler, 2016; Seiler and Wiemels, 2012; Szabo et al., 2020). 838 
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Likewise, both the European Commission and World Health Organization have recommended a 839 

threshold of 0.1 Bq/L for 210Po as a reference maximum concentration in drinking water (WHO, 840 

2011; Wallström, 2001). In spite of the potential health risks, 210Po is regulated and included in 841 

the drinking water standards (e.g., U.S. EPA- MCL), most likely due to the scarcity of the 842 

available 210Po data in groundwater and the difficulty of water authorities to measure 210Po in 843 

drinking water. Following the recent U.S. Geological Survey reports (Szabo et al., 2020), areas 844 

where 210Po occurrence in groundwater is plausible should establish specific monitoring program 845 

to address this potential risk. 846 

Like 210Pb and 226Ra, 210Po is a highly surface reactive element (Balistrieri et al., 1995). 847 

The occurrence of Po in groundwater reflects the balance between 210Pb mobilized by recoil from 848 

aquifer rocks and retention by adsorption. Geochemical factors such as pH and redox conditions 849 

control polonium speciation and therefore its reactivity with the aquifer solids and occurrence in 850 

groundwater (Seiler, 2016; Szabo et al., 2020). Since polonium is part of the chalcogen elements, 851 

which include oxygen, sulfur, selenium and tellurium, it can occur in multiple different oxidation 852 

states. The Po(IV) oxidation state is considered to be the most stable state in aqueous solutions 853 

under oxic and low-saline conditions, whereas Po(II) is predicted to be the predominant 854 

oxidation state in saline water and under reducing conditions (Carvalho and Phaneuf, 2017; Ram 855 

et al., 2019). Oxic Po(IV) occurs predominantly as H2PoO3 species across a wide range of pH (2 856 

to 12), whereas the reduced Po(II) also occurs as H2PoO3
2-

 at pH>7 and as Po(OH)2Cl2 and 857 

PoCl2
- species at pH<7 (Ram et al., 2019). Groundwater salinization increases the ion-pairing of 858 

Po with chloride and increases the abundance of Po(OH)2Cl2 and PoCl2
- species.  In spite of the 859 

neutral charge of the predominant H2PoO3 species, its adsorption capacity onto aquifer minerals 860 

and colloids is high, with a reported Kd value of 105 in the aquatic environment (Ram et al., 861 

2019). Polonium in groundwater can also be affected by decomposition of organic matter and 862 

would induce redox bacteriological activities in the aquifer and change the speciation and thus 863 

reactivity of Po with the aquifer solids (Balistrieri et al., 1995; Larock et al., 1996). Under 864 

reduced conditions, Po will co-precipitate with newly formed sulfide, and therefore the Po 865 

concentration in the water is controlled by sulfur recycling, where the dissolution and 866 

reprecipitation of sulfur minerals occurs. The occurrence of Po in reduced groundwater is 867 

restricted to the relatively early stages of the redox processes, with the transition from 868 

manganese oxide dissolution to sulfate reduction, before sulfides precipitation. Overall, the 869 
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occurrence of 210Po in groundwater can be affected by multiple factors, including the sources of 870 

and occurrence of dissolved organic matter, occurrence of 210Po-containing colloids in the 871 

groundwater, variations in the salinity, pH, and the redox conditions (Carvalho and Phaneuf, 872 

2017; Ram et al., 2019; Seiler, 2016). 873 

A survey of the occurrence of 210Po in groundwater resources made by Seiler (2016) has 874 

shown that globally 210Po activities are not often monitored in groundwater, with a bias towards 875 

specific case studies where the aquifer rocks contain elevated uranium levels (e.g., phosphate 876 

rocks in Florida, USA and granitic rocks in Finland) and/or high radon levels in the groundwater 877 

(granitic aquifers in Finland) (Seiler, 2016). The available data show that while the majority of 878 

groundwater resources have low levels, there are some cases where the 210Po activities in 879 

groundwater exceed the recommended WHO threshold for 210Po in drinking water, including 880 

Finland (Lehto, 1999; Salonen, 1988; Vesterbacka, 2005a; Vaaramaa, 2003), Brazil (Valentim, 881 

1997) and several aquifers in the U.S., including basaltic and lacustrine sediments aquifers in 882 

Nevada (Seiler, 2011; Seiler et al., 2011), the Central Valley in California (Ruberu et al., 2007), 883 

the Coastal Plain unconsolidated aquifer in Maryland (Andreasen, 2015), and the Atlantic 884 

Coastal Plain aquifer in the eastern U.S. (Szabo et al., 2020)   (Figure 13). In a survey of public 885 

supply wells across the U.S., Szabo et al. (2020) found 210Po activities above the U.S. EPA 886 

threshold level of 0.026 Bq/L in 1.5% of 1263 investigated public-supply wells, all in the semi-887 

consolidated sediment aquifers of the Coastal Plain in the eastern U.S. Table 6 presents the 888 

ranges and median 210Po activities in groundwater across the U.S., based on the most recent 889 

measurements by the U.S. Geological Survey. 890 

Seiler et al. (2011) have suggested two major geochemical processes that can explain 891 

elevated 210Po in groundwater. The first scenario is associated with extremely high levels of 892 

radon in oxic groundwater from granitic aquifers such as in Finland, where the radon decay 893 

progeny of 210Pb and 210Po absorb onto colloids in the groundwater that result in a combination 894 

of high uranium, radon, 210Pb and 210Po activities, with 210Pb and 210Po in secular equilibrium 895 

(i.e., 210Po/210Pb activity ratios ~1). In this scenario, the magnitude of 210Po contamination 896 

depends on the concentrations of radon and colloids in the oxic groundwater. The second mode 897 

of 210Po  occurrence is associated with the redox state of the water, where Po is associated  with 898 

redox condition induced by decomposition of organic matter in aquifers (e.g., Nevada; Seiler, 899 

2011; Seiler et al., 2011) or Ra-rich phosphogypsum in Florida (Burnett and Elzerman, 2001). 900 
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The mobilization of 210Pb from aquifer solids is restricted to the redox window of the early 901 

sulfate reduction stage in which 210Po is released from dissolving manganese oxides until sulfide 902 

begins to accumulate and 210Po gets reduced and removed from the aquatic phase (Seiler, 2011; 903 

Seiler et al., 2011). Similarly, high 210Po was found in reducing, high pH (>7.5) groundwater 904 

from the eastern U.S. Coastal Plain. The Coastal Plain groundwater is characterized by high 905 

Na/Cl molar ratios (≥ 10) and low Ca, reflecting inverse base-exchange reaction. In addition, 906 

under reduced conditions manganese oxides are dissolved and can no longer retain 210Po, 907 

resulting in elevated 210Po in the groundwater (Szabo et al., 2020). Under reduced conditions, Po 908 

would accrue as Po(II) and under low pH as HPo- species. The retention of HPo- is expected to 909 

be lower than the cationic occurrence of Po, and thus would result in higher concentrations in the 910 

groundwater (Szabo et al., 2020). Overall, in this scenario, the 210Po anomaly would be 911 

associated with reducing conditions, sulfate reduction and manganese oxide dissolution, high pH, 912 

low Ca and low radon and uranium activities.  913 

 914 

Table 6:  Groundwater 210Po activities for the United States, divided by state, based on the most 915 

recent accepted USGS NWIS data (Via https://www.waterqualitydata.us/).   916 

 917 

State Number of 
Observations 

Minimum 
(pCi/L) 

Median 
(pCi/L) 

Maximum 
(pCi/L) 

AL 1 bdl bdl bdl 

AR 15 bdl 0.05 0.66 

AZ 76 bdl 0.02 0.23 

CA 76 bdl 0.0125 0.52 

CO 26 bdl 0.005 0.23 

CT 17 bdl 0.1 0.19 

FL 117 bdl 0.07 66 

GA 96 bdl 0.04 0.47 

IA 51 bdl 0.05 0.29 

ID 6 bdl 0.025 0.15 

IL 63 bdl 0.05 0.22 

IN 9 bdl 0.04 0.11 

KS 12 bdl 0.045 0.12 

KY 2 bdl 0.065 0.09 

LA 30 bdl 0.05 1.4 

MA 4 bdl 0.04 0.04 

MD 109 bdl 0.038 4.3 

MI 34 bdl 0.06 0.21 

MN 57 bdl 0.05 1.2 
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MO 58 bdl 0.1 0.26 

MS 81 bdl 0.03 0.34 

MT 44 bdl 0.032 3.08 

NC 88 bdl 0.05 0.5 

NH 8 bdl 0.03 0.05 

NM 62 bdl 0.035 0.33 

NV 5 bdl 0.057 2.34 

NY 38 bdl 0.032 0.13 

OK 16 bdl 0.07 0.45 

OR 23 bdl 0.1 0.3 

SC 53 bdl 0.08 4.1 

SD 7 bdl 0.05 0.21 

TN 40 bdl 0.02 0.11 

TX 234 bdl 0.065 2.6 

UT 9 bdl 0.05 0.13 

VA 37 bdl 0.07 10.1 

WA 91 bdl 0.04 0.67 

WI 14 bdl 0.03 0.22 

WY 5 bdl 0.03 0.06 

 918 

 919 
Figure 13: Ranges and median values of 210Po activities in worldwide groundwater systems. 920 

Data were collected from (1) Walsh et al. (2014); (2) Bonotto et al. (2009); (3) Valentim et al. 921 
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(1997); (4) Salonen (1988); (5) Vesterbacka et al. (2005); (6) Lehto et al. (1999); (7) Vaaramaa 922 

et al. (2003); (8) Skwarzec et al. (2003); (9) Isam Salih et al. (2002); and (10) Seiler (2016). 923 

 924 

 925 

 926 

6. Conclusions 927 
 928 

The occurrence of the radionuclides from the U- and Th-decay series in groundwater 929 

depends primarily on aquifer lithology (e.g., U and Th concentrations), hydrogeology (depth, 930 

permeability, clay mineral and oxides content), geochemical conditions (pH, redox, salinity), 931 

groundwater chemistry, and the presence of colloids in groundwater. The concentrations of the 932 

dissolved radionuclides in groundwater reflect the net balance between mobilization (dissolution, 933 

desorption, recoil) and retention (adsorption, incorporation into secondary minerals) of the 934 

radionuclides, in addition to the residence time of the groundwater with respect to the decay rates 935 

of the radionuclides. Ion-pairing and complexation directly control the speciation of the different 936 

elements, their reactivity with the aquifer rocks, and, consequently, occurrence in groundwater. 937 

Given the high reactivity of some of the radionuclides (e.g., Ra nuclides, 210Pb, 210Po), the 938 

presence of colloids could result in elevated radionuclide levels in groundwater (Gschwend et al., 939 

1990; Ivanovich and Hardy, 1986; Lapworth et al., 2013; Lieser, 1990; Porcelli and Swarzenski, 940 

2003; Seiler, 2011; Seiler et al., 2011; Swartz and Gschwend, 1998; Syngouna and 941 

Chrysikopoulos, 2013; Vilks et al., 1991).  942 

Overall, the chemical properties of the different radionuclides result in different 943 

capacities for co-occurrences of the U- and Th-decay radionuclides (Table 7); in low-saline and 944 

oxic conditions, primordial 238U, radon, and 210Po (when groundwater colloid concentrations are 945 

high) could co-occur, while Ra nuclides (assuming sufficient adsorption sites) and 210Pb are 946 

expected to be low. The retention of Ra to aquifer solids under oxidizing conditions could also 947 

induce high radon production and recoil to the groundwater. However, in high-permeability 948 

sandstone aquifers that lack sufficient adsorption sites, such as the Disi and Nubian Sandstone 949 

aquifers in the Middle East (Figure 9; Table 3), Ra can be enriched in groundwater. In contrast, 950 

in reducing and/or saline aquifers, Ra nuclides, 210Pb, and 210Po levels are expected to be high, 951 

with negligible U and radon concentrations controlled by the decay of dissolved Ra in the water. 952 

While most previous studies have focused on evaluating the occurrence and geochemical 953 

features of a single radionuclide, future studies should further explore the co-occurrence of 954 
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radionuclides in groundwater systems. While there is significant data reporting uranium and 955 

radium in groundwater, studies on the occurrence and distribution of 210Pb and 210Po are far less 956 

common. Additionally, there is a need for more data, especially geolocated data, on all nuclides 957 

in some parts of the world, like central Asia and Africa. Therefore, a comprehensive evaluation 958 

of all radionuclides is needed for a better assessment of the risks of radionuclides in groundwater 959 

to human health.  960 

 961 

Table 7: Major geochemical factors that control the occurrence of the U- and Th-decay nuclides 962 

in groundwater resources. X marks the factors the enhance the occurrence of the different 963 

nuclides in groundwater. While uranium shows systematic high abundance only in oxic 964 

groundwater, other radionuclides can c-occur in both oxic and reduced groundwater.  965 

 966 
Element Low-

pH 

High-

pH 

Reducing Oxidizing  Low-

saline 

High-

saline 

Associated 

with nitrate 

Associated 

with 

bicarbonate 

Uranium  X  X X X X X 

Radium X  X  X X   

Radon    X X    

Lead-210 X X X     X 

Polonium-

210 

 X X X X X  X 

 967 

 968 

 969 

ACKNOWLEDGEMENTS 970 

We thank the Guest Editors Dan Lapworth, Pauline Smedley, Seifu Kebede, Tom Boving and 971 

David Kreamer for inviting this paper for the Special Issue on Groundwater Quality, Pauline 972 

Smedley for handling the manuscript, and three anonymous reviewers for their thorough and 973 

constructive review that greatly improved the quality of this review paper. 974 

 975 

 976 

 977 

References 978 

 979 
Abdelouas, A., Lutze, W. and Nuttall, H.E. ,1999. Oxidative dissolution of uraninite precipitated 980 

on Navajo sandstone. Journal of Contaminant Hydrology 36, 353-375. DOI:10.1016/S0169-981 

7722(98)00151-X 982 

 983 

Abe, M., Suzuki, T., Fujii, Y., Hada, M., Hirao, K., 2008. An ab initio molecular orbital study of 984 

the nuclear volume effects in uranium isotope fractionations. The Journal of Chemical Physics 985 

129, 164309.  https://doi.org/10.1063/1.2992616 986 

https://doi.org/10.1063/1.2992616


 43 

 987 

Agbalagba, E.O., Avwiri, G.O. and Ononugbo, C.P., 2013. Activity concentration and 988 

radiological impact assessment of Ra-226, Ra-228 and K-40 in drinking waters from (OML) 30, 989 

58 and 61 oil fields and host communities in Niger Delta region of Nigeria. Journal of 990 

Environmental Radioactivity 116, 197-200. doi: 10.1016/j.jenvrad.2012.08.017.  991 

 992 

Ahmad, F., Morris, K., Law, G.T.W., Taylor, K. and Shaw, S., 2021. Fate of radium on the 993 

discharge of oil and gas produced water to the marine environment. Chemosphere, 129550. 994 

https://doi.org/10.1016/j.chemosphere.2021.129550 995 

 996 

Al Attar, L., Al-Oudat, M., Kanakri, S., Budeir, Y., Khalily, H. and Al Hamwi, A., 2011. 997 

Radiological impacts of phosphogypsum. Journal of Environmental Management 92, 2151-2158. 998 

DOI: 10.1016/j.jenvman.2011.03.041   999 

 1000 

Al-Jaseem, Q.K., Almasoud, F.I., Ababneh, A.M. and Al-Hobaib, A.S., 2016. Radiological 1001 

assessment of water treatment processes in a water treatment plant in Saudi Arabia: Water and 1002 

sludge radium content, radon air concentrations and dose rates. Science of the Total Environment 1003 

563, 1030-1036. DOI: 10.1016/j.scitotenv.2016.04.049  1004 

 1005 

Alam, M.S. and Cheng, T., 2014. Uranium release from sediment to groundwater: Influence of 1006 

water chemistry and insights into release mechanisms. Journal of Contaminant Hydrology 164, 1007 

72-87. DOI: 10.1016/j.jconhyd.2014.06.001  1008 

 1009 

Alharbi, T., Adel, A., Baloch, M.A., Alsagabi, S.F., Alssalim, Y.A., Alslamah, A.S. and 1010 

Alkhomashi, N.,2018. Natural radioactivity measurements and age-dependent dose assessment in 1011 

groundwater from Al-Zulfi, Al-Qassim and Al-Majmaah regions, Saudi Arabia. Journal of 1012 

Radioanalytical and Nuclear Chemistry 318, 935-945. https://doi.org/10.1007/s10967-018-6053-1013 

4 1014 

 1015 

Alkhomashi, N., Al-Hamarneh, I.F. and Almasoud, F.I., 2016. Determination of natural 1016 

radioactivity in irrigation water of drilled wells in northwestern Saudi Arabia. Chemosphere 144, 1017 

1928-1936.  DOI: 10.1016/j.chemosphere.2015.10.094  1018 

 1019 

Almahayni, T. and Vanhoudt, N., 2018. Does leaching of naturally occurring radionuclides from 1020 

roadway pavements stabilised with coal fly ash have negative impacts on groundwater quality 1021 

and human health? Journal of Hazardous Materials 349, 128-134. DOI: 1022 

10.1016/j.jhazmat.2018.01.029  1023 

 1024 

Almasoud, F.I., Ababneh, Z.Q., Alanazi, Y.J., Khandaker, M.U. and Sayyed, M.I., 2020. 1025 

Assessment of radioactivity contents in bedrock groundwater samples from the northern region 1026 

of Saudi Arabia. Chemosphere 242, 125181 https://doi.org/10.1016/j.chemosphere.2019.125181 1027 

 1028 

Amin, Y.M., Uddin Khandaker, M., Shyen, A.K.S., Mahat, R.H., Nor, R.M. and Bradley, D.A., 1029 

2013. Radionuclide emissions from a coal-fired power plant. Applied Radiation and Isotopes 80, 1030 

109-116. https://doi.org/10.1016/j.apradiso.2013.06.014 1031 

 1032 

https://doi.org/10.1016/j.chemosphere.2021.129550
http://dx.doi.org/10.1016/j.jenvman.2011.03.041
https://doi.org/10.1016/j.scitotenv.2016.04.049
https://doi.org/10.1016/j.jconhyd.2014.06.001
https://doi.org/10.1007/s10967-018-6053-4
https://doi.org/10.1007/s10967-018-6053-4
https://doi.org/10.1016/j.chemosphere.2015.10.094
https://doi.org/10.1016/j.jhazmat.2018.01.029
https://doi.org/10.1016/j.chemosphere.2019.125181
https://doi.org/10.1016/j.apradiso.2013.06.014


 44 

Andersen, M.B., Erel, Y., Bourdon, B., 2009. Experimental evidence for 234U–238U 1033 

fractionation during granite weathering with implications for 234U/238U in natural waters. 1034 

Geochimica et Cosmochimica Acta 73, 4124-4141.  https://doi.org/10.1016/j.gca.2009.04.020 1035 

 1036 

Andersen, M.B., Stirling, C.H., Potter, E.K., Halliday, A.N., 2004. Toward epsilon levels of 1037 

measurement precision on 234U/238U by using MC-ICPMS. International Journal of Mass 1038 

Spectrometry 237, 107-118.  https://doi.org/10.1016/j.ijms.2004.07.004 1039 

 1040 

Andersen, M.B., Stirling, C.H., Weyer, S., 2017. Uranium Isotope Fractionation. Reviews in 1041 

Mineralogy and Geochemistry 82, 799-850.  https://doi.org/10.2138/rmg.2017.82.19 1042 

 1043 

ANDRA, 2021. ThermoChimie (Consortium Andra - Ondraf/Niras - RWM ). French national 1044 

radioactive waste management agency (ANDRA), France. https://www.thermochimie-tdb.com/ 1045 

Andreasen, D.C. and Bolton, D.W., 2015. Preliminary investigation of elevated radioactivity in 1046 

groundwater in Charles County. Maryland Maryland Geological Survey, Open File Report 15-1047 

02-02. http://www.mgs.md.gov/publications/report_pages/OFR_15-02-02.html 1048 

 1049 

Asikainen, M. and Kahlos, H. ,1979. Anomalously high concentrations of uranium, radium and 1050 

radon in water from drilled wells in the Helsinki region. Geochimica et Cosmochimica Acta 43, 1051 

1681-1686. https://doi.org/10.1016/0016-7037(79)90187-X 1052 

 1053 

Ayotte, J.D., Gronberg, J.A.M.,  and Apodaca, L.E., 2011. Trace elements and radon in 1054 

groundwater across the United States, 1992–2003. US Geological Survey, Scientific 1055 

Investigations Report 2011–5059, Washington DC, p. 115. 1056 

https://pubs.usgs.gov/sir/2011/5059/pdf/sir2011-5059_report-covers_508.pdf 1057 

 1058 

Baik, M.H., Jung, E.C. and Jeong, J., 2015. Determination of uranium concentration and 1059 

speciation in natural granitic groundwater using TRLFS. Journal of Radioanalytical and Nuclear 1060 

Chemistry 305, 589-598.  DOI: https://doi.org/10.1007/s10967-015-3971-2 1061 

Balistrieri, L.S., Murray, J.W. and Paul, B.,1995. The geochemical cycling of stable Pb, 210Pb, 1062 

and 210Po in seasonally anoxic Lake Sammamish, Washington, USA. Geochimica et 1063 

Cosmochimica Acta 59, 4845-4861. https://doi.org/10.1016/0016-7037(95)00334-7 1064 

 1065 

Barisic, D., Lulic, S. and Miletic, P.,1992. Radium and uranium in phosphate fertilizers and their 1066 

impact on the radioactivity of waters. Water Research 26, 607-611. https://doi.org/10.1016/0043-1067 

1354(92)90234-U 1068 

 1069 

Barnes, R.T. and Raymond, P.A., 2009. The contribution of agricultural and urban activities to 1070 

inorganic carbon fluxes within temperate watersheds. Chemical Geology 266, 318-327. 1071 

https://doi.org/10.1016/j.chemgeo.2009.06.018 1072 

 1073 

Barnett, M.O., Jardine, P.M., Brooks, S.C. and Selim, H.M., 2000. Adsorption and Transport of 1074 

Uranium(VI) in Subsurface Media. Soil Science Society of America Journal 64, 908-917. 1075 

https://doi.org/10.2136/sssaj2000.643908x 1076 

Field Code Changed

https://doi.org/10.1016/j.gca.2009.04.020
https://doi.org/10.1016/j.ijms.2004.07.004
https://doi.org/10.2138/rmg.2017.82.19
http://www.mgs.md.gov/publications/report_pages/OFR_15-02-02.html
https://doi.org/10.1016/0016-7037(79)90187-X
https://pubs.usgs.gov/sir/2011/5059/pdf/sir2011-5059_report-covers_508.pdf
https://doi.org/10.1007/s10967-015-3971-2
https://doi.org/10.1016/0016-7037(95)00334-7
https://doi.org/10.1016/0043-1354(92)90234-U
https://doi.org/10.1016/0043-1354(92)90234-U
https://doi.org/10.1016/j.chemgeo.2009.06.018
https://doi.org/10.2136/sssaj2000.643908x


 45 

 1077 

Basu, A., Brown, S.T., Christensen, J.N., DePaolo, D.J., Reimus, P.W., Heikoop, J.M., 1078 

Wodegabriel, G., Simmons, A.M., House, B.M., Hartmann, M., Maher, K., 2015. Isotopic and 1079 

Geochemical Tracers for U(VI) Reduction and U Mobility at an in Situ Recovery U Mine. 1080 

Environmental Science & Technology 49, 5939-5947.  Environ Sci Technol 49:5939–5947  1081 

https://doi.org/10.1021/acs.est.5b00701 1082 

 1083 

Basu, A., Sanford, R.A., Johnson, T.M., Lundstrom, C.C., Löffler, F.E., 2014. Uranium isotopic 1084 

fractionation factors during U(VI) reduction by bacterial isolates. Geochim. Cosmochim. Acta 1085 

136, 100-113.  https://doi.org/10.1016/j.gca.2014.02.041 1086 

 1087 

Berg, M., Stengel, C., Trang, P.T.K., Viet, P.H., Sampson, M.L., Leng, M., Samreth, S. and 1088 

Fredericks, D., 2007. Magnitude of arsenic pollution in the Mekong and Red River Deltas—1089 

Cambodia and Vietnam. Science of the Total Environment 372, 413-425. DOI: 1090 

10.1016/j.scitotenv.2006.09.010  1091 

 1092 

Berg, M., Tran, H.C., Nguyen, T.C., Pham, H.V., Schertenleib, R. and Giger, W., 200.  Arsenic 1093 

contamination of groundwater and drinking water in Vietnam: a human health threat. 1094 

Environmental Science & Technology 35, 2621-2626. https://doi.org/10.1021/es010027y 1095 

 1096 

Bernhardt, G.P. and Hess, C.T., 1996. Acute exposure from 222Rn and aerosols in drinking water. 1097 

Environment International 22, 753-759. https://doi.org/10.1016/S0160-4120(96)00179-1 1098 

 1099 

Bigeleisen, J., 1996. Nuclear size and shape effects in chemical reactions. Isotope chemistry of 1100 

the heavy elements. J Am Chem Soc 118, 3676-3680.  https://doi.org/10.1021/ja954076k 1101 

 1102 

Blake, J.M., Harte, P. and Becher, K., 2019. Differentiating anthropogenic and natural sources of 1103 

uranium by geochemical fingerprinting of groundwater at the Homestake uranium mill, Milan, 1104 

New Mexico, USA. Environmental Earth Sciences 78, 384. https://doi.org/10.1007/s12665-019-1105 

8385-y  1106 

 1107 

Bloom M. S., B.L.G.M., Sundaram R., Maisog J. M., Steuerwald A. J. and Parsons P. J., 2015. 1108 

Birth outcomes and background exposures to select elements, the Longitudinal Investigation of 1109 

Fertility and the Environment (LIFE). Environmental Research 138, 118–129. DOI: 1110 

10.1016/j.envres.2015.01.008  1111 

 1112 

Bolton, D.W., 2000. Occurrence and distribution of radium, gross alpha-particle activity, and 1113 

gross beta-particle activity in ground water in the Magothy Formation and Potomac Group 1114 

aquifers, upper Chesapeake Bay area, Maryland. Maryland Geological Survey, Report of 1115 

Investigation 70, p. 97. http://www.mgs.md.gov/reports/RI_70.pdf 1116 

 1117 

Bonotto, D.M. , 2017. The dissolved uranium concentration and 234U/238U activity ratio in 1118 

groundwaters from spas of southeastern Brazil. Journal of environmental radioactivity, 166, 142-1119 

151. https://doi.org/10.1016/j.jenvrad.2016.03.009 1120 

 1121 

Field Code Changed

https://doi.org/10.1021/acs.est.5b00701
https://doi.org/10.1016/j.gca.2014.02.041
https://ui.adsabs.harvard.edu/link_gateway/2007ScTEn.372..413B/doi:10.1016/j.scitotenv.2006.09.010
https://doi.org/10.1021/es010027y
https://doi.org/10.1016/S0160-4120(96)00179-1
https://doi.org/10.1021/ja954076k
https://doi.org/10.1007/s12665-019-8385-y
https://doi.org/10.1007/s12665-019-8385-y
https://doi.org/10.1016/j.envres.2015.01.008
http://www.mgs.md.gov/reports/RI_70.pdf
https://doi.org/10.1016/j.jenvrad.2016.03.009


 46 

Bonotto, D.M., 2019. Gross alpha/beta radioactivity and radiation dose in thermal and non-1122 

thermal spas groundwaters. Heliyon 5, e01563. https://doi.org/10.1016/j.heliyon.2019.e01563 1123 

 1124 

Bopp, C.J., Lundstrom, C.C., Johnson, T.M., Glessner, J.J.G., 2009. Variations in U-238/U-235 1125 

in uranium ore deposits: Isotopic signatures of the U reduction process? Geology 37, 611-614.  1126 

https://doi.org/10.1130/G25550a.1 1127 

 1128 

Bopp, C.J., Lundstrom, C.C., Johnson, T.M., Sanford, R.A., Long, P.E., Williams, K.H., 2010. 1129 

Uranium 238U/235U Isotope Ratios as Indicators of Reduction: Results from an in situ 1130 

Biostimulation Experiment at Rifle, Colorado, U.S.A. Environmental Science & Technology 44, 1131 

5927–5933.  https://doi.org/10.1021/es100643v 1132 

 1133 

Bouchaou, L., Warner, N.R., Tagma, T., Hssaisoune, M. and Vengosh, A., 2017. The origin of 1134 

geothermal waters in Morocco: Multiple isotope tracers for delineating sources of water-rock 1135 

interactions. Applied Geochemistry 84, 244-253. 1136 

https://doi.org/10.1016/j.apgeochem.2017.07.004 1137 

 1138 

Brennecka, G.A., Borg, L.E., Hutcheon, I.D., Sharp, M.A., Anbar, A.D., 2010. Natural variations 1139 

in uranium isotope ratios of uranium ore concentrates: Understanding the U-238/U-235 1140 

fractionation mechanism. Earth Planet Sci Lett 291, 228-233. 1141 

https://doi.org/10.1016/j.epsl.2010.01.023. 1142 

 1143 

Brennecka, G.A., Wasylenki, L.E., Bargar, J.R., Weyer, S., Anbar, A.D., 2011. Uranium Isotope 1144 

Fractionation during Adsorption to Mn-Oxyhydroxides. Environ Sci Technol 45, 1370-1375.  1145 

https://doi.org/10.1021/es103061v 1146 

 1147 

Brindha, K. and Elango, L., 2013. Occurrence of uranium in groundwater of a shallow granitic 1148 

aquifer and its suitability for domestic use in southern India. Journal of Radioanalytical and 1149 

Nuclear Chemistry 295, 357-367. https://doi.org/10.1007/s10967-012-2090-6 1150 

 1151 

Brooks, S.C., Fredrickson, J.K., Carroll, S.L., Kennedy, D.W., Zachara, J.M., Plymale, A.E., 1152 

Kelly, S.D., Kemner, K.M. and Fendorf, S., 2003. Inhibition of bacterial U(VI) reduction by 1153 

calcium. Environmental Science & Technology 37, 1850-1858. 1154 

https://doi.org/10.1021/es0210042 1155 

 1156 

Broshears, R.E., Akbari, M.A., Chornack, M.P., Mueller, D.K. and Ruddy, B.C., 2005.  1157 

Inventory of ground-water resources in the Kabul Basin, Afghanistan. U. S. Geological Survey, 1158 

Scientific Investigations Report 2005-5090, 34 p. 1159 

https://pubs.usgs.gov/sir/2005/5090/sir20055090.pdf 1160 

 1161 

Brown ST, Basu A, Christensen JN, Reimus P, Heikoop J, Simmons A, Wolde Gabriel G, Maher 1162 

K, Weaver K, Clay J, DePaolo DJ (2016) Isotopic evidence for reductive immobilization of 1163 

uranium across a roll-front mineral deposit. Environ Sci Technol 50:6189–6198.  1164 

https://doi.org/10.1021/acs.est.6b00626 1165 

 1166 

https://doi.org/10.1016/j.heliyon.2019.e01563
https://doi.org/10.1130/G25550a.1
https://doi.org/10.1021/es100643v
https://doi.org/10.1016/j.apgeochem.2017.07.004
https://doi.org/10.1016/j.epsl.2010.01.023
https://doi.org/10.1021/es103061v
https://doi.org/10.1007/s10967-012-2090-6
https://doi.org/10.1021/es0210042
https://pubs.usgs.gov/sir/2005/5090/sir20055090.pdf
https://doi.org/10.1021/acs.est.6b00626


 47 

Brown, P.L., Ekberg, C. and Matyskin, A.V., 2019. On the solubility of radium and other 1167 

alkaline earth sulfate and carbonate phases at elevated temperature. Geochimica et 1168 

Cosmochimica Acta 255, 88-104. https://doi.org/10.1016/j.gca.2019.04.009 1169 

 1170 

Brown, S.T., Basu, A., Ding, X., Christensen, J.N., DePaolo, D.J., 2018. Uranium isotope 1171 

fractionation by abiotic reductive precipitation. Proceedings of the National Academy of 1172 

Sciences 115, 8688-8693.  https://doi.org/10.1073/pnas.1805234115 1173 

 1174 

Brutsaert, W.F., Norton, S.A., Hess, C.T. and Williams, J.S., 1981. Geologic and Hydrologic 1175 

Factors Controlling Radon-222 in Ground Water in Maine. Groundwater 19, 407-417. 1176 

https://doi.org/10.1111/j.1745-6584.1981.tb03488.x 1177 

 1178 

Buffle, J., Wilkinson, K.J., Stoll, S., Filella, M. and Zhang, J., 1998. A Generalized Description 1179 

of Aquatic Colloidal Interactions:  The Three-colloidal Component Approach. Environmental 1180 

Science & Technology 32, 2887-2899. https://doi.org/10.1021/es980217h 1181 

 1182 

Burmaster, D.E., 1998. A Lognormal Distribution for Time Spent Showering. Risk Analysis 18, 1183 

33-35. https://doi.org/10.1111/j.1539-6924.1998.tb00913.x. 1184 

 1185 

Burnett, W.C. and Elzerman, A.W., 2001. Nuclide migration and the environmental 1186 

radiochemistry of Florida phosphogypsum. Journal of Environmental Radioactivity 54, 27-51.  1187 

https://doi.org/10.1016/S0265-931X(00)00164-8 1188 

 1189 

Burow, K.R., Belitz, K., Dubrovsky, N.M. and Jurgens, B.C., 2017. Large decadal-scale changes 1190 

in uranium and bicarbonate in groundwater of the irrigated western U.S. Science of The Total 1191 

Environment 586, 87-95. https://doi.org/10.1016/j.scitotenv.2017.01.220  1192 

 1193 

Campbell, K.M., 2011. Naturally-Occurring Radon-222, Total Uranium, Radium-226, and 1194 

Radium-228 in Drinking Water Wells in Western and Central North Carolina, 2009-2010. North 1195 

Carolina Division of Water Quality, Groundwater Circular 2011-02,  p. 38. 1196 

https://www.ncwater.org/Reports_and_Publications/GWMS_Reports/Quality/Naturally-1197 

Occurring_Radon-222,_Total_Uranium,_Radium-226,_and_Radium-1198 

228_in_Drinking_Water_Wells_in_Western_and_Central_North_Carolina_2009-2010.pdf 1199 

 1200 

Carpenter, J., Bi, Y. and Hayes, K.F., 2015. Influence of Iron Sulfides on Abiotic Oxidation of 1201 

UO2 by Nitrite and Dissolved Oxygen in Natural Sediments. Environmental Science & 1202 

Technology 49, 1078-1085. https://doi.org/10.1021/es504481n 1203 

 1204 

Carvalho, F., Fernandes, S., Fesenko,S., Holm,  E., Howard, B., Martin, P., Phaneuf, M.P., 1205 

Porcelli, D., Pröhl, G.; Twinig, J., 2017. The environmental behaviour of polonium. International 1206 

Atomic Energy Agency (IAEA), Technical Report Series No. 484, Vienna, Austria. https://www-1207 

pub.iaea.org/MTCD/Publications/PDF/D484_web.pdf 1208 

 1209 

Carvalho, F.P., Madruga, M.J., Reis, M.C., Alves, J.G., Oliveira, J.M., Gouveia, J. and Silva, L., 1210 

2007. Radioactivity in the environment around past radium and uranium mining sites of 1211 

Portugal. Journal of Environmental Radioactivity 96, 39-46. doi:10.1016/j.jenvrad.2007.01.016.  1212 

https://doi.org/10.1016/j.gca.2019.04.009
https://doi.org/10.1073/pnas.1805234115
https://doi.org/10.1111/j.1745-6584.1981.tb03488.x
https://doi.org/10.1021/es980217h
https://doi.org/10.1111/j.1539-6924.1998.tb00913.x
https://doi.org/10.1016/S0265-931X(00)00164-8
https://doi.org/10.1016/j.scitotenv.2017.01.220
https://www.ncwater.org/Reports_and_Publications/GWMS_Reports/Quality/Naturally-Occurring_Radon-222,_Total_Uranium,_Radium-226,_and_Radium-228_in_Drinking_Water_Wells_in_Western_and_Central_North_Carolina_2009-2010.pdf
https://www.ncwater.org/Reports_and_Publications/GWMS_Reports/Quality/Naturally-Occurring_Radon-222,_Total_Uranium,_Radium-226,_and_Radium-228_in_Drinking_Water_Wells_in_Western_and_Central_North_Carolina_2009-2010.pdf
https://www.ncwater.org/Reports_and_Publications/GWMS_Reports/Quality/Naturally-Occurring_Radon-222,_Total_Uranium,_Radium-226,_and_Radium-228_in_Drinking_Water_Wells_in_Western_and_Central_North_Carolina_2009-2010.pdf
https://doi.org/10.1021/es504481n
https://www-pub.iaea.org/MTCD/Publications/PDF/D484_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/D484_web.pdf


 48 

 1213 

Cech, I.M., Prichard, H.M., Mayerson, A. and Lemma, M., 1987. Pattern of distribution of 1214 

radium-226 in drinking water of Texas. Water Resources Research 23, 1987-1995. 1215 

https://doi.org/10.1029/WR023i010p01987 1216 

 1217 

Cecil, L.D., Smith, R.C., Reilly, M.A., and Rose, A.W.,1987. Radium-228 and radium-226 in the 1218 

ground water of the Chickies Formation, Southeastern Pennsylvania, in: Graves, B. (Ed.), Radon, 1219 

radium, and other radioactivity in ground water. Lewis Publishers, Boca Raton, FL, pp. 437-447. 1220 

DOI: https://doi.org/10.1201/9781003069836  1221 

 1222 

Chabaux, F., Ma, L., Stille, P., Pelt, E., Granet, M., Lemarchand, D., Roupert, R.d.C. and 1223 

Brantley, S.L., 2011. Determination of chemical weathering rates from U series nuclides in soils 1224 

and weathering profiles: Principles, applications and limitations. Applied Geochemistry 26, S20-1225 

S23. https://doi.org/10.1016/j.apgeochem.2011.03.019 1226 

 1227 

Chalupnik, S., 2005. Impact of radium-bearing mine waters on the natural environment, 1228 

Radioactivity in the Environment. Elsevier, pp. 985-995. https://doi.org/10.1016/S1569-1229 

4860(04)07122-0 1230 

 1231 

Chalupnik, S., Michalik, B., Wysocka, M., Skubacz, K. and Mielnikow, A., 2001. Contamination 1232 

of settling ponds and rivers as a result of discharge of radium-bearing waters from Polish coal 1233 

mines. Journal of Environmental Radioactivity 54, 85-98. DOI: 10.1016/s0265-931x(00)00168-5  1234 

 1235 

Chałupnik, S., Wysocka, M., Janson, E., Chmielewska, I. and Wiesner, M., 2017. Long term 1236 

changes in the concentration of radium in discharge waters of coal mines and Upper Silesian 1237 

rivers. Journal of Environmental Radioactivity 171, 117-123. doi: 10.1016/j.jenvrad.2017.02.007 1238 

 1239 

Charette, M.A., Morris, P.J., Henderson, P.B. and Moore, W.S., 2015. Radium isotope 1240 

distributions during the US GEOTRACES North Atlantic cruises. Marine Chemistry 177, 184-1241 

195. https://doi.org/10.1016/j.marchem.2015.01.001 1242 

 1243 

Chen, G., Sun, Z., Nie, F., Li, C., Zhen, Y., Zhou, Z., 2020. Hydrogeochemical characteristics of 1244 

the sandstone-hosted uranium mineralization in northern Ordos Basin, China. Ore Geology 1245 

Reviews, 126, 103769. https://doi.org/10.1016/j.oregeorev.2020.103769 1246 

 1247 

Chermak, J.A. and Schreiber, M.E., 2014. Mineralogy and trace element geochemistry of gas 1248 

shales in the United States: Environmental implications. International Journal of Coal Geology 1249 

126, 32-44. https://doi.org/10.1016/j.coal.2013.12.005 1250 

 1251 

Chkir, N., Guendouz, A., Zouari, K., Hadj Ammar, F., Moulla, A.S.,2009. Uranium isotopes in 1252 

groundwater from the continental intercalaire aquifer in Algerian Tunisian Sahara (Northern 1253 

Africa). Journal of Environmental Radioactivity, 100, 649-656. 1254 

https://doi.org/10.1016/j.jenvrad.2009.05.009 1255 

 1256 

https://doi.org/10.1029/WR023i010p01987
https://doi.org/10.1201/9781003069836
https://doi.org/10.1016/j.apgeochem.2011.03.019
https://doi.org/10.1016/S1569-4860(04)07122-0
https://doi.org/10.1016/S1569-4860(04)07122-0
https://doi.org/10.1016/s0265-931x(00)00168-5
https://doi.org/10.1016/j.marchem.2015.01.001
https://doi.org/10.1016/j.oregeorev.2020.103769
https://doi.org/10.1016/j.coal.2013.12.005
https://doi.org/10.1016/j.jenvrad.2009.05.009


 49 

Cho, B.W. and Choo, C.O., 2019. Geochemical Behavior of Uranium and Radon in Groundwater 1257 

of Jurassic Granite Area, Icheon, Middle Korea. Water 11, 1278. 1258 

https://doi.org/10.3390/w11061278 1259 

 1260 

CIAAW. Isotopic compositions of the elements 2019. Available online at www.ciaaw.org. 1261 

Clausen, J.L., Bostick, B. and Korte, N., 2011. Migration of Lead in Surface Water, Pore Water, 1262 

and Groundwater With a Focus on Firing Ranges. Critical Reviews in Environmental Science 1263 

and Technology 41, 1397-1448. https://doi.org/10.1080/10643381003608292 1264 

 1265 

Cohn, P.S., R.; Burger, S.; Fagliano, J.; Klotz, J., 2003. Radium in Drinking Water and the 1266 

Incidence of Osteosarcoma. Division of Epidemiology, Environmental and Occupational Health, 1267 

New Jersey Department of Health and Senior Services, New Jersey, p. 17. 1268 

https://rucore.libraries.rutgers.edu/rutgers-lib/17230/PDF/1/play/ 1269 

 1270 

Condomines, M., Lloret, E., Seidel, J.-L. and Lopez, M., 2014. 228Ra/226Ra ratios in 1271 

hydrothermal carbonates and the origin of radium in CO2-rich waters of the Lodève Basin (South 1272 

of France). Chemical Geology 372, 46-53. https://doi.org/10.1016/j.chemgeo.2014.02.008 1273 

 1274 

Coston, J.A., Fuller, C.C. and Davis, J.A., 1995. Pb2+ and Zn2+ adsorption by a natural 1275 

aluminum- and iron-bearing surface coating on an aquifer sand. Geochimica et Cosmochimica 1276 

Acta 59, 3535-3547. https://doi.org/10.1016/0016-7037(95)00231-N  1277 

 1278 

Coyte, R.M. and Vengosh, A., 2020. Factors Controlling the Risks of Co-occurrence of the 1279 

Redox-Sensitive Elements of Arsenic, Chromium, Vanadium, and Uranium in Groundwater 1280 

from the Eastern United States. Environmental Science & Technology 54, 4367-4375. 1281 

https://doi.org/10.1021/acs.est.9b06471 1282 

 1283 

Coyte, R.M., Jain, R.C., Srivastava, S.K., Sharma, K.C., Khalil, A., Ma, L. and Vengosh, A., 1284 

2018. Large-Scale Uranium Contamination of Groundwater Resources in India. Environmental 1285 

Science & Technology Letters 5, 341-347. https://doi.org/10.1021/acs.estlett.8b00215 1286 

 1287 

Coyte, R.M., Singh, A., Furst, K.E., Mitch, W.A., and Vengosh, A., 2019. Co-occurrence of 1288 

geogenic and anthropogenic contaminants in groundwater from Rajasthan, India. Science of the 1289 

total Environment, 688, 1216-1227. https://doi.org/10.1016/j.scitotenv.2019.06.334 1290 

Dang, D. H.; Novotnik, B.; Wang, W.; Georg, R. B.; Evans, R. D.; Uranium Isotope 1291 

Fractionation during Adsorption, (Co)precipitation, and Biotic Reduction: Environ. Sci. Technol. 1292 

2016, 50, 12695–12704.  https://doi.org/10.1021/acs.est.6b01459 1293 

 1294 

Dabous, A.A.,1994. The geochemistry of uranium and thorium isotopes in the Western Desert of 1295 

Egypt. Geochimica et Cosmochimica Acta, 58, 4591-4600. https://doi.org/10.1016/0016-1296 

7037(94)90193-7. 1297 

 1298 

Dabous, A. A., and Osmond, J. K., 2001. Uranium isotopic study of artesian and pluvial 1299 

contributions to the Nubian Aquifer, Western Desert, Egypt. Journal of Hydrology, 243(3-4), 1300 

242-253. https://doi.org/10.1016/S0022-1694(00)00417-0 1301 

 1302 

Formatted: Italian (Italy)

Field Code Changed

Formatted: Italian (Italy)

Formatted: Italian (Italy)

https://doi.org/10.3390/w11061278
https://doi.org/10.1080/10643381003608292
https://rucore.libraries.rutgers.edu/rutgers-lib/17230/PDF/1/play/
https://doi.org/10.1016/j.chemgeo.2014.02.008
https://doi.org/10.1016/0016-7037(95)00231-N
https://doi.org/10.1021/acs.est.9b06471
https://doi.org/10.1021/acs.estlett.8b00215
https://doi.org/10.1016/j.scitotenv.2019.06.334
https://doi.org/10.1021/acs.est.6b01459
https://doi.org/10.1016/0016-7037(94)90193-7
https://doi.org/10.1016/0016-7037(94)90193-7
https://doi.org/10.1016/S0022-1694(00)00417-0


 50 

Dabous, A.A., 2003.  Secondary uranium in phosphorites and its relation to groundwater in 1303 

Egypt. Geochemical Journal, 37, 413-426. https://doi.org/10.2343/geochemj.37.413 1304 

 1305 

Datye, V.K., Hopke, P.K., Fitzgerald, B. and Raunemaa, T.M., 1997. Dynamic Model for 1306 

Assessing 222Rn and Progeny Exposure from Showering with Radon-Bearing Water. 1307 

Environmental Science & Technology 31, 1589-1596. https://doi.org/10.1021/es9601548 1308 

 1309 

de Caritat, P., Danilova, S., Reimann, C. and Storrø, G., 1998. Groundwater composition near 1310 

the nickel—copper smelting industry on the Kola Peninsula, central Barents Region (NW Russia 1311 

and NE Norway). Journal of Hydrology 208, 92-107. https://doi.org/10.1016/S0022-1312 

1694(98)00147-4 1313 

 1314 

de Meyer, C.M., Rodríguez, J.M., Carpio, E.A., García, P.A., Stengel, C. and Berg, M., 2017. 1315 

Arsenic, manganese and aluminum contamination in groundwater resources of Western 1316 

Amazonia (Peru). Science of the Total Environment 607, 1437-1450. 1317 

https://doi.org/10.1016/j.scitotenv.2017.07.059 1318 

 1319 

de Silva, M.L. and Bonotto, D.M., 2015. Uranium isotopes in groundwater occurring at 1320 

Amazonas State, Brazil. Applied Radiation and Isotopes, 97, 24-33. 1321 

https://doi.org/10.1016/j.apradiso.2014.12.012 1322 

 1323 

De Pree, T.A., 2020. The politics of baselining in the Grants uranium mining district of 1324 

northwestern New Mexico. Journal of Environmental Management 268, 110601. 1325 

https://doi.org/10.1016/j.jenvman.2020.110601 1326 

 1327 

Deflorin, O., 2004. Natürliche Radionuklide in Grundwässern des Kantons Graubünden. 1328 

Université de Neuchâtel.PhD Thesis. http://doc.rero.ch/record/507 1329 

 1330 

Descostes, M., Schlegel, M.L., Eglizaud, N., Descamps, F., Miserque, F. and Simoni, E., 2010. 1331 

Uptake of uranium and trace elements in pyrite (FeS2) suspensions. Geochimica et 1332 

Cosmochimica Acta 74, 1551-1562. https://doi.org/10.1016/j.gca.2009.12.004 1333 

 1334 

Dhaoui, Z., Chkir, N., Zouari, K., Ammar, F. H., Agoune, A., 2016. Investigation of uranium 1335 

geochemistry along groundwater flow path in the Continental Intercalaire aquifer (Southern 1336 

Tunisia). Journal of environmental radioactivity, 157, 67-76. 1337 

https://doi.org/10.1016/j.jenvrad.2016.03.005 1338 

 1339 

Dickson, B. and Herczeg, A., 1992. Naturally-occurring radionuclides in acid Saline 1340 

groundwaters around Lake Tyrrell, Victoria, Australia. Chemical Geology 96, 95-114. 1341 

https://doi.org/10.1016/0009-2541(92)90123-M 1342 

 1343 

Dickson, B.L., Giblin, A.M., and Snelling, A.A., 1987. The source of radium in anomalous 1344 

accumulations near sandstone escarpments, Australia. Applied Geochemistry 2, 385-398. 1345 

https://doi.org/10.1016/0883-2927(87)90023-0 1346 

 1347 

Field Code Changed

Field Code Changed

Field Code Changed

Formatted: Italian (Italy)

Formatted: Italian (Italy)

https://doi.org/10.1021/es9601548
https://doi.org/10.1016/S0022-1694(98)00147-4
https://doi.org/10.1016/S0022-1694(98)00147-4
https://doi.org/10.1016/j.scitotenv.2017.07.059
https://doi.org/10.1016/j.apradiso.2014.12.012
https://doi.org/10.1016/j.jenvman.2020.110601
http://doc.rero.ch/record/507
https://doi.org/10.1016/j.gca.2009.12.004
https://doi.org/10.1016/j.jenvrad.2016.03.005
https://doi.org/10.1016/0009-2541(92)90123-M
https://doi.org/10.1016/0883-2927(87)90023-0


 51 

Dillon, M.E., Carter, G.L., Arora, R. and Kahn, B.,1991. Radon Concentrations in Ground Water 1348 

of the Georgia Piedmont. Health Physics 60, 229-236. DOI: 10.1097/00004032-199102000-1349 

00011  1350 

 1351 

Dong, W. and Brooks, S.C., 2006. Determination of the Formation Constants of Ternary 1352 

Complexes of Uranyl and Carbonate with Alkaline Earth Metals (Mg2+, Ca2+, Sr2+, and Ba2+) 1353 

Using Anion Exchange Method. Environmental Science & Technology 40, 4689-4695. 1354 

https://doi.org/10.1021/es0606327 1355 

 1356 

Dong, W., Ball, W.P., Liu, C., Wang, Z., Stone, A.T., Bai, J. and Zachara, J.M., 2005. Influence 1357 

of Calcite and Dissolved Calcium on Uranium(VI) Sorption to a Hanford Subsurface Sediment. 1358 

Environmental Science & Technology 39, 7949-7955. https://doi.org/10.1021/es0505088 1359 

 1360 

Duff, M.C. and Amrhein, C.,1996. Uranium(VI) Adsorption on Goethite and Soil in Carbonate 1361 

Solutions. Soil Science Society of America Journal 60, 1393-1400. 1362 

https://doi.org/10.2136/sssaj1996.03615995006000050014x 1363 

 1364 

Durand, S., Chabaux, F., Rihs, S., Duringer, P., Elsass, P., 2005. U isotope ratios as tracers of 1365 

groundwater inputs into surface waters: Example of the Upper Rhine hydrosystem. Chemical 1366 

Geology 220, 1-19.  https://doi.org/10.1016/j.chemgeo.2005.02.016 1367 

 1368 

Ebaid, Y.Y., 2020. Ra-226 and Ra-228 concentrations in soils with intense groundwater 1369 

irrigation in an arid environment. Radiation Protection Dosimetry 188, 299-310. 1370 

https://doi.org/10.1093/rpd/ncz287 1371 

 1372 

Eckerman, K.F.L., Leggett, R.W.;  Nelson, C.B.; Puskin, J.S.; Richardson, A.C.B., 1999. Cancer 1373 

Risk Coefficients for Environmental Exposure to Radionuclides. EPA 402-R-99-001, Oak Ridge 1374 

National Laboratory, Oak Ridge, Tennessee. 1375 

https://www.nrc.gov/docs/ML1801/ML18019B163.pdf 1376 

 1377 

Edmunds, W.M., Guendouz, A.H., Mamou, A., Moulla, A., Shand, P., Zouari, K., 2003. 1378 

Groundwater evolution in the Continental Intercalaire aquifer of southern Algeria and Tunisia: 1379 

trace element and isotopic indicators. Applied Geochemistry, 18, 805-822. 1380 

https://doi.org/10.1016/S0883-2927(02)00189-0 1381 

 1382 

Elliot, T., Bonotto, D.M. and Andrews, J.N., 2014. Dissolved uranium, radium and radon 1383 

evolution in the Continental Intercalaire aquifer, Algeria and Tunisia. Journal of Environmental 1384 

Radioactivity 137, 150-162. https://doi.org/10.1016/j.jenvrad.2014.07.003 1385 

 1386 

Elster, D., Haslinger, E., Dietzel, M., Fröschl, H. and Schubert, G., 2018. Uranium and Multi-1387 

element Release from Orthogneiss and Granite (Austria): Experimental Approach Versus 1388 

Groundwater Composition. Aquatic Geochemistry 24, 279-306. DOI: 1389 

https://doi.org/10.1007/s10498-018-9344-z 1390 

 1391 

Eskenazy, G.M. and Velichkov, D., 2012. Radium in Bulgarian coals. International Journal of 1392 

Coal Geology 94, 296-301. https://doi.org/10.1016/j.coal.2011.12.010 1393 

https://doi.org/10.1097/00004032-199102000-00011
https://doi.org/10.1097/00004032-199102000-00011
https://doi.org/10.1021/es0606327
https://doi.org/10.1021/es0505088
https://doi.org/10.2136/sssaj1996.03615995006000050014x
https://doi.org/10.1016/j.chemgeo.2005.02.016
https://doi.org/10.1093/rpd/ncz287
https://www.nrc.gov/docs/ML1801/ML18019B163.pdf
https://doi.org/10.1016/S0883-2927(02)00189-0
https://doi.org/10.1016/j.jenvrad.2014.07.003
https://doi.org/10.1007/s10498-018-9344-z
https://doi.org/10.1016/j.coal.2011.12.010


 52 

 1394 

European Commission (EU), 1998.  The Drinking Water Directive 98/83/EC. 1395 

https://ec.europa.eu/environment/water/water-drink/legislation_en.html 1396 

 1397 

European Environmental Agancy, 2019. Waterbase - Water Quality. European Union (EU). 1398 

https://www.eea.europa.eu/data-and-maps/data/waterbase-water-quality-2 1399 

 1400 

Faraj, T., Ragab, A. and El Alfy, M., 2020. Geochemical and hydrogeological factors influencing 1401 

high levels of radium contamination in groundwater in arid regions. Environmental Research 1402 

184. https://doi.org/10.1016/j.envres.2020.109303 1403 

 1404 

Finkelman, R.B., Wolfe, A. and Hendryx, M.S., 2020. The future environmental and health 1405 

impacts of coal. Energy Geoscience, 2, 99-112. https://doi.org/10.1016/j.engeos.2020.11.001 1406 

 1407 

Finkelstein, M.M. and Kreiger, N., 1996. Radium in drinking water and risk of bone cancer in 1408 

Ontario youths:a second study and combined analysis. Occupational and Environmental 1409 

Medicine, 53, 305-311. http://dx.doi.org/10.1136/oem.53.5.305 1410 

Finkelstein, M.M., 1994. Radium in drinking water and the risk of death from bone cancer 1411 

among Ontario youths. Canadian Medical Association Journal, 151, 565-571. 1412 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1337191/pdf/cmaj00053-0075.pdf 1413 

 1414 

Finneran, K.T., Housewright, M.E. and Lovley, D.R., 2002. Multiple influences of nitrate on 1415 

uranium solubility during bioremediation of uranium-contaminated subsurface sediments. 1416 

Environmental Microbiology 4, 510-516. DOI: 10.1046/j.1462-2920.2002.00317.x  1417 

 1418 

Fitzgerald, B., Hopke, P.K., Datye, V., Raunemaa, T. and Kuuspalo, K., 1997. Experimental 1419 

Assessment of the Short- and Long-Term Effects of 222Rn from Domestic Shower Water on the 1420 

Dose Burden Incurred in Normally Occupied Homes. Environmental Science & Technology 31, 1421 

1822-1829. https://doi.org/10.1021/es950936l 1422 

 1423 

Fitzgerald, J., Cunliffe, D., Rainow, S., Dodds, S., Hostetler, S. and Jacobson, G., 1999. 1424 

Groundwater quality and environmental health implications. Anangu Pitjantjara Lands, South 1425 

Australia. Bureau of Rural Sciences, Canberra, Australia.: ISBN: 9780642475299, 0642475296 1426 

 1427 

Focazio, M.J.S., Z.;  Kraemer, T.F.; Mullin, A.H.; Barringer, T.H.; dePau, V.T., 2001. 1428 

Occurrence of Selected Radionuclides inGround Water Used for Drinking Water in theUnited 1429 

States: A Reconnaissance Survey, 1998. Water-Resources Investigations Report 00-4273, U.S. 1430 

Geological Survey, Washington DC, p. 40. 1431 

https://pubs.usgs.gov/wri/wri004273/pdf/wri004273.pdf 1432 

 1433 

Frengstad, B., Skrede, A.K.M., Banks, D., Krog, J.R. and Siewers, U., 2000. The chemistry of 1434 

Norwegian groundwaters: III. The distribution of trace elements in 476 crystalline bedrock 1435 

groundwaters, as analysed by ICP-MS techniques. Science of the Total environment 246, 21-40. 1436 

https://doi.org/10.1016/S0048-9697(99)00413-1 1437 

 1438 

Field Code Changed

https://ec.europa.eu/environment/water/water-drink/legislation_en.html
https://www.eea.europa.eu/data-and-maps/data/waterbase-water-quality-2
https://doi.org/10.1016/j.envres.2020.109303
https://doi.org/10.1016/j.engeos.2020.11.001
http://dx.doi.org/10.1136/oem.53.5.305
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1337191/pdf/cmaj00053-0075.pdf
https://doi.org/10.1046/j.1462-2920.2002.00317.x
https://doi.org/10.1021/es950936l
https://pubs.usgs.gov/wri/wri004273/pdf/wri004273.pdf
https://doi.org/10.1016/S0048-9697(99)00413-1


 53 

Garcia, S., Louvat,P., Gaillardet,J., Nyachoti,S., Ma, L., 2021. Combining Uranium, Boron, and 1439 

Strontium Isotope Ratios (234U/238U, δ11B, 87Sr/86Sr) to Trace and Quantify Salinity Contributions 1440 

to Rio Grande River in Southwestern United States. Frontiers in Water 2. 1441 

https://doi.org/10.3389/frwa.2020.575216 1442 

 1443 

Gardner, K.K. and Vogel, R.M., 2005. Predicting ground water nitrate concentration from land 1444 

use. Groundwater 43, 343-352. DOI: 10.1111/j.1745-6584.2005.0031.x  1445 

 1446 

Geological Survey of Sweden, 2007. Data from Environmental Monitoring of Groundwater. 1447 

https://www.sgu.se/en/ 1448 

 1449 

Gil-Pacheco, E., Suárez-Navarro, J.A., Sánchez-González, S.M., Suarez-Navarro, M.J., Hernáiz, 1450 

G. and García-Sánchez, A., 2020. A radiological index for evaluating the impact of an 1451 

abandoned uranium mining area in Salamanca, Western Spain. Environmental Pollution 258, 1452 

113825. DOI: 10.1016/j.envpol.2019.113825  1453 

 1454 

Gilkeson, R.H. and Cowart, J.B.,1987. Radium, radon, and uranium isotopes in groundwater 1455 

from Cambrian-Ordovician sandstone aquifers in Illinois, USA. In: Graves, B. (ed.), Radon, 1456 

Radium, and Other Radioactivity in Ground Water. Lewis Publication. 1457 

https://doi.org/10.1201/9781003069836  1458 

 1459 

Gómez, P., Garralón, A., Buil, B., Turrero, Ma.J., Sánchez, L., de la Cruz, B., 2006. Modeling of 1460 

geochemical processes related to uranium mobilization in the groundwater of a uranium mine. 1461 

Science of The Total Environment 366, 295–309. https://doi.org/10.1016/j.scitotenv.2005.06.024 1462 

 1463 

Grenthe, I., Drożdżynński, J., Fujino, T., Buck, E.C., Albrecht-Schmitt, T.E. and Wolf, S.F., 1464 

2006. Uranium, in: Morss, L.R., Edelstein, N.M., Fuger, J. (eds.), The Chemistry of the Actinide 1465 

and Transactinide Elements. Springer Netherlands, Dordrecht, pp. 253-698. 1466 

https://link.springer.com/book/10.1007/1-4020-3598-5 1467 

 1468 

Grolimund, D. and Borkovec, M., 2005. Colloid-Facilitated Transport of Strongly Sorbing 1469 

Contaminants in Natural Porous Media:  Mathematical Modeling and Laboratory Column 1470 

Experiments. Environmental Science & Technology 39, 6378-6386. 1471 

https://doi.org/10.1021/es050207y 1472 

 1473 

Gross, E.L. and Brown, C.J., 2020. Arsenic and uranium occurrence in private wells in 1474 

Connecticut, 2013–18-A spatially weighted and bedrock geology assessment, Open-File Report 1475 

2020–1111. U.S. Geological Survey, Reston, VA, p. 13. https://doi.org/10.3133/ofr20201111  1476 

 1477 

Grundl, T. and Cape, M., 2006. Geochemical factors controlling radium activity in a sandstone 1478 

aquifer. Ground Water 44, 518-527. https://doi.org/10.1111/j.1745-6584.2006.00162.x 1479 

 1480 

Gschwend, P.M., Backhus, D.A., MacFarlane, J.K. and Page, A.L., 1990. Mobilization of 1481 

colloids in groundwater due to infiltration of water at a coal ash disposal site. Journal of 1482 

Contaminant Hydrology 6, 307-320. https://doi.org/10.1016/0169-7722(90)90031-B 1483 

 1484 

Field Code Changed

https://doi.org/10.3389/frwa.2020.575216
https://doi.org/10.1111/j.1745-6584.2005.0031.x
https://www.sgu.se/en/
https://doi.org/10.1016/j.envpol.2019.113825
https://doi.org/10.1201/9781003069836
https://doi.org/10.1016/j.scitotenv.2005.06.024
https://link.springer.com/book/10.1007/1-4020-3598-5
https://doi.org/10.1021/es050207y
https://doi.org/10.3133/ofr20201111
https://doi.org/10.1111/j.1745-6584.2006.00162.x
https://doi.org/10.1016/0169-7722(90)90031-B


 54 

Guimond, R.J. and Hardin, J.M., 1989. Radioactivity released from phosphate-containing 1485 

fertilizers and from gypsum. International Journal of Radiation Applications and 1486 

Instrumentation. Part C. Radiation Physics and Chemistry 34, 309-315. 1487 

https://doi.org/10.1016/1359-0197(89)90238-5 1488 

 1489 

Guo, H., Jia, Y., Wanty, R.B., Jiang, Y., Zhao, W., Xiu, W., Shen, J., Li, Y., Cao, Y., Wu, Y., 1490 

Zhang, D., Wei, C., Zhang, Y., Cao, W., Foster, A., 2016. Contrasting distributions of 1491 

groundwater arsenic and uranium in the western Hetao basin, Inner Mongolia: Implication for 1492 

origins and fate controls. Science of The Total Environment 541, 1172-1190. 1493 

https://doi.org/10.1016/j.scitotenv.2015.10.018 1494 

 1495 

Gupta, M., Mahur, A.K., Varshney, R., Sonkawade, R.G., Verma, K.D. and Prasad, R., 2013. 1496 

Measurement of natural radioactivity and radon exhalation rate in fly ash samples from a thermal 1497 

power plant and estimation of radiation doses. Radiation Measurements 50, 160-165. 1498 

https://doi.org/10.1016/j.radmeas.2012.03.015 1499 

 1500 

Hadj Ammar, Deschamps, P., H., Chkir, N., Zouari, K., Agoune, A., Hamlin, B., 2020. Uranium 1501 

isotopes as tracers of groundwater evolution in the Complexe Terminal aquifer of southern 1502 

Tunisia. Quaternary International, 547, 33-49. https://doi.org/10.1016/j.quaint.2020.01.024 1503 

 1504 

Hadj Ammar, H., Chkir, N., Zouari, K., Azzouz-Berriche, Z., 2010. Uranium isotopes in 1505 

groundwater from the “Jeffara coastal aquifer” (southeastern Tunisia). Journal of Environmental 1506 

Radioactivity, 101, 681-691. https://doi.org/10.1016/j.jenvrad.2010.04.007 1507 

 1508 

Haldimann, M., Pfammatter, E., Venetz, P.-M., Studer, P. and Dudler, V., 2005. Occurrence of 1509 

arsenic in drinking water of the canton of Valais. Part I: Overview of arsenic concentration and 1510 

geographic distribution. Mitteilungen aus Lebensmitteluntersuchung und Hygiene 96, 89-105. 1511 

https://www.tib.eu/en/search/id/BLSE%3ARN169290098/Occurrence-of-arsenic-in-drinking-1512 

water-of-the/ 1513 

 1514 

Hammond, D.E., Zukin, J.G. and Ku, T.-L., 1988. The kinetrics of radioisotope exchange 1515 

between brine and rock in a geothermal system. Journal of Geophysical Research: Solid Earth 1516 

93, 13175-13186. https://doi.org/10.1029/JB093iB11p13175 1517 

 1518 

Haridasan, P.P., Maniyan, C.G., Pillai, P.M.B. and Khan, A.H., 2002. Dissolution characteristics 1519 

of Ra-226 from phosphogypsum. Journal of Environmental Radioactivity 62, 287-294. 1520 

https://doi.org/10.1016/S0265-931X(02)00011-5 1521 

 1522 

Harris, S.A., Billmeyer, E.R. and Robinson, M.A., 2006. Evaluation of repeated measurements 1523 

of radon-222 concentrations in well water sampled from bedrock aquifers of the Piedmont near 1524 

Richmond, Virginia, USA: Effects of lithology and well characteristics. Environmental Research 1525 

101, 323-333. https://doi.org/10.1016/j.envres.2006.02.002 1526 

 1527 

Hassan, N.M., Mansour, N.A., Fayez-Hassan, M. and Sedqy, E., 2016. Assessment of natural 1528 

radioactivity in fertilizers and phosphate ores in Egypt. Journal of Taibah University for Science 1529 

10, 296-306. https://doi.org/10.1016/j.jtusci.2015.08.009 1530 

Field Code Changed

Formatted: French (Switzerland)

Formatted: French (Switzerland)

https://doi.org/10.1016/1359-0197(89)90238-5
https://doi.org/10.1016/j.scitotenv.2015.10.018
https://doi.org/10.1016/j.radmeas.2012.03.015
https://doi.org/10.1016/j.jenvrad.2010.04.007
https://www.tib.eu/en/search/id/BLSE%3ARN169290098/Occurrence-of-arsenic-in-drinking-water-of-the/
https://www.tib.eu/en/search/id/BLSE%3ARN169290098/Occurrence-of-arsenic-in-drinking-water-of-the/
https://doi.org/10.1029/JB093iB11p13175
https://doi.org/10.1016/S0265-931X(02)00011-5
https://doi.org/10.1016/j.envres.2006.02.002
https://doi.org/10.1016/j.jtusci.2015.08.009


 55 

 1531 

Hem, J.D. and Durum, W.H., 1973. Solubility and Occurrence of Lead in Surface Water. Journal 1532 

American Water Works Association, 65, 562-568. https://doi.org/10.1002/j.1551-1533 

8833.1973.tb01896.x 1534 

 1535 

Herczeg, A.L., Simpson, H.J., Anderson, R.F., Trier, R.M., Mathieu, G.G. and Deck, B.L., 1988. 1536 

Uranium and radium mobility in groundwaters and brines within Delaware Basin, Southeastern 1537 

New Mexico, USA. Chemical Geology 72, 181-196. https://doi.org/10.1016/0168-1538 

9622(88)90066-8 1539 

 1540 

Hess, C.T., Weiffenbach, C.V. and Norton, S.A., 1982. Variations of airborne and waterborne 1541 

Rn-222 in houses in Maine. Environment International 8, 59-66. https://doi.org/10.1016/0160-1542 

4120(82)90010-1 1543 

 1544 

Hirunwatthanakul, P., Sriplung, H., Geater, A., 2006. Radium contaminated water: a risk factor 1545 

for cancer of the upper digestive tract. Asian Pacific Journal Cancer Prevention, 7, 295−298. 1546 

https://pubmed.ncbi.nlm.nih.gov/16839204/ 1547 

 1548 

Hobday, D.K., Galloway, W.E., 1999. Groundwater processes and sedimentary uranium 1549 

deposits. Hydrogeology Journal 7, 127–138. DOI:10.1007/s100400050184 1550 

 1551 

 1552 

Hoque, M., McArthur, J., Sikdar, P., Ball, J. and Molla, T., 2014. Tracing recharge to aquifers 1553 

beneath an Asian megacity with Cl/Br and stable isotopes: the example of Dhaka, Bangladesh. 1554 

Hydrogeology journal 22, 1549-1560. DOI 10.1007/s10040-014-1155-8 1555 

 1556 

Hostetler, P.B. and Garrels, R.M., 1962. Transportation and precipitation of uranium and 1557 

vanadium at low temperatures, with special reference to sandstone-type uranium deposits. 1558 

Economic Geology 57, 137-167. https://doi.org/10.2113/gsecongeo.57.2.137  1559 

 1560 

Hsi, C.-k.D. and Langmuir, D., 1985. Adsorption of uranyl onto ferric oxyhydroxides: 1561 

Application of the surface complexation site-binding model. Geochimica et Cosmochimica Acta 1562 

49, 1931-1941. https://doi.org/10.1016/0016-7037(85)90088-2 1563 

 1564 

Hu, Z. and Gao, S., 2008. Upper crustal abundances of trace elements: A revision and update. 1565 

Chemical Geology 253, 205-221. https://doi.org/10.1016/j.chemgeo.2008.05.010 1566 

 1567 

Hudak, P.F., 2018. Associations between Dissolved Uranium, Nitrate, Calcium, Alkalinity, Iron, 1568 

and Manganese Concentrations in the Edwards-Trinity Plateau Aquifer, Texas, USA. 1569 

Environmental Processes 5, 441–450. https://doi.org/10.1007/s40710-018-0296-5 1570 

 1571 

Hummel, W., Mompean, F.J., Illemassène, M. and Perrone, J., 2005. Chemical thermodynamics 1572 

of compounds and complexes of U, Np, Pu, Am, Tc, Se, Ni and Zr with selected organic ligands. 1573 

Elsevier Science, Amsterdam. https://www.elsevier.com/books/chemical-thermodynamics-of-1574 

compounds-and-complexes-of-u-np-pu-am-tc-se-ni-and-zr-with-selected-organic-1575 

ligands/illemassene/978-0-444-51402-8 1576 

https://doi.org/10.1002/j.1551-8833.1973.tb01896.x
https://doi.org/10.1002/j.1551-8833.1973.tb01896.x
https://doi.org/10.1016/0168-9622(88)90066-8
https://doi.org/10.1016/0168-9622(88)90066-8
https://doi.org/10.1016/0160-4120(82)90010-1
https://doi.org/10.1016/0160-4120(82)90010-1
https://pubmed.ncbi.nlm.nih.gov/16839204/
http://dx.doi.org/10.1007/s100400050184
https://doi.org/10.2113/gsecongeo.57.2.137
https://doi.org/10.1016/0016-7037(85)90088-2
https://doi.org/10.1016/j.chemgeo.2008.05.010
https://doi.org/10.1007/s40710-018-0296-5


 56 

 1577 

Hussain, N. and Krishnaswami, S., 1980. U-238 series radioactive disequilibrium in 1578 

groundwaters: implications to the origin of excess U-234 and fate of reactive pollutants. 1579 

Geochimica et Cosmochimica Acta 44, 1287-1291. https://doi.org/10.1016/0016-1580 

7037(80)90089-7 1581 

 1582 

International Commission on Radiological Protection (ICRP), 2012. Compendium of Dose 1583 

Coefficients based on ICRP Publication 60. 1584 

https://www.icrp.org/docs/P%20119%20JAICRP%2041(s)%20Compendium%20of%20Dose%21585 

0Coefficients%20based%20on%20ICRP%20Publication%2060.pdf 1586 

 1587 

Ivanovich, M. and Hardy, C.J., 1986. Identification and Measurement of Colloids in 1588 

Groundwater, Commission of the European Communities (CEC), IAEA, pp. 227-260. 1589 

https://inis.iaea.org/search/searchsinglerecord.aspx?recordsFor=SingleRecord&RN=19014287 1590 

 1591 

Ivanovich, M., Tellam, J.H., Longworth, G. and Monaghan, J.J., 1992. Rock-water interaction 1592 

timescales involving U and Th isotopes in a Permo-Triassic sandstone. Radiochimica Acta 58-9, 1593 

423-432. 1594 

https://inis.iaea.org/search/searchsinglerecord.aspx?recordsFor=SingleRecord&RN=24029461 1595 

 1596 

Ivkovic, K., Watkins, K., Cresswell, R. and Bauld, J., 1998. A groundwater quality assessment of 1597 

the fractured rock aquifers of the Piccadilly Valley, South Australia. Commonwealth of Australia 1598 

(Geoscience Australia). https://ecat.ga.gov.au/geonetwork/srv/api/records/a05f7892-998a-7506-1599 

e044-00144fdd4fa6 1600 

 1601 

Iwatsuki, T., Arthur, R., Ota, K., Metcalfe, R., 2004. Solubility constraints on uranium 1602 

concentrations in groundwaters of the Tono uranium deposit, Japan. Radiochim. Acta 92, 789–1603 

796. https://doi.org/10.1524/ract.92.9.789.54986 1604 

 1605 

Jaeschke, J.B., Cozzarelli, I.M., Kent, D.B., Engle, M.A., Mumford, A.C., Benthem, A.J. and 1606 

Polite, B.F., 2020. Geochemistry Data from Samples Collected in 2015-2017 to study an OG 1607 

wastewater spill in Blacktail Creek, North Dakota. United States Geological Survey, (dataset). 1608 

https://doi.org/10.5066/P961J30G 1609 

 1610 

Jemison, N., Reimus, P., Harris, R., Boukhalfa, H., Clay, J., Chamberlain, K., 2020. Reduction 1611 

and potential remediation of U(VI) by dithionite at an in-situ recovery mine: Insights gained by 1612 

delta U-238. Appl. Geochem 115.  https://doi.org/10.1016/j.apgeochem.2020.104560   1613 

 1614 

Jemison, N.E., Johnson, T.M., Shiel, A.E., Lundstrom, C.C., 2016. Uranium Isotopic 1615 

Fractionation Induced by U(VI) Adsorption onto Common Aquifer Minerals. Environ. Sci. 1616 

Technol. 50, 12232-12240. https://doi.org/10.1021/acs.est.6b03488 1617 

 1618 

Jemison, N.E., Shiel, A.E., Johnson, T.M., Lundstrom, C.C., Long, P.E., Williams, K.H., 2018. 1619 

Field Application of U-238/U-235 Measurements to Detect Reoxidation and Mobilization of 1620 

U(IV). Environ Sci Technol 52, 3422-3430.  https://doi.org/10.1021/acs.est.7b05162 1621 

 1622 

Formatted: French (Switzerland)

Field Code Changed

Formatted: French (Switzerland)

Formatted: French (Switzerland)

https://doi.org/10.1016/0016-7037(80)90089-7
https://doi.org/10.1016/0016-7037(80)90089-7
https://www.icrp.org/docs/P%20119%20JAICRP%2041(s)%20Compendium%20of%20Dose%20Coefficients%20based%20on%20ICRP%20Publication%2060.pdf
https://www.icrp.org/docs/P%20119%20JAICRP%2041(s)%20Compendium%20of%20Dose%20Coefficients%20based%20on%20ICRP%20Publication%2060.pdf
https://inis.iaea.org/search/searchsinglerecord.aspx?recordsFor=SingleRecord&RN=19014287
https://inis.iaea.org/search/searchsinglerecord.aspx?recordsFor=SingleRecord&RN=24029461
https://ecat.ga.gov.au/geonetwork/srv/api/records/a05f7892-998a-7506-e044-00144fdd4fa6
https://ecat.ga.gov.au/geonetwork/srv/api/records/a05f7892-998a-7506-e044-00144fdd4fa6
https://doi.org/10.1524/ract.92.9.789.54986
https://doi.org/10.5066/P961J30G
https://doi.org/10.1021/acs.est.6b03488
https://doi.org/10.1021/acs.est.7b05162


 57 

Johnson, T.D., Belitz, K., Lombard, M.A., 2019. Estimating domestic well locations and 1623 

populations served in the contiguous U.S. for years 2000 and 2010. Science of the Total 1624 

Environment, 687, 1261-1273. https://doi.org/10.1016/j.scitotenv.2019.06.036 1625 

 1626 

Jónás, J., Somlai, J., Tóth-Bodrogi, E., Hegedűs, M. and Kovács, T., 2017. Study of a remediated 1627 

coal ash depository from a radiological perspective. Journal of Environmental Radioactivity 173, 1628 

75-84. https://doi.org/10.1016/j.jenvrad.2016.11.010 1629 

 1630 

Jones, M.J., Butchins, L.J., Charnock, J.M., Pattrick, R.A.D., Small, J.S., Vaughan, D.J., 1631 

Wincott, P.L. and Livens, F.R., 2011. Reactions of radium and barium with the surfaces of 1632 

carbonate minerals. Applied Geochemistry 26, 1231-1238. 1633 

https://doi.org/10.1016/j.apgeochem.2011.04.012 1634 

 1635 

Jurgens, B.C., Fram, M.S., Belitz, K., Burow, K.R. and Landon, M.K. , 2010. Effects of 1636 

Groundwater Development on Uranium: Central Valley, California, USA. Ground Water 48, 1637 

913-928. doi: 10.1111/j.1745-6584.2009.00635.x 1638 

 1639 

Jurgens, B.C., Parkhurst, D.L. and Belitz, K., 2019. Assessing the Lead Solubility Potential of 1640 

Untreated Groundwater of the United States. Environmental Science & Technology 53, 3095-1641 

3103. https://doi.org/10.1021/acs.est.8b04475 1642 

 1643 

Kaçmaz, H., and  Nakoman, M.E., 2009. Hydrochemical characteristics of shallow groundwater 1644 

in aquifer containing uranyl phosphate minerals, in the Köprübaşı (Manisa) area, 1645 

Turkey. Environmental Earth Sciences, 59(2), 449-457. https://doi.org/10.1007/s12665-009-1646 

0043-3 1647 

 1648 

Kadko, D., Gronvold, K. and Butterfield, D., 2007. Application of radium isotopes to determine 1649 

crustal residence times of hydrothermal fluids from two sites on the Reykjanes Peninsula, 1650 

Iceland. Geochimica et Cosmochimica Acta 71, 6019-6029. 1651 

https://doi.org/10.1016/j.gca.2007.09.018 1652 

 1653 

Kamp, S.D., Morrison, S.J., 2014. Use of Chemical and Isotopic Signatures to Distinguish 1654 

Between Uranium Mill-Related and Naturally Occurring Groundwater Constituents. 1655 

Groundwater Monitoring & Remediation 34, 68–78. https://doi.org/10.1111/gwmr.12042 1656 

 1657 

Katsoyiannis, I.A., Hug, S.J., Ammann, A., Zikoudi, A. and Hatziliontos, C., 2007. Arsenic 1658 

speciation and uranium concentrations in drinking water supply wells in Northern Greece: 1659 

correlations with redox indicative parameters and implications for groundwater treatment. 1660 

Science of the Total Environment 383, 128-140. https://doi.org/10.1016/j.scitotenv.2007.04.035 1661 

 1662 

Katsoyiannis, I.A., Werner Althoff, H., Bartel, H. and Jekel, M., 2006. The effect of groundwater 1663 

composition on uranium(VI) sorption onto bacteriogenic iron oxides. Water Research 40, 3646-1664 

3652. https://doi.org/10.1016/j.watres.2006.06.032 1665 

 1666 

Field Code Changed

https://doi.org/10.1016/j.jenvrad.2016.11.010
https://doi.org/10.1016/j.apgeochem.2011.04.012
https://doi.org/10.1021/acs.est.8b04475
https://doi.org/10.1016/j.gca.2007.09.018
https://doi.org/10.1111/gwmr.12042
https://doi.org/10.1016/j.scitotenv.2007.04.035
https://doi.org/10.1016/j.watres.2006.06.032


 58 

Kim, J., 1999. The concentrations and distributions of U and Th in Paleozoic aquifers 1667 

surrounding the Llano Uplift area, central Texas, U.S.A.: application to the sources of Ra and Rn 1668 

in groundwater. Geoscience Journal 3, 201-211. https://doi.org/10.1007/BF02910491 1669 

 1670 

King, P.T., Michel, J. and Moore, W.S., 1982. Ground water geochemistry of 228Ra, 226Ra and 1671 
222Rn. Geochimica et Cosmochimica Acta 46, 1173-1182. https://doi.org/10.1016/0016-1672 

7037(82)90003-5 1673 

 1674 

Kinniburgh, D. and Smedley, P., 2001. Arsenic contamination of groundwater in Bangladesh. 1675 

British Geological Survey Technical Report WC/OO/19, V. 1. 1676 

http://nora.nerc.ac.uk/id/eprint/11986/1/WC00019.pdf 1677 

 1678 

Kitamura, A. and Yoshida, Y., 2021. Prediction of thermodynamic data for radium suitable for 1679 

thermodynamic database for radioactive waste management using an electrostatic model and 1680 

correlation with ionic radii among alkaline earth metals. Journal of Radioanalytical and Nuclear 1681 

Chemistry 327, 839-845. https://doi.org/10.1007/s10967-020-07527-5 1682 

 1683 

Kitto, M. and Kim, M.S., 2005. Naturally occurring radionuclides in community water supplies 1684 

of New York state. Health Physics 88, 253-260. DOI: 10.1097/01.hp.0000149879.58455.1f  1685 

Knappett, P.S., Li, Y., Loza, I., Hernandez, H., Avilés, M., Haaf, D., Majumder, S., Huang, Y., 1686 

Lynch, B. and Piña, V., 2020. Rising arsenic concentrations from dewatering a geothermally 1687 

influenced aquifer in central Mexico. Water Research 185, 116257. 1688 

https://doi.org/10.1016/j.watres.2020.116257 1689 

 1690 

Knee, K.L. and Masker, A.E., 2019. Association between unconventional oil and gas (UOG) 1691 

development and water quality in small streams overlying the Marcellus Shale. Freshwater 1692 

Science 38, 113-130. https://doi/10.1086/701675 1693 

 1694 

Komlos, J., Mishra, B., Lanzirotti, A., Myneni, S.C.B. and Jaffé, P.R.,2008. Real–Time 1695 

Speciation of Uranium during Active Bioremediation and U(IV) Reoxidation. Journal of 1696 

Environmental Engineering 134, 78-86. https://doi.org/10.1061/(ASCE)0733-1697 

9372(2008)134:2(78) 1698 

 1699 

Kovler, K., 2012. Does the utilization of coal fly ash in concrete construction present a radiation 1700 

hazard? Construction and Building Materials 29, 158-166. 1701 

https://doi.org/10.1016/j.conbuildmat.2011.10.023 1702 

 1703 

Kozai, N., Ohnuki, T., Iwatsuki, T., 2013. Characterization of saline groundwater at Horonobe, 1704 

Hokkaido, Japan by SEC-UV-ICP-MS: Speciation of uranium and iodine. Water Research, 1705 

47(4), 1570-1584. https://doi.org/10.1016/j.watres.2012.12.017 1706 

 1707 

Kraemer, T.F. and Reid, D.F., 1984. The occurrence and behavior of radium in saline formation 1708 

water of the United States Gulf-Coast region. Chemical Geology, Isotope Geoscience 2, 153-1709 

174. https://doi.org/10.1016/0009-2541(84)90186-4 1710 

 1711 

https://doi.org/10.1007/BF02910491
https://doi.org/10.1016/0016-7037(82)90003-5
https://doi.org/10.1016/0016-7037(82)90003-5
http://nora.nerc.ac.uk/id/eprint/11986/1/WC00019.pdf
https://doi.org/10.1007/s10967-020-07527-5
https://doi.org/10.1097/01.hp.0000149879.58455.1f
https://doi.org/10.1016/j.watres.2020.116257
https://doi/10.1086/701675
https://doi.org/10.1061/(ASCE)0733-9372(2008)134:2(78)
https://doi.org/10.1061/(ASCE)0733-9372(2008)134:2(78)
https://doi.org/10.1016/j.conbuildmat.2011.10.023
https://doi.org/10.1016/0009-2541(84)90186-4


 59 

Kraemer, T.F., Wood, W.W. and Sanford, W.E., 2014. Distinguishing seawater from geologic 1712 

brine in saline coastal groundwater using radium-226; an example from the Sabkha of the UAE. 1713 

Chemical Geology 371, 1-8. https://doi.org/10.1016/j.chemgeo.2014.01.018 1714 

 1715 

Kersting, A.B., Efurd. D.W., Finnegan. D.L., Rokop. D.J., Smith, D.K., Thompson, J.L. (1999) 1716 

Migration of plutonium in ground water at the Nevada Test Site. Nature, 397,56–59. 1717 

https://doi.org/10.1038/16231 1718 

 1719 

Krishnaswami, S. and Cochran, J.K., 2008. Radioactivity in the environment U-Th series 1720 

nuclides in aquatic systems. in: Krishnaswami, S., Cochran, J.K. (eds.), U-Th Series Nuclides in 1721 

Aquatic Systems, pp. 1-10, Elsevier Science, https://www.elsevier.com/books/u-th-series-1722 

nuclides-in-aquatic-systems/krishnaswami/978-0-08-045012-4 1723 

 1724 

Krishnaswami, S., Bhushan, R. and Baskaran, M., 1991. Radium isotopes and Rn-222 in shallow 1725 

brines, Kharaghoda, (India). Chemical Geology 87, 125-136. https://doi.org/10.1016/0168-1726 

9622(91)90046-Y 1727 

 1728 

Krishnaswami, S., Graustein, W.C., Turekian, K.K. and Dowd, J.F., 1982. Radium, thorium and 1729 

radioactive lead isotopes in groundwaters: Application to the in situ determination of adsorption-1730 

desorption rate constants and retardation factors. Water Resources Research 18, 1663-1675. 1731 

https://doi.org/10.1029/WR018i006p01663 1732 

 1733 

 1734 

Kronfeld, J., Gradsztajn, E., Yaniv, A., 1979. A flow pattern deduced from uranium 1735 

disequilibrium studies for the Cenomanian carbonate aquifer of the Beersheva region, Israel. J 1736 

Hydrol., 44, 305-310. https://doi.org/10.1016/0022-1694(79)90137-9 1737 

 1738 

Kurttio P., A.A., Salonen L., Saha H., Pekkanen J., Mäkeläinen I., Väisänen S. B., Penttilä I. M. 1739 

and Komulainen H., 2002. Renal effects of uranium in drinking water. Environmental Health 1740 

Perspective 110, 337–342. doi: 10.1289/ehp.02110337 1741 

 1742 

Landsberger, S.G. and George, G., 2013. An evaluation of 226Ra and 228Ra in drinking water in 1743 

several counties in Texas, USA. Journal of Environmental Radioactivity 125, 2-5. DOI: 1744 

10.1016/j.jenvrad.2013.02.016  1745 

 1746 

Langmuir, D. and Riese, A.C., 1985. The thermodynamic properties of radium. Geochimica Et 1747 

Cosmochimica Acta 49, 1593-1601. https://doi.org/10.1016/0016-7037(85)90264-9 1748 

 1749 

Langmuir, D., 1978. Uranium solution-mineral equilibria at low temperatures with applications 1750 

to sedimentary ore deposits. Geochimica et Cosmochimica Acta 42, 547-569. 1751 

https://doi.org/10.1016/0016-7037(78)90001-7 1752 

 1753 

Lapworth, D., Krishan, G., MacDonald, A. and Rao, M. 2017. Groundwater quality in the 1754 

alluvial aquifer system of northwest India: new evidence of the extent of anthropogenic and 1755 

geogenic contamination. Science of the total Environment 599, 1433-1444. 1756 

https://doi.org/10.1016/j.scitotenv.2017.04.223 1757 

https://doi.org/10.1016/j.chemgeo.2014.01.018
https://www.elsevier.com/books/u-th-series-nuclides-in-aquatic-systems/krishnaswami/978-0-08-045012-4
https://www.elsevier.com/books/u-th-series-nuclides-in-aquatic-systems/krishnaswami/978-0-08-045012-4
https://doi.org/10.1016/0168-9622(91)90046-Y
https://doi.org/10.1016/0168-9622(91)90046-Y
https://doi.org/10.1029/WR018i006p01663
https://doi.org/10.1016/0022-1694(79)90137-9
https://dx.doi.org/10.1289%2Fehp.02110337
https://doi.org/10.1016/j.jenvrad.2013.02.016
https://doi.org/10.1016/0016-7037(85)90264-9
https://doi.org/10.1016/0016-7037(78)90001-7
https://doi.org/10.1016/j.scitotenv.2017.04.223


 60 

 1758 

Lapworth, D.J., Stolpe, B., Williams, P.J., Gooddy, D.C. and Lead, J.R., 2013. Characterization 1759 

of Suboxic Groundwater Colloids Using a Multi-method Approach. Environmental Science & 1760 

Technology 47, 2554-2561. https://doi.org/10.1021/es3045778 1761 

 1762 

Larock, P., Hyun, J.H., Boutelle, S., Burnett, W.C. and Hull, C.D., 1996. Bacterial mobilization 1763 

of polonium. Geochimica et Cosmochimica Acta 60, 4321-4328. https://doi.org/10.1016/S0016-1764 

7037(96)00255-4 1765 

 1766 

Larsen, R.M., 1998. A Groundwater Quality Assessment of the Jandakot Mound, Swan Coastal 1767 

Plain, Western Australia. Australian Geological Survey Organisation, Canberra, Australia. ISBN 1768 

0642273537.  https://searchworks.stanford.edu/view/4078460 1769 

 1770 

Lauer, N. and Vengosh, A., 2016. Age dating oil and gas wastewater spills using radium isotopes 1771 

and their decay products in impacted soil and sediment. Environmental Science & Technology 1772 

Letters 3, 205-209. https://doi.org/10.1021/acs.estlett.6b00118 1773 

 1774 

Lauer, N., Vengosh, A. and Dai, S., 2017. Naturally occurring radioactive materials in uranium-1775 

rich coals and associated coal combustion residues from China. Environmental Science & 1776 

Technology 51, 13487-13493. https://doi.org/10.1021/acs.est.7b03473 1777 

 1778 

Lauer, N.E., Harkness, J.S. and Vengosh, A., 2016. Brine spills associated with unconventional 1779 

oil development in North Dakota. Environmental Science & Technology 50, 5389-5397. 1780 

https://doi.org/10.1021/acs.est.5b06349 1781 

 1782 

Lauer, N.E., Hower, J.C., Hsu-Kim, H., Taggart, R.K. and Vengosh, A., 2015. Naturally 1783 

occurring radioactive materials in coals and coal combustion residuals in the United States. 1784 

Environmental Science & Technology 49, 11227-11233. https://doi.org/10.1021/acs.est.5b01978 1785 

 1786 

Lauer, N.E., Warner, N.R. and Vengosh, A., 2018. Sources of radium accumulation in stream 1787 

sediments near disposal sites in Pennsylvania: Implications for disposal of conventional oil and 1788 

gas wastewater. Environmental Science & Technology 52, 955-962. 1789 

https://doi.org/10.1021/acs.est.7b04952 1790 

 1791 

Lauria, D.C., Almeida, R.M.R. and Sracek, O., 2004. Behavior of radium, thorium and uranium 1792 

in groundwater near the Buena Lagoon in the Coastal Zone of the State of Rio de Janeiro, Brazil. 1793 

Environmental Geology 47, 11-19. https://doi.org/10.1007/s00254-004-1121-1 1794 

 1795 

Lazur, A., VanDerwerker, T. and Koepenick, K., 2020. Review of Implications of Road Salt Use 1796 

on Groundwater Quality-Corrosivity and Mobilization of Heavy Metals and Radionuclides. 1797 

Water Air and Soil Pollution 231, 474. https://doi.org/10.1007/s11270-020-04843-0 1798 

 1799 

Lefebvre, P., Noël, V., Lau, K.V., Jemison, N.E., Weaver, K.L., Williams, K.H., Bargar, J.R., 1800 

Maher, K., 2019. Isotopic Fingerprint of Uranium Accumulation and Redox Cycling in 1801 

Floodplains of the Upper Colorado River Basin. Environ. Sci.Technol. 53, 3399-3409.  1802 

https://doi.org/10.1021/acs.est.8b05593 1803 

https://doi.org/10.1021/es3045778
https://doi.org/10.1016/S0016-7037(96)00255-4
https://doi.org/10.1016/S0016-7037(96)00255-4
https://searchworks.stanford.edu/view/4078460
https://doi.org/10.1021/acs.estlett.6b00118
https://doi.org/10.1021/acs.est.7b03473
https://doi.org/10.1021/acs.est.5b06349
https://doi.org/10.1021/acs.est.5b01978
https://doi.org/10.1021/acs.est.7b04952
https://doi.org/10.1007/s00254-004-1121-1
https://doi.org/10.1007/s11270-020-04843-0
https://doi.org/10.1021/acs.est.8b05593


 61 

 1804 

Lehto, J.K., Kelokaski, P.,Vaaramaa, K., Jaakkola, T., 1999. Soluble and Particle-Bound and 1805 

210Po 210Pb in Groundwaters. Radiochimica Acta 85, 149-155. 1806 

https://doi.org/10.1524/ract.1999.85.34.149 1807 

 1808 

Leopold, K., Michalik, B. and Wiegand, J., 2007.  Availability of radium isotopes and heavy 1809 

metals from scales and tailings of Polish hard coal mining. Journal of Environmental 1810 

Radioactivity 94, 137-150. DOI: 10.1016/j.jenvrad.2007.01.002  1811 

 1812 

Leybourne, M.I. and Cameron, E.M., 2008. Source, transport, and fate of rhenium, selenium, 1813 

molybdenum, arsenic, and copper in groundwater associated with porphyry–Cu deposits, 1814 

Atacama Desert, Chile. Chem. Geol. 247, 208–228. 1815 

https://doi.org/10.1016/j.chemgeo.2007.10.017 1816 

 1817 

Liesch, T., Hinrichsen, S. and Goldscheider, N., 2015. Uranium in groundwater - Fertilizers 1818 

versus geogenic sources. Science of The Total Environment 536, 981-995. 1819 

https://doi.org/10.1016/j.scitotenv.2015.05.133 1820 

 1821 

Lieser, K.H., Ament,  A., Hill, R., Singh, R.N., Stìngi, U., Thybusch, B., 1990. Colloids in 1822 

groundwater  and their influence on  migration  of   trace elements  and  radionuclides 1823 

Radiochimica  Acta  49, 83-100. https://doi.org/10.1524/ract.1990.49.2.83 1824 

 1825 

Lopez, A.M., Wells, A. and Fendorf, S., 2021. Soil and Aquifer properties combine as predictors 1826 

of groundwater uranium concentrations within the Central Valley, California. Environmental 1827 

Science & Technology 55, 352–361. https://doi.org/10.1021/acs.est.0c05591 1828 

 1829 

Lovley, D.R., Phillips, E.J.P., Gorby, Y.A. and Landa, E.R., 1991. Microbial reduction of 1830 

uranium. Nature 350, 413-416. https://doi.org/10.1038/350413a0 1831 

 1832 

Luis Guerrero, J., Vallejos, A., Carlos Ceron, J., Sanchez-Martos, F., Pulido-Bosch, A. and 1833 

Pedro Bolivar, J., 2016. U-isotopes and Ra-226 as tracers of hydrogeochemical processes in 1834 

carbonated karst aquifers from arid areas. Journal of Environmental Radioactivity 158, 9-20. 1835 

DOI: 10.1016/j.jenvrad.2016.03.015  1836 

 1837 

LUBW, Landesanstalt für Umwelt (Germany Institutte oft eh Environment), 2019.  1838 

http://jdkgw.lubw.baden-wuerttemberg.de/servlet/is/200/?csrt=13589689039355745848 (access 1839 

November 2021) 1840 
 1841 
Lyons, W.B., Gardner, C.B., Welch, S.A. and Israel, S., 2020. Uranium in Ohio, USA Surface 1842 

Waters: Implications for a Fertilizer Source in Waters Draining Agricultural lands. Scientific 1843 

Reports 10, 5151. https://doi.org/10.1038/s41598-020-61922-2 1844 

 1845 

Ma, L., Chabaux, F., Pelt, E., Blaes, E., Jin, L. and Brantley, S., 2010. Regolith production rates 1846 

calculated with uranium-series isotopes at Susquehanna/Shale Hills Critical Zone Observatory. 1847 

Earth and Planetary Science Letters 297, 211-225. https://doi.org/10.1016/j.epsl.2010.06.022 1848 

 1849 

Field Code Changed

Formatted: German (Switzerland)

Formatted: German (Switzerland)

Field Code Changed

Formatted: English (United States)

Formatted: English (United States)

https://doi.org/10.1524/ract.1999.85.34.149
https://doi.org/10.1016/j.jenvrad.2007.01.002
https://doi.org/10.1016/j.chemgeo.2007.10.017
https://doi.org/10.1016/j.scitotenv.2015.05.133
https://doi.org/10.1524/ract.1990.49.2.83
https://doi.org/10.1021/acs.est.0c05591
https://doi.org/10.1038/350413a0
https://doi.org/10.1016/j.jenvrad.2016.03.015
http://jdkgw.lubw.baden-wuerttemberg.de/servlet/is/200/?csrt=13589689039355745848
https://doi.org/10.1038/s41598-020-61922-2
https://doi.org/10.1016/j.epsl.2010.06.022


 62 

Ma, M., Wang, R., Xu, L., Xu, M., Liu, S., 2020. Emerging health risks and underlying 1850 

toxicological mechanisms of uranium contamination: Lessons from the past two decades. 1851 

Environment International 145, 106107. https://doi.org/10.1016/j.envint.2020.106107 1852 

 1853 

Ma, W., Gao, B., Guo, Y., Sun, Z., Zhang, Y., Chen, G., Zhang, C., 2020. Occurrence and 1854 

distribution of uranium in a hydrological cycle around a uranium mill tailings Pond, Southern 1855 

China. International Journal of environmental Research and Public Health, 17(3), 773. 1856 

https://doi.org/10.3390/ijerph17030773  1857 

 1858 

Maher, K., Bargar, J.R. and Brown, G.E., 2013. Environmental Speciation of Actinides. 1859 

Inorganic Chemistry 52, 3510-3532. https://doi.org/10.1021/ic301686d 1860 

 1861 

Maher, K., DePaolo, D.J., Christensen, J.N., 2006. U–Sr isotopic speedometer: Fluid flow and 1862 

chemical weathering rates in aquifers. Geochim. Cosmochim. Acta 70, 4417-4435.  1863 

https://doi.org/10.1016/j.gca.2006.06.1559 1864 

 1865 

Mahur, A.K., Kumar, R., Mishra, M., Sengupta, D. and Prasad, R., 2008. An investigation of 1866 

radon exhalation rate and estimation of radiation doses in coal and fly ash samples. Applied 1867 

Radiation and Isotopes 66, 401-406. https://doi.org/10.1016/j.apradiso.2007.10.006 1868 

 1869 

Maity, S. and Pandit, G.G., 2014. Estimation of Kd of lead and 210Po in 11 soils from India. 1870 

Journal of Environmental Radioactivity 138, 434-437. DOI: 10.1016/j.jenvrad.2014.03.021  1871 

 1872 

Mangeret, A., Reyss, J.-L., Seder-Colomina, M., Stetten, L., Morin, G., Thouvenot, A., Souhaut, 1873 

M. and van Beek, P., 2020. Early diagenesis of radium 226 and radium 228 in lacustrine 1874 

sediments influenced by former mining sites. Journal of Environmental Radioactivity 222, 1875 

106324. https://doi.org/10.1016/j.jenvrad.2020.106324 1876 

 1877 

Mathews, M., Gotkowitz, M. and Ginder-Vogel, M., 2018. Effect of geochemical conditions on 1878 

radium mobility in discrete intervals within the Midwestern Cambrian-Ordovician aquifer 1879 

system. Applied Geochemistry 97, 238-246. https://doi.org/10.1016/j.apgeochem.2018.08.025 1880 

 1881 

Mathuthu, M., Uushona, V. and Indongo, V., 2020. Radiological safety of groundwater around a 1882 

uranium mine in Namibia. Physics and Chemistry of the Earth, Parts A/B/C, 122, 102915. 1883 

https://doi.org/10.1016/j.pce.2020.102915 1884 

 1885 

Matshusa, K. and Makgae, M., 2017. Prevention of future legacy sites in uranium mining and 1886 

processing: The South African perspective. Ore Geology Reviews 86, 70-78. 1887 

https://doi.org/10.1016/j.oregeorev.2017.01.024 1888 

 1889 

McArthur, J., Sikdar, P., Leng, M., Ghosal, U. and Sen, I. , 2018. Groundwater quality beneath 1890 

an Asian megacity on a delta: Kolkata’s (Calcutta’s) disappearing arsenic and present 1891 

manganese. Environmental science & technology 52, 5161-5172. 1892 

https://doi.org/10.1021/acs.est.7b04996 1893 

 1894 

https://doi.org/10.1016/j.envint.2020.106107
https://doi.org/10.1021/ic301686d
https://doi.org/10.1016/j.gca.2006.06.1559
https://doi.org/10.1016/j.apradiso.2007.10.006
https://doi.org/10.1016/j.jenvrad.2014.03.021
https://doi.org/10.1016/j.jenvrad.2020.106324
https://doi.org/10.1016/j.apgeochem.2018.08.025
https://doi.org/10.1016/j.pce.2020.102915
https://doi.org/10.1016/j.oregeorev.2017.01.024
https://doi.org/10.1021/acs.est.7b04996


 63 

McCarthy, J.F. and Zachara, J.M., 1989. Subsurface transport of contaminants. Environmental 1895 

Science & Technology 23, 496-502. https://doi.org/10.1021/es00063a001 1896 

 1897 

McMahon, P.B., Vengosh, A., Davis, T.A., Landon, M.K., Tyne, R.L., Wright, M.T., 1898 

Kulongoski, J.T., Hunt, A.G., Barry, P.H., Kondash, A.J., Wang, Z. and Ballentine, C.J., 2019. 1899 

Occurrence and Sources of Radium in Groundwater Associated with Oil Fields in the Southern 1900 

San Joaquin Valley, California. Environmental Science & Technology 53, 9398-9406. 1901 

https://doi.org/10.1021/acs.est.9b02395 1902 

 1903 

McNaboe, L.A., Robbins, G.A. and Dietz, M.E., 2017. Mobilization of Radium and Radon by 1904 

Deicing Salt Contamination of Groundwater. Water Air and Soil Pollution 228, 94. 1905 

https://doi.org/10.1007/s11270-016-3227-y 1906 

 1907 

Merroun, M.L. and Selenska-Pobell, S., 2008. Bacterial interactions with uranium: An 1908 

environmental perspective. Journal of Contaminant Hydrology 102, 285-295. 1909 

https://doi.org/10.1016/j.jconhyd.2008.09.019 1910 

 1911 

Miklyaev, P.S., Petrova, T.B., Shchitov, D.V., Sidyakin, P.A., Murzabekov, M.А., Marennyy, 1912 

A.M., Nefedov, N.A. and Sapozhnikov, Y.A., 2021. The results of long-term simultaneous 1913 

measurements of radon exhalation rate, radon concentrations in soil gas and groundwater in the 1914 

fault zone. Applied Radiation and Isotopes 167, 109460. 1915 

https://doi.org/10.1016/j.apradiso.2020.109460 1916 

 1917 

Milena-Pérez, A., Piñero-García, F., Benavente, J., Expósito-Suárez, V.M., Vacas-Arquero, P. 1918 

and Ferro-García, M.A., 2021. Uranium content and uranium isotopic disequilibria as a tool to 1919 

identify hydrogeochemical processes. Journal of Environmental Radioactivity 227, 106503. 1920 

https://doi.org/10.1016/j.jenvrad.2020.106503 1921 

 1922 

Minster, T., Ilani, S., Kronfeld, J., Even, O. and Godfrey-Smith, D.I., 2004. Radium 1923 

contamination in the Nizzana-1 water well, Negev Desert, Israel. Journal of Environmental 1924 

Radioactivity 71, 261-273. https://doi.org/10.1016/S0265-931X(03)00173-5 1925 

 1926 

Moise, T., Starinsky, A., Katz, A., Kolodny, Y., 2000. Radium isotopes and radon in brines and 1927 

groundwater of the Jordan Dead Sea Rift Valley: enrichment, retardation, and mixing. 1928 

Geochimica Et Cosmochimica Acta 64, 2371-2388. https://doi.org/10.1016/S0016-1929 

7037(00)00369-0 1930 

 1931 

Moon, H.S., Komlos, J. and Jaffé, P.R., 2007. Uranium Reoxidation in Previously Bioreduced 1932 

Sediment by Dissolved Oxygen and Nitrate. Environmental Science & Technology 41, 4587-1933 

4592. https://doi.org/10.1021/es063063b 1934 

 1935 

Morland, G., Strand, T., Furuhaug, L., Skarphagen, H. and Banks, D., 1998. Radon in 1936 

Quaternary Aquifers Related to Underlying Bedrock Geology. Groundwater 36, 143-146. 1937 

https://doi.org/10.1111/j.1745-6584.1998.tb01074.x 1938 

 1939 

https://doi.org/10.1021/es00063a001
https://doi.org/10.1021/acs.est.9b02395
https://doi.org/10.1007/s11270-016-3227-y
https://doi.org/10.1016/j.jconhyd.2008.09.019
https://doi.org/10.1016/j.apradiso.2020.109460
https://doi.org/10.1016/j.jenvrad.2020.106503
https://doi.org/10.1016/S0265-931X(03)00173-5
https://doi.org/10.1016/S0016-7037(00)00369-0
https://doi.org/10.1016/S0016-7037(00)00369-0
https://doi.org/10.1021/es063063b
https://doi.org/10.1111/j.1745-6584.1998.tb01074.x


 64 

Murphy, M.J., Stirling, C.H., Kaltenbach, A., Turner, S.P., Schaefer, B.F., 2014. Fractionation of 1940 

U-238/U-235 by reduction during low temperature uranium mineralisation processes. Earth 1941 

Planet Sc Lett 388, 306-317.  https://doi.org/10.1016/j.epsl.2013.11.034 1942 

 1943 

National Research Council, 2006. Health Risks from Exposure to Low Levels of Ionizing 1944 

Radiation, BERI VII Phase 2. The National Academies Press, Washington DC. 1945 

https://www.nap.edu/catalog/11340/health-risks-from-exposure-to-low-levels-of-ionizing-1946 

radiation 1947 

 1948 

National Reserach Council, 1999. Risk Assessment of Radon in Drinking Water. The National 1949 

Academies Press, Washington DC. DOI: https://doi.org/10.17226/6287 1950 

 1951 

Nguyen Dinh, C., Dulinski, M., Jodlowski, P., Nowak, J., Rozanski, K., Sleziak, M. and 1952 

Wachniew, P., 2011.  Natural radioactivity in groundwater - a review. Isotopes in Environmental 1953 

and Health Studies 47, 415-437. DOI: 10.1080/10256016.2011.628123  1954 

 1955 

Ni, Y., Zou, C., Cui, H., Li, J., Lauer, N.E., Harkness, J.S., Kondash, A.J., Coyte, R.M., Dwyer, 1956 

G.S., Liu, D., Dong, D., Liao, F. and Vengosh, A., 2018. Origin of flowback and produced 1957 

waters from Sichuan Basin, China. Environmental Science & Technology 52, 14519-14527. 1958 

https://doi.org/10.1021/acs.est.8b04345 1959 

 1960 

Nicolli, H.B., Suriano, J.M., Peral, M.A.G., Ferpozzi, L.H. and Baleani, O.A., 1989. 1961 

Groundwater contamination with arsenic and other trace elements in an area of the Pampa, 1962 

Province of Córdoba, Argentina. Environmental Geology and Water Sciences 14, 3-16. 1963 

https://doi.org/10.1007/BF01740581 1964 

 1965 

Nikolopoulos, D. and Vogiannis, E., 2007. Modelling radon progeny concentration variations in 1966 

thermal spas. Science of The Total Environment 373, 82-93. doi: 1967 

10.1016/j.scitotenv.2006.11.017.  1968 

 1969 

Osmond JK, Cowart JB (2000) U-series nuclides as tracers in groundwater hydrology. In 1970 

Environmental tracers in subsurface hydrology, Cook P, Herczeg A (eds). Kluwer Academic 1971 

Publishers, Boston, p290-333.  https://doi.org/10.1007/978-1-4615-4557-6. 1972 

 1973 

Ozden, B., Guler, E., Vaasma, T., Horvath, M., Kiisk, M. and Kovacs, T., 2018. Enrichment of 1974 

naturally occurring radionuclides and trace elements in Yatagan and Yenikoy coal-fired thermal 1975 

power plants, Turkey. Journal of Environmental Radioactivity 188, 100-107. 1976 

https://doi.org/10.1016/j.jenvrad.2017.09.016 1977 

 1978 

Pearson, A.J., Gaw, S., Hermanspahn, N., Glover, C.N. and Anderson, C.W.N., 2019. Radium in 1979 

New Zealand agricultural soils: Phosphate fertiliser inputs, soil activity concentrations and 1980 

fractionation profiles. Journal of Environmental Radioactivity 205-206, 119-126. 1981 

https://doi.org/10.1016/j.jenvrad.2019.05.010 1982 

 1983 

https://doi.org/10.1016/j.epsl.2013.11.034
https://www.nap.edu/catalog/11340/health-risks-from-exposure-to-low-levels-of-ionizing-radiation
https://www.nap.edu/catalog/11340/health-risks-from-exposure-to-low-levels-of-ionizing-radiation
https://doi.org/10.17226/6287
https://doi.org/10.1080/10256016.2011.628123
https://doi.org/10.1021/acs.est.8b04345
https://doi.org/10.1007/BF01740581
https://doi.org/10.1007/978-1-4615-4557-6
https://doi.org/10.1016/j.jenvrad.2017.09.016
https://doi.org/10.1016/j.jenvrad.2019.05.010


 65 

Peng, X., Min, M., Qiao, H., Wang, J., & Fayek, M., 2016. Uranium-series disequilibria in the 1984 

groundwater of the Shihongtan sandstone-hosted uranium deposit, NW China. Minerals, 6(1), 3. 1985 

https://doi.org/10.3390/min6010003  1986 

 1987 

Peri, N. 2006. Radium isotopes enrichment, in groundwater in the Negev and Arava valley, 1988 

Department of Geological and Environmental Sciences. Ben Gurion University, Beer Sheva, 1989 

Israel. 1990 

 1991 

Phan, T.T., Capo, R.C., Stewart, B.W., Graney, J.R., Johnson, J.D., Sharma, S. and Toro, J., 1992 

2015. Trace metal distribution and mobility in drill cuttings and produced waters from Marcellus 1993 

Shale gas extraction: Uranium, arsenic, barium. Applied Geochemistry 60, 89-103. 1994 

https://doi.org/10.1016/j.apgeochem.2015.01.013 1995 

 1996 

Pierce, E.M., Icenhower, J.P., Serne, R.J. and Catalano, J.G., 2005. Experimental determination 1997 

of UO2(cr) dissolution kinetics: Effects of solution saturation state and pH. Journal of Nuclear 1998 

Materials 345, 206-218. https://doi.org/10.1016/j.jnucmat.2005.05.012 1999 

 2000 

Planer-Friedrich, B., 2000. Hydrogeological and hydrochemical investigations in the Rioverde 2001 

basin, Mexico. Freiberg On-line, Geoscience Vol. 3. https://doi.org/10.23689/fidgeo-871 2002 

 2003 

Plant, J.A., Simpson, P.R., Smith, B. and Windley, B.F., 1999. Uranium Ore Deposits— 2004 

Products of the Radioactive Earth. In: Peter C. Burns, P.C. and Finch, R.J. (rds), , Uranium: 2005 

Mineralogy, Geochemistry and the Envrionment. De Gruyter. 2006 

https://doi.org/10.1515/9781501509193 2007 

 2008 

Porcelli, D. and Swarzenski, P.W., 2003. The behavior of U- and Th-series nuclides in 2009 

groundwater. In: Bourdon, B., Henderson, G.M., Lundstrom, C.C., Turner, S.P. (Eds.), Uranium-2010 

Series Geochemistry, Mineralogical Society of America, 52, 317-361. 2011 

https://pubs.geoscienceworld.org/rimg/issue/52/1 2012 

 2013 

Porcelli, D., 2014. A method for determining the extent of bulk 210Po and 210Pb adsorption and 2014 

retardation in aquifers. Chemical Geology 382, 132-139. 2015 

https://doi.org/10.1016/j.chemgeo.2014.05.021 2016 

 2017 

Porcelli, D., Swarzenski, P.W., 2003. The behavior of U- and Th-series nuclides in groundwater. 2018 

Reviews in Mineralogy and Geochemistry 52, 317–361.  https://doi.org/10.2113/0520317 2019 

 2020 

Post, V.E.A., Vassolo, S.I., Tiberghien, C., Baranyikwa, D., Miburo, D., 2017. Weathering and 2021 

evaporation controls on dissolved uranium concentrations in groundwater – A case study from 2022 

northern Burundi. Science of The Total Environment, 607–608, 281-293. 2023 

https://doi.org/10.1016/j.scitotenv.2017.07.006 2024 

 2025 

Prat, O., Vercouter, T., Ansoborlo, E., Fichet, P., Perret, P., Kurttio, P. and Salonen, L., 2009. 2026 

Uranium Speciation in Drinking Water from Drilled Wells in Southern Finland and Its Potential 2027 

Links to Health Effects. Environmental Science & Technology 43, 3941-3946. 2028 

https://doi.org/10.1021/es803658e 2029 

https://doi.org/10.1016/j.apgeochem.2015.01.013
https://doi.org/10.1016/j.jnucmat.2005.05.012
https://doi.org/10.23689/fidgeo-871
https://doi.org/10.1515/9781501509193
https://pubs.geoscienceworld.org/rimg/issue/52/1
https://doi.org/10.1016/j.chemgeo.2014.05.021
https://doi.org/10.2113/0520317
https://doi.org/10.1016/j.scitotenv.2017.07.006
https://doi.org/10.1021/es803658e


 66 

 2030 

Przylibski, T.A., (2004. Concentration of Ra-226 in rocks of the southern part of Lower Silesia 2031 

(SW Poland). Journal of Environmental Radioactivity 75, 171-191. 2032 

https://doi.org/10.1016/j.jenvrad.2003.12.003 2033 

 2034 

Ram, R., Vaughan, J., Etschmann, B. and Brugger, J., 2019. The aqueous chemistry of polonium 2035 

(Po) in environmental and anthropogenic processes. Journal of Hazardous Materials 380, 2036 

120725. https://doi.org/10.1016/j.jhazmat.2019.06.002 2037 

 2038 

Ramadan, K.A., Seddeek, M.K., Nijim, A., Sharshar, T. and Badran, H.M., 2011. Radioactivity 2039 

of sand, groundwater and wild plants in northeast Sinai, Egypt. Isotopes in Environmental and 2040 

Health Studies 47, 456-469. DOI: 10.1080/10256016.2011.633165  2041 

 2042 

Rango, T., Bianchini, G., Beccaluva, L. and Tassinari, R., 2010. Geochemistry and water quality 2043 

assessment of central Main Ethiopian Rift natural waters with emphasis on source and 2044 

occurrence of fluoride and arsenic. Journal of African Earth Sciences 57, 479-491. 2045 

https://doi.org/10.1016/j.jafrearsci.2009.12.005 2046 

 2047 

Rango, T., Kravchenko, J., Atlaw, B., McCornick, P.G., Jeuland, M., Merola, B., Vengosh, A. 2048 

2012. Groundwater quality and its health impact: An assessment of dental fluorosis in rural 2049 

inhabitants of the Main Ethiopian Rift. Environment International, 43, 37-47. 2050 

https://doi.org/10.1016/j.envint.2012.03.002 2051 

 2052 

 2053 

Read, E.K., Carr, L., De Cicco, L., Dugan, H.A., Hanson, P.C., Hart, J.A., Kreft, J., Read, J.S. 2054 

and Winslow, L.A., 2017. Water quality data for national‐scale aquatic research: The Water 2055 

Quality Portal. Water Resources Research 53, 1735-1745. 2056 

https://doi.org/10.1002/2016WR019993 2057 

 2058 

Reiller, P.E. and Descostes, M., 2020. Development and application of the thermodynamic 2059 

database PRODATA dedicated to the monitoring of mining activities from exploration to 2060 

remediation. Chemosphere 251, 126301. https://doi.org/10.1016/j.chemosphere.2020.126301 2061 

 2062 

Reimann, C., Bjorvatn, K., Tekle-Haimanot, R., Melako, Z. and Siewers, U., 2003. Drinking 2063 

water quality in the Ethiopian section of the East African Rift Valley I--data and health aspects.  2064 

Science of The Total Environment 311, 65-80. https://doi.org/10.1016/S0048-9697(03)00137-2 2065 

 2066 

Reynolds, B.C., Wasserburg, G.J., Baskaran, M., 2003. The transport of U- and Th-series 2067 

nuclides in sandy confined aquifers. Geochimica et Cosmochimica Acta 67, 1955-1972. 2068 

https://doi.org/10.1016/S0016-7037(02)01341-8 2069 

 2070 

Riedel, T. and Kübeck, C., 2018. Uranium in groundwater – A synopsis based on a large 2071 

hydrogeochemical data set. Water Research 129, 29-38. 2072 

https://doi.org/10.1016/j.watres.2017.11.001 2073 

 2074 

https://doi.org/10.1016/j.jenvrad.2003.12.003
https://doi.org/10.1016/j.jhazmat.2019.06.002
https://doi.org/10.1080/10256016.2011.633165
https://doi.org/10.1016/j.jafrearsci.2009.12.005
https://doi.org/10.1016/j.envint.2012.03.002
https://doi.org/10.1002/2016WR019993
https://doi.org/10.1016/j.chemosphere.2020.126301
https://doi.org/10.1016/S0048-9697(03)00137-2
https://doi.org/10.1016/S0016-7037(02)01341-8
https://doi.org/10.1016/j.watres.2017.11.001


 67 

Rimstidt, J.D., Chermak, J.A. and Schreiber, M.E., 2017. Processes that control mineral and 2075 

element abundances in shales. Earth-Science Reviews 171, 383-399. 2076 

https://doi.org/10.1016/j.earscirev.2017.06.010 2077 

Roback RC, Johnson TM, McLing TL, Murrell MT, Luo SD, Ku TL (2001) Uranium isotopic 2078 

evidence for groundwater chemical evolution and flow patterns in the eastern Snake River Plain 2079 

aquifer, Idaho. Geol Soc Am Bull 113:1133-1141.  https://doi.org/10.1130/0016-2080 

7606(2001)113<1133:Uiefgc>2.0.Co;2 2081 

Rowan, E.L., Engle, M.A., Kirby, C.S., and Kraemer, T.F., 2011. Radium content of oil- and 2082 

gas-field produced waters in the northern Appalachian Basin (USA)—Summary and discussion 2083 

of data. U.S. Geological Survey, Scientific Investigations Report 2011-5135, Washington DC. 2084 

https://doi.org/10.3133/sir20115135  2085 

 2086 

Ruberu, S.R., Liu, Y.-G. and Perera, S.K., 2007. Occurence and distribution of 210Pb and 210Po in 2087 

selected California groundwater wells. Health Physics 92, 432-441. DOI: 2088 

10.1097/01.HP.0000254883.26386.9b  2089 

 2090 

Ruedig, E. and Johnson, T.E., 2015. An evaluation of health risk to the public as a consequence 2091 

of in situ uranium mining in Wyoming, USA. Journal of Environmental Radioactivity 150, 170-2092 

178. DOI: 10.1016/j.jenvrad.2015.08.004  2093 

 2094 

Ruhl, L., Vengosh, A., Dwyer, G.S., Hsu-Kim, H., Deonarine, A., Bergin, M. and Kravchenko, 2095 

J., 2009. Survey of the Potential Environmental and Health Impacts in the Immediate Aftermath 2096 

of the Coal Ash Spill in Kingston, Tennessee. Environmental Science & Technology 43, 6326-2097 

6333. https://doi.org/10.1021/es900714p 2098 

 2099 

Sahu, S.K., Tiwari, M., Bhangare, R.C. and Pandit, G.G., 2014. Enrichment and particle size 2100 

dependence of polonium and other naturally occurring radionuclides in coal ash. Journal of 2101 

Environmental Radioactivity 138, 421-426. https://doi.org/10.1016/j.jenvrad.2014.04.010 2102 

 2103 

Salonen, L., 1988. Natural Radionuclides in Ground Water in Finland. Radiation Protection 2104 

Dosimetry 24, 163-166. https://doi.org/10.1093/oxfordjournals.rpd.a080263 2105 

 2106 

Sandhu, D., Singh, A., Duranceau, S.J., Nam, B.H., Mayo, T. and Wang, D., 2018. Fate and 2107 

transport of radioactive gypsum stack water entering the Floridan aquifer due to a sinkhole 2108 

collapse. Scientific Reports 8, 11439. https://doi.org/10.1038/s41598-018-29541-0 2109 

Schauble, E.A., 2007, Role of nuclear volume in driving equilibrium stable isotope fractionation 2110 

of mercury, thallium, and other very heavy elements: Geochim. Cosmochim. Acta, 71, 2170–2111 

2189. https://doi.org/10.1016/j.gca.2007.02.004.  2112 

Scott, T.B., Riba Tort, O. and Allen, G.C., 2007. Aqueous uptake of uranium onto pyrite 2113 

surfaces; reactivity of fresh versus weathered material. Geochimica et Cosmochimica Acta 71, 2114 

5044-5053. https://doi.org/10.1016/j.gca.2007.08.017 2115 

 2116 

https://doi.org/10.1016/j.earscirev.2017.06.010
https://doi.org/10.3133/sir20115135
https://doi.org/10.1097/01.hp.0000254883.26386.9b
https://doi.org/10.1016/j.jenvrad.2015.08.004
https://doi.org/10.1021/es900714p
https://doi.org/10.1016/j.jenvrad.2014.04.010
https://doi.org/10.1093/oxfordjournals.rpd.a080263
https://doi.org/10.1038/s41598-018-29541-0
https://doi.org/10.1016/j.gca.2007.08.017


 68 

Seddeek, M.K., Badran, H.M., Sharshar, T. and Elnimr, T., 2005. Characteristics, spatial 2117 

distribution and vertical profile of gamma-ray emitting radionuclides in the coastal environment 2118 

of North Sinai. Journal of Environmental Radioactivity 84, 21-50. 2119 

https://doi.org/10.1016/j.jenvrad.2005.03.005 2120 

 2121 
 2122 

Seki, Y., Naito, K., Kamei, A., Okuzawa, K., Takeno, N., Watanabe, Y., 2007. Chapter 14 2123 

Hydrogeology of uranium-bearing groundwater in forest catchments in the humid temperate 2124 

climate: A case study in the Kanamaru area, Yamagata, Japan. In: Sarkar, D., Datta, R., 2125 

Hannigan, R. (Eds.), Developments in Environmental Science, Concepts and Applications in 2126 

Environmental Geochemistry. Elsevier, pp. 303–323. https://doi.org/10.1016/S1474-2127 

8177(07)05014-0 2128 
 2129 

Seiler, R. 2016. 210Po in drinking water, its potential health effects, and inadequacy of the gross 2130 

alpha activity MCL. Science of The Total Environment 568, 1010-1017. 2131 

https://doi.org/10.1016/j.scitotenv.2016.05.044 2132 

 2133 

Seiler, R.L. and Wiemels, J.L., 2012. Occurrence of 210Po and biological effects of low-level 2134 

exposure: the need for research. Environmental health perspectives 120, 1230-1237. 2135 

doi: 10.1289/ehp.1104607 2136 

 2137 

Seiler, R.L., 2011. 210Po in Nevada Groundwater and Its Relation to Gross Alpha Radioactivity. 2138 

Groundwater 49, 160-171. DOI: 10.1111/j.1745-6584.2010.00688.x  2139 

 2140 

Seiler, R.L., Stillings, L.L., Cutler, N., Salonen, L. and Outola, I., 2011. Biogeochemical factors 2141 

affecting the presence of 210Po in groundwater. Applied Geochemistry 26, 526-539. 2142 

https://doi.org/10.1016/j.apgeochem.2011.01.011 2143 

 2144 

Senko, J.M., Istok, J.D., Suflita, J.M. and Krumholz, L.R., 2002. In-Situ Evidence for Uranium 2145 

Immobilization and Remobilization. Environmental Science & Technology 36, 1491-1496. 2146 

https://doi.org/10.1021/es011240x 2147 

 2148 

Senko, J.M., Suflita, J.M. and Krumholz, L.R., 2005. Geochemical Controls on Microbial 2149 

Nitrate-Dependent U(IV) Oxidation. Geomicrobiology Journal 22, 371-378. 2150 

https://doi.org/10.1080/01490450500248911 2151 

 2152 

Shabana, E.I., Abulfaraj, W.H., Kinsara, A.A. and Abu Rizaiza, O.S., 2013. Natural radioactivity 2153 

in the groundwater of Wadi Nu'man, Mecca Province, Saudi Arabia. Radiochimica Acta 101, 2154 

461-469. https://doi.org/10.1524/ract.2013.2043 2155 

 2156 

Sharp, J.O., Lezama-Pacheco, J.S., Schofield, E.J., Junier, P., Ulrich, K.-U., Chinni, S., 2157 

Veeramani, H., Margot-Roquier, C., Webb, S.M., Tebo, B.M., Giammar, D.E., Bargar, J.R. and 2158 

Bernier-Latmani, R., 2011. Uranium speciation and stability after reductive immobilization in 2159 

aquifer sediments. Geochimica et Cosmochimica Acta 75, 6497-6510. 2160 

https://doi.org/10.1016/j.gca.2011.08.022 2161 

 2162 

Field Code Changed

https://doi.org/10.1016/j.jenvrad.2005.03.005
https://doi.org/10.1016/S1474-8177(07)05014-0
https://doi.org/10.1016/S1474-8177(07)05014-0
https://doi.org/10.1016/j.scitotenv.2016.05.044
https://dx.doi.org/10.1289%2Fehp.1104607
https://doi.org/10.1111/j.1745-6584.2010.00688.x
https://doi.org/10.1016/j.apgeochem.2011.01.011
https://doi.org/10.1021/es011240x
https://doi.org/10.1080/01490450500248911
https://doi.org/10.1524/ract.2013.2043
https://doi.org/10.1016/j.gca.2011.08.022


 69 

Sherif, M.I. and Sturchio, N.C., 2018. Radionuclide geochemistry of groundwater in the Eastern 2163 

Desert, Egypt. Applied Geochemistry 93, 69-80. 2164 

https://doi.org/10.1016/j.apgeochem.2018.04.004 2165 

 2166 

Sherif, M.I. and Sturchio, N.C., 2021. Elevated radium levels in Nubian Aquifer groundwater of 2167 

Northeastern Africa. Scientific Reports 11, 78. https://doi.org/10.1038/s41598-020-80160-0 2168 

 2169 

Sherif, M.I., Lin, J., Poghosyan, A., Abouelmagd, A., Sultan, M.I. and Sturchio, N.C., 2018. 2170 

Geological and hydrogeochemical controls on radium isotopes in groundwater of the Sinai 2171 

Peninsula, Egypt. Science of the Total Environment 613, 877-885. 2172 

https://doi.org/10.1016/j.scitotenv.2017.09.129 2173 

 2174 

Shiel, A.E., Johnson, T.M., Lundstrom, C.C., Laubach, P.G., Long, P.E., Williams, K.H., 2016. 2175 

Reactive transport of uranium in a groundwater bioreduction study: Insights from high-temporal 2176 

resolution U-238/U-235 data. Geochim. Cosmochim. Acta 187, 218-236.  2177 

https://doi.org/10.1016/j.gca.2016.05.020 2178 

 2179 

Siegel, M.D. and Bryan, C.R. 2014. Environmental geochemistry of radioactive contamination. 2180 

In: Holland, H.D., Turekian, K.K. (eds.), Treatise on Geochemistry (Second Edition), Volume 2181 

11, Environmental Geochemistry . Elsevier, Oxford, pp. 205-262. 2182 

https://www.sciencedirect.com/referencework/9780080983004/treatise-on-geochemistry#book-2183 

info 2184 

 2185 

Skeppström, K.a.O., B , 2007. Uranium and radon in groundwater. European Water 17/18, 51-2186 

62.  https://www.ewra.net/ew/pdf/EW_2007_17-18_05.pdf 2187 

 2188 

Smedley, P., Nicolli, H., Macdonald, D., Barros, A. and Tullio, J., 2002a. Hydrogeochemistry of 2189 

arsenic and other inorganic constituents in groundwaters from La Pampa, Argentina. Applied 2190 

Geochemistry 17, 259-284. https://doi.org/10.1016/S0883-2927(01)00082-8 2191 

 2192 

Smedley, P., Nkotagu, H., Pelig-Ba, K., MacDonald, A., Tyler-Whittle, R., Whitehead, E. and 2193 

Kinniburgh, D., 2002b. Fluoride in groundwater from high-fluoride areas of Ghana and 2194 

Tanzania. Bristish Geological Survey, Commissioned Report CR/02/316. 2195 

https://resources.bgs.ac.uk/sadcreports/tanzania2002smedleyfluoridecr02316n.pdf 2196 

 2197 

 2198 

Smedley, P., Zhang, M., Zhang, G. and Luo, Z., 2003. Mobilisation of arsenic and other trace 2199 

elements in fluviolacustrine aquifers of the Huhhot Basin, Inner Mongolia. Applied 2200 

Geochemistry 18, 1453-1477. https://doi.org/10.1016/S0883-2927(03)00062-3 2201 

 2202 

Smedley, P.L. and Edmunds, W.M., 2002. Redox patterns and trace‐element behavior in the East 2203 

Midlands Triassic sandstone aquifer, UK. Groundwater 40, 44-58. DOI: 10.1111/j.1745-2204 

6584.2002.tb02490.x  2205 

 2206 

https://doi.org/10.1016/j.apgeochem.2018.04.004
https://doi.org/10.1038/s41598-020-80160-0
https://doi.org/10.1016/j.scitotenv.2017.09.129
https://doi.org/10.1016/j.gca.2016.05.020
https://www.sciencedirect.com/referencework/9780080983004/treatise-on-geochemistry#book-info
https://www.sciencedirect.com/referencework/9780080983004/treatise-on-geochemistry#book-info
https://www.ewra.net/ew/pdf/EW_2007_17-18_05.pdf
https://doi.org/10.1016/S0883-2927(01)00082-8
https://resources.bgs.ac.uk/sadcreports/tanzania2002smedleyfluoridecr02316n.pdf
https://doi.org/10.1016/S0883-2927(03)00062-3
https://doi.org/10.1111/j.1745-6584.2002.tb02490.x
https://doi.org/10.1111/j.1745-6584.2002.tb02490.x


 70 

Smedley, P.L., 1996. Arsenic in rural groundwater in Ghana: part special issue: 2207 

hydrogeochemical studies in sub-Saharan Africa. Journal of African Earth Sciences 22, 459-470. 2208 

https://doi.org/10.1016/0899-5362(96)00023-1 2209 

 2210 

Snow, D.D., Spalding, R.F., 1994. Uranium isotopes in the Platte River drainage basin of the 2211 

North American High plains Region. Appl. Geochem. 9, 271-278.  https://doi.org/10.1016/0883-2212 

2927(94)90037-X 2213 

 2214 

Spruill, T.B., Williams, J.B., Galeone, D.R., and Harned, D.A., 1997. Radon in ground water in 2215 

Guilford County, North Carolina. U.S. Geological Survey. Fact Sheet 147-97. 2216 

https://doi.org/10.3133/fs14797  2217 

 2218 

Stackelberg, P.E., Szabo, Z. and Jurgens, B.C., 2018. Radium mobility and the age of 2219 

groundwater in public-drinking-water supplies from the Cambrian-Ordovician aquifer system, 2220 

north-central USA. Applied Geochemistry 89, 34-48. 2221 

https://doi.org/10.1016/j.apgeochem.2017.11.002 2222 

 2223 

Standen, A.R. and Kane J.A., 2005. The spatial distribution of radiological contaminants in the 2224 

Hickory aquifer and other aquifers overlying the Llano Uplift, Central Texas. Austin Geological 2225 

Society Bulletin 1, 87-101. 2226 

https://static1.squarespace.com/static/56e481e827d4bdfdac7fbe0f/t/56f7df34f699bbc538403d1f/2227 

1459085110397/Standen+and+Kane%2C+2005%2C+Radiological+Contaminants+in+Hickory+2228 

Aquifer.pdf 2229 

 2230 

Stewart, B.D., Mayes, M.A. and Fendorf, S., 2010. Impact of Uranyl−Calcium−Carbonato 2231 

Complexes on Uranium(VI) Adsorption to Synthetic and Natural Sediments. Environmental 2232 

Science & Technology 44, 928-934. https://doi.org/10.1021/es902194x 2233 

 2234 

Stirling, C.H., Andersen, M.B., Warthmann, R., Halliday, A.N., 2015. Isotope fractionation of U-2235 

238 and U-235 during biologically-mediated uranium reduction. Geochim. Cosmochim. Acta 2236 

163, 200-218.  https://doi.org/10.1016/j.gca.2015.03.017 2237 

 2238 

Sturchio, N.C., Banner, J.L., Binz, C.M., Heraty, L.B. and Musgrove, M., 2001. Radium 2239 

geochemistry of ground waters in Paleozoic carbonate aquifers, midcontinent, USA. Applied 2240 

Geochemistry 16, 109-122. https://doi.org/10.1016/S0883-2927(00)00014-7 2241 

 2242 

Sturchio, N.C., Bohlke, J.K., Markun, F.J., 1993. Radium isotope geochemistry of geothermal 2243 

water, Yellowstone National Park, Wyoming, USA. Geochimica et Cosmochimica Acta 57, 2244 

1203-1214. https://doi.org/10.1016/0016-7037(93)90057-4 2245 

 2246 

Stylo M, Neubert N, Wang Y, Monga N, Romaniello SJ, Weyer S, Bernier-Latmani R (2015b) 2247 

Uranium isotopes fingerprint biotic reduction. PNAS 112, 5619–5624.  2248 

https://doi.org/10.1073/pnas.1421841112 2249 

 2250 

https://doi.org/10.1016/0899-5362(96)00023-1
https://doi.org/10.1016/0883-2927(94)90037-X
https://doi.org/10.1016/0883-2927(94)90037-X
https://doi.org/10.3133/fs14797
https://doi.org/10.1016/j.apgeochem.2017.11.002
https://static1.squarespace.com/static/56e481e827d4bdfdac7fbe0f/t/56f7df34f699bbc538403d1f/1459085110397/Standen+and+Kane%2C+2005%2C+Radiological+Contaminants+in+Hickory+Aquifer.pdf
https://static1.squarespace.com/static/56e481e827d4bdfdac7fbe0f/t/56f7df34f699bbc538403d1f/1459085110397/Standen+and+Kane%2C+2005%2C+Radiological+Contaminants+in+Hickory+Aquifer.pdf
https://static1.squarespace.com/static/56e481e827d4bdfdac7fbe0f/t/56f7df34f699bbc538403d1f/1459085110397/Standen+and+Kane%2C+2005%2C+Radiological+Contaminants+in+Hickory+Aquifer.pdf
https://doi.org/10.1021/es902194x
https://doi.org/10.1016/j.gca.2015.03.017
https://doi.org/10.1016/S0883-2927(00)00014-7
https://doi.org/10.1016/0016-7037(93)90057-4
https://doi.org/10.1073/pnas.1421841112


 71 

Sukanya, S., Noble, J. and Joseph, S., 2021. Factors controlling the distribution of radon (222Rn) 2251 

in groundwater of a tropical mountainous river basin in southwest India. Chemosphere 263, 2252 

128096. https://doi.org/10.1016/j.chemosphere.2020.128096 2253 

 2254 

Swartz, C.H. and Gschwend, P.M., 1998. Mechanisms Controlling Release of Colloids to 2255 

Groundwater in a Southeastern Coastal Plain Aquifer Sand. Environmental Science & 2256 

Technology 32, 1779-1785. https://doi.org/10.1021/es9708070 2257 

 2258 

Syngouna, V.I. and Chrysikopoulos, C.V., 2013. Cotransport of clay colloids and viruses in 2259 

water saturated porous media. Colloids and Surfaces A: Physicochemical and Engineering 2260 

Aspects 416, 56-65. https://doi.org/10.1016/j.colsurfa.2012.10.018 2261 

 2262 

Szabo, Z and Zapecza, O.S., 1987. Relation between radionuclide activities and chemical 2263 

constituents in groundwater of Newark Basin, New Jersey, in: Graves, B. (Ed.), Radon, radium, 2264 

and other radioactivity in ground water. Lewis Publishers, Boca Raton, FL, pp. 283-308. 2265 

https://doi.org/10.1201/9781003069836  2266 

 2267 

Szabo, Z., dePaul, V.T., Fischer, J.M., Kraemer, T.F. and Jacobsen, E., 2012. Occurrence and 2268 

geochemistry of radium in water from principal drinking-water aquifer systems of the United 2269 

States. Applied Geochemistry 27, 729-752. https://doi.org/10.1016/j.apgeochem.2011.11.002 2270 

 2271 

Szabo, Z., dePaul, V.T., Kraemer, T.F.,  and Parsa, B., 2005. Occurrence of Radium-224, 2272 

Radium-226, and Radium-228 in Water of the Unconfined Kirkwood-Cohansey Aquifer System, 2273 

Southern New Jersey. U.S. Geological Survey, Scientific Investigations Report 2004-5224 2274 

Reston, Virginia.  https://doi.org/10.3133/sir20045224  2275 

 2276 

Szabo, Z., Stackelberg, P.E. and Cravotta, C.A., 2020. Occurrence and Geochemistry of Lead-2277 

210 and Polonium-210 Radionuclides in Public-Drinking-Water Supplies from Principal 2278 

Aquifers of the United States. Environmental Science & Technology 54, 7236-7249. 2279 

https://doi.org/10.1021/acs.est.0c00192 2280 

 2281 

Tan, W., Li, Y., Tan, K., Xie, Y., Han, S. and Wang, P., 2019. Distribution of radon and risk 2282 

assessment of its radiation dose in groundwater drinking for village people nearby the W-2283 

polymetallic metallogenic district at Dongpo in southern Hunan province, China. Applied 2284 

Radiation and Isotopes 151, 39-45. https://doi.org/10.1016/j.apradiso.2019.05.008 2285 

 2286 

Telahigue, F., Agoubi, B., Souid, F. and Kharroubi, A., 2018. Groundwater chemistry and radon-2287 

222 distribution in Jerba Island, Tunisia. Journal of Environmental Radioactivity 182, 74-84. 2288 

DOI: 10.1016/j.jenvrad.2017.11.025  2289 

 2290 

Thivya, C., Chidambaram, S., Keesari, T., Prasanna, M.V., Thilagavathi, R., Adithya, V.S. and 2291 

Singaraja, C., 2016. Lithological and hydrochemical controls on distribution and speciation of 2292 

uranium in groundwaters of hard-rock granitic aquifers of Madurai District, Tamil Nadu (India). 2293 

Environmental Geochemistry and Health 38, 497-509. DOI: 10.1007/s10653-015-9735-7  2294 

 2295 

https://doi.org/10.1016/j.chemosphere.2020.128096
https://doi.org/10.1021/es9708070
https://doi.org/10.1016/j.colsurfa.2012.10.018
https://doi.org/10.1201/9781003069836
https://doi.org/10.1016/j.apgeochem.2011.11.002
https://doi.org/10.3133/sir20045224
https://doi.org/10.1021/acs.est.0c00192
https://doi.org/10.1016/j.apradiso.2019.05.008
https://doi.org/10.1016/j.jenvrad.2017.11.025
https://doi.org/10.1007/s10653-015-9735-7


 72 

Tomita, J., Satake, H., Fukuyama, T., Sasaki, K., Sakaguchi, A. and Yamamoto, M., 2010. 2296 

Radium geochemistry in Na-Cl type groundwater in Niigata Prefecture, Japan. Journal of 2297 

Environmental Radioactivity 101, 201-210.  DOI: 10.1016/j.jenvrad.2009.10.009  2298 

 2299 

Tricca, A., Porcelli, D. and Wasserburg, G.J., 2000. Factors controlling the groundwater 2300 

transport of U, Th, Ra, and Rn. Proceedings of the Indian Academy of Sciences-Earth and 2301 

Planetary Sciences 109, 95-108. https://doi.org/10.1007/BF02719153 2302 

 2303 

Tricca, A., Wasserburg, G.J., Porcelli, D. and Baskaran, M., 2001. The transport of U- and Th-2304 

series nuclides in a sandy unconfined aquifer. Geochimica Et Cosmochimica Acta 65, 1187-2305 

1210. https://doi.org/10.1016/S0016-7037(00)00617-7 2306 

 2307 

Tricca, A., Wasserburg, G.J., Porcelli, D., Baskaran, M., 2001. The transport of U- and Th-series 2308 

nuclides in a sandy unconfined aquifer. Geochim. Cosmochim. Acta 65 (8), 1187–1210.   doi: 2309 

10.1016/S0016-7037(00)00617-7 2310 

Tso, M.-y.W. and Leung, J.K.C. 1996. Radiological impact of coal ash from the power plants in 2311 

Hong Kong. Journal of Environmental Radioactivity 30, 1-14. https://doi.org/10.1016/0265-2312 

931X(95)00042-9 2313 

 2314 

Turhan, Ş., Arıkan, İ.H., Yücel, B., Varinlioğlu, A. and Köse, A., 2010. Evaluation of the 2315 

radiological safety aspects of utilization of Turkish coal combustion fly ash in concrete 2316 

production. Fuel 89, 2528-2535. https://doi.org/10.1016/j.fuel.2010.01.010 2317 

 2318 

U.K. Environment Agency, 2021. Water Quality Archive (Beta). 2319 

https://data.gov.uk/dataset/a0e6f23e-d631-4584-9ea2-7053620e4af2/water-quality-archive 2320 

 2321 

U.S. Environmental Protection Agancy (EPA), 2000. Radionuclides Notice of Data Availability 2322 

Technical Support Document. U.S. Environmental Protection Agency, Washington, DC. 2323 

https://www.epa.gov/sites/production/files/2015-2324 

09/documents/2009_04_16_radionuclides_regulation_radionuclides_rulemaking_techsupportdoc2325 

.pdf 2326 

 2327 

U.S. Environmental Protection Agancy (EPA), 2021. Drinking Water Requirements for States 2328 

and Public Water Systems: Drinking Water Regulations. United States Environmental Protection 2329 

Agency (EPA), Washington, DC. https://www.epa.gov/dwreginfo/drinking-water-regulations 2330 

 2331 

U.S. Geological Survey (USGS), 2021. PHREEQC Version 3. U.S. Geological Survey (USGS). 2332 

https://www.usgs.gov/software/phreeqc-version-3 2333 

 2334 

U.S. Geological Survey, 2004. National Uranium Resource Evaluation (NURE) 2335 

Hydrogeochemical and Stream Sediment Reconnaissance data, Denver, CO. 2336 

https://mrdata.usgs.gov/metadata/nurehssr.faq.html 2337 

 2338 

https://doi.org/10.1016/j.jenvrad.2009.10.009
https://doi.org/10.1007/BF02719153
https://doi.org/10.1016/S0016-7037(00)00617-7
https://doi.org/10.1016/0265-931X(95)00042-9
https://doi.org/10.1016/0265-931X(95)00042-9
https://doi.org/10.1016/j.fuel.2010.01.010
https://data.gov.uk/dataset/a0e6f23e-d631-4584-9ea2-7053620e4af2/water-quality-archive
https://www.epa.gov/sites/production/files/2015-09/documents/2009_04_16_radionuclides_regulation_radionuclides_rulemaking_techsupportdoc.pdf
https://www.epa.gov/sites/production/files/2015-09/documents/2009_04_16_radionuclides_regulation_radionuclides_rulemaking_techsupportdoc.pdf
https://www.epa.gov/sites/production/files/2015-09/documents/2009_04_16_radionuclides_regulation_radionuclides_rulemaking_techsupportdoc.pdf
https://www.epa.gov/dwreginfo/drinking-water-regulations
https://www.usgs.gov/software/phreeqc-version-3
https://mrdata.usgs.gov/metadata/nurehssr.faq.html


 73 

Urey, H.C., 1947. The thermodynamic properties of isotopic substances. Journal of the Chemical 2339 

Society (Resumed), 562-581.  https://doi.org/10.1039/JR9470000562 2340 

 2341 

Vaaramaa, K., Lehto, J., Ervanne, H., 2003. Soluble and particle-bound 234U,238U, 226Ra, and 2342 
210Po in ground waters. Radiochimica Acta 91, 21-27. https://doi.org/10.1524/ract.91.1.21.19015 2343 

 2344 

Valentim, E., Hazin, C.A., Khoury, H.J., de Lima A, R., Godoy, J.M., 1997. Does decorrente da 2345 

ingetão de águas contendo 210Pb e 210Po na ragião fosfática de Pernambuco. Proceedings of IV 2346 

Encontro Brasileiro de Apliccoes Nucleares, 228-278. 2347 

https://www.ipen.br/biblioteca/cd/inac/1997/ENAN/E03_006.PDF 2348 

 2349 

Van Sice, K., Cravotta, C.A., McDevitt, B., Tasker, T.L., Landis, J.D., Puhr, J. and Warner, 2350 

N.R., 2018. Radium attenuation and mobilization in stream sediments following oil and gas 2351 

wastewater disposal in western Pennsylvania. Applied Geochemistry 98, 393-403. 2352 

https://doi.org/10.1016/j.apgeochem.2018.10.011 2353 

 2354 

Vengosh, A., 2014. Salinization and Saline Environments. In: Holland, H.D., Turekian, K.K. 2355 

(eds.), Treatise on Geochemistry (Second Edition), Volume 11, Environmental Geochemistry . 2356 

Elsevier, Oxford, pp. 333-365. 2357 

https://www.sciencedirect.com/referencework/9780080983004/treatise-on-geochemistry#book-2358 

info 2359 

 2360 

Vengosh, A., Hirschfeld, D., Vinson, D., Dwyer, G., Raanan, H., Rimawi, O., Al-Zoubi, A., 2361 

Akkawi, E., Marie, A., Haquin, G., Zaarur, S. and Ganor, J., 2009. High Naturally Occurring 2362 

Radioactivity in Fossil Groundwater from the Middle East. Environmental Science & 2363 

Technology 43, 1769-1775. https://doi.org/10.1021/es802969r 2364 

 2365 

Vengosh, A., Jackson, R.B., Warner, N., Darrah, T.H. and Kondash, A., 2014. A Critical Review 2366 

of the Risks to Water Resources from Unconventional Shale Gas Development and Hydraulic 2367 

Fracturing in the United States. Environmental Science & Technology 48, 8334-8348. 2368 

https://doi.org/10.1021/es405118y 2369 

 2370 

Vesterbacka, P.H., K.;  Lehto, J., 2005a. The effect of water treatment on the presence of 2371 

particle-bound Po-210 and Pb-210 in groundwater. Radiochimica Acta 93, 291-296. 2372 

DOI:10.1524/ract.93.5.291.64282 2373 

 2374 

Vesterbacka, P.M., I.; Arvela, H., 2005b. Natural radioactivity in drinking water in private wells 2375 

in Finland. Radiation Protection Dosimetry 113, 223–232. DOI: 10.1093/rpd/nch446  2376 

 2377 

Vilks, P., Miller, H.G. and Doern, D.C., 1991. Natural colloids and suspended particles in the 2378 

Whiteshell Research Area, Manitoba, Canada, and their potential effect on radiocolloid 2379 

formation. Applied Geochemistry 6, 565-574. https://doi.org/10.1016/0883-2927(91)90055-T 2380 

 2381 

Villalobos, M., Trotz, M.A. and Leckie, J.O., 2001. Surface Complexation Modeling of 2382 

Carbonate Effects on the Adsorption of Cr(VI), Pb(II), and U(VI) on Goethite. Environmental 2383 

Science & Technology 35, 3849-3856. https://doi.org/10.1021/es001748k 2384 

Field Code Changed

Field Code Changed

Field Code Changed

https://doi.org/10.1039/JR9470000562
https://doi.org/10.1524/ract.91.1.21.19015
https://www.ipen.br/biblioteca/cd/inac/1997/ENAN/E03_006.PDF
https://doi.org/10.1016/j.apgeochem.2018.10.011
https://www.sciencedirect.com/referencework/9780080983004/treatise-on-geochemistry#book-info
https://www.sciencedirect.com/referencework/9780080983004/treatise-on-geochemistry#book-info
https://doi.org/10.1021/es802969r
https://doi.org/10.1021/es405118y
https://doi.org/10.1524/ract.93.5.291.64282
https://doi.org/10.1093/rpd/nch446
https://doi.org/10.1016/0883-2927(91)90055-T
https://doi.org/10.1021/es001748k


 74 

 2385 

Vinson, D.S., Campbell, T.R. and Vengosh, A., 2008. Radon transfer from groundwater used in 2386 

showers to indoor air. Applied Geochemistry 23, 2676-2685. 2387 

https://doi.org/10.1016/j.apgeochem.2008.05.021 2388 

 2389 

Vinson, D.S., Lundy, J.R., Dwyer, G.S. and Vengosh, A., 2012. Implications of carbonate-like 2390 

geochemical signatures in a sandstone aquifer: Radium and strontium isotopes in the Cambrian 2391 

Jordan aquifer (Minnesota, USA). Chemical Geology 334, 280-294. 2392 

https://doi.org/10.1016/j.chemgeo.2012.10.030 2393 

 2394 

Vinson, D.S., Lundy, J.R., Dwyer, G.S. and Vengosh, A., 2018. Radium isotope response to 2395 

aquifer storage and recovery in a sandstone aquifer. Applied Geochemistry 91, 54-63. 2396 

https://doi.org/10.1016/j.apgeochem.2018.01.006 2397 

 2398 

Vinson, D.S., Tagma, T., Bouchaou, L., Dwyer, G.S., Warner, N.R. and Vengosh, A., 2013. 2399 

Occurrence and mobilization of radium in fresh to saline coastal groundwater inferred from 2400 

geochemical and isotopic tracers (Sr, S, O, H, Ra, Rn). Applied Geochemistry 38, 161-175. 2401 

https://doi.org/10.1016/j.apgeochem.2013.09.004 2402 

 2403 

Vinson, D.S., Vengosh, A., Hirschfeld, D. and Dwyer, G.S., 2009. Relationships between radium 2404 

and radon occurrence and hydrochemistry in fresh groundwater from fractured crystalline rocks, 2405 

North Carolina (USA). Chemical Geology 260, 159-171. 2406 

https://doi.org/10.1016/j.chemgeo.2008.10.022 2407 

 2408 

Walencik-Łata, A. and Smołka-Danielowska, D., 2020. 234U, 238U, 226Ra, 228Ra and 40K 2409 

concentrations in feed coal and its combustion products during technological processes in the 2410 

Upper Silesian Industrial Region, Poland. Environmental Pollution 267, 115462. 2411 

https://doi.org/10.1016/j.envpol.2020.115462 2412 

 2413 

Wall, J.D. and Krumholz, L.R., 2006. Uranium Reduction. Annual Review of Microbiology 60, 2414 

149-166. https://doi.org/10.1146/annurev.micro.59.030804.121357 2415 

 2416 

Wallström, M., 2001. Commission Recommendation  of 20 December 2001 on the protection of 2417 

the public against exposure to radon in drinking water supplies. Official Journal of the European 2418 

Communities, Brussels. http://extwprlegs1.fao.org/docs/pdf/eur37638.pdf 2419 

 2420 

Wang S., R.Y., Lu B., Li J., Kuang H., Gong L. and Hao Y., 2020. A Review of Uranium-2421 

Induced Reproductive Toxicity. Biological Trace Element Research volume 196, 204–213. 2422 

doi: 10.1007/s12011-019-01920-2. 2423 

  2424 

Wang, X., Johnson, T.M., Lundstrom, C.C., 2015. Low temperature equilibrium isotope 2425 

fractionation and isotope exchange kinetics between U(IV) and U(VI). Geochim. Cosmochim. 2426 

Acta 158, 262-275. https://doi.org/10.1016/j.gca.2015.03.006 2427 

 2428 

Field Code Changed

https://doi.org/10.1016/j.apgeochem.2008.05.021
https://doi.org/10.1016/j.chemgeo.2012.10.030
https://doi.org/10.1016/j.apgeochem.2018.01.006
https://doi.org/10.1016/j.apgeochem.2013.09.004
https://doi.org/10.1016/j.chemgeo.2008.10.022
https://doi.org/10.1016/j.envpol.2020.115462
https://doi.org/10.1146/annurev.micro.59.030804.121357
http://extwprlegs1.fao.org/docs/pdf/eur37638.pdf
https://doi.org/10.1016/j.gca.2015.03.006


 75 

Wang, X., Ni, S., Shi, Z., 2014. Uranium distribution in the sediment of the Mianyuan River near 2429 

a phosphate mining region in China and the related uranium speciation in water. Geochemistry 2430 

74, 661–669. https://doi.org/10.1016/j.chemer.2014.03.001 2431 

 2432 

Warner, N.R., Christie, C.A., Jackson, R.B. and Vengosh, A., 2013. Impacts of Shale Gas 2433 

Wastewater Disposal on Water Quality in Western Pennsylvania. Environmental Science & 2434 

Technology 47, 11849-11857. https://doi.org/10.1021/es402165b 2435 

 2436 

Warner, N.R., Jackson, R.B., Darrah, T.H., Osborn, S.G., Down, A., Zhao, K., White, A. and 2437 

Vengosh, A., 2012. Geochemical evidence for possible natural migration of Marcellus Formation 2438 

brine to shallow aquifers in Pennsylvania. Proceedings of the National Academy of Sciences of 2439 

the United States of America 109, 11961-11966. https://doi.org/10.1073/pnas.1121181109 2440 

 2441 

Warner, R., Meadows, J., Sojda, S., Price, V., Temples, T., Arai, Y., Fleisher, C., Crawford, B. 2442 

and Stone, P., 2011. Mineralogic investigation into occurrence of high uranium well waters in 2443 

upstate South Carolina, USA. Applied Geochemistry 26, 777-788. 2444 

https://doi.org/10.1016/j.apgeochem.2011.01.035 2445 

 2446 

Weber, K.A., Thrash, J.C., Trump, J.I.V., Achenbach, L.A. and Coates, J.D., 2011. 2447 

Environmental and Taxonomic Bacterial Diversity of Anaerobic Uranium(IV) Bio-Oxidation. 2448 

Applied and Environmental Microbiology 77, 4693-4696. DOI: 10.1128/AEM.02539-10  2449 

 2450 

Wersin, P., Hochella, M.F., Persson, P., Redden, G., Leckie, J.O. and Harris, D.W.,1994. 2451 

Interaction between aqueous uranium (VI) and sulfide minerals: Spectroscopic evidence for 2452 

sorption and reduction. Geochimica et Cosmochimica Acta 58, 2829-2843. 2453 

https://doi.org/10.1016/0016-7037(94)90117-1 2454 

 2455 

Wetterlind, J., Forges, A.C.R.D., Nicoullaud, B., Arrouays, D., 2012. Changes in uranium and 2456 

thorium contents in topsoil after long-term phosphorus fertilizer application. Soil Use and 2457 

Management 28, 101–107. https://doi.org/10.1111/j.1475-2743.2011.00376.x  2458 

 2459 

Wilson, L., 2018. Spatial Exploration of Trace Metals in Near-Surface Water and Soil in the 2460 

Bolivian Altiplano. Civ. Environ. Eng. Theses Diss. 2461 

 2462 

Winkel, L., Berg, M., Amini, M., Hug, S.J. and Johnson, C.A., 2008. Predicting groundwater 2463 

arsenic contamination in Southeast Asia from surface parameters. Nature Geoscience 1, 536-542. 2464 

https://doi.org/10.1038/ngeo254 2465 

 2466 

Winkel, L.H., Trang, P.T.K., Lan, V.M., Stengel, C., Amini, M., Ha, N.T., Viet, P.H. and Berg, 2467 

M., 2011. Arsenic pollution of groundwater in Vietnam exacerbated by deep aquifer exploitation 2468 

for more than a century. Proceedings of the National Academy of Sciences 108, 1246-1251. 2469 

https://doi.org/10.1073/pnas.1011915108  2470 

 2471 

Wold Health Organization, 2011. Guidelines for Drinking-water Quality, 4th Edition. World 2472 

Health Organization, Geneva, Switzerland. 2473 

https://www.who.int/publications/i/item/9789241549950 2474 

https://doi.org/10.1016/j.chemer.2014.03.001
https://doi.org/10.1021/es402165b
https://doi.org/10.1073/pnas.1121181109
https://doi.org/10.1016/j.apgeochem.2011.01.035
https://doi.org/10.1128/aem.02539-10
https://doi.org/10.1016/0016-7037(94)90117-1
https://doi.org/10.1038/ngeo254
https://doi.org/10.1073/pnas.1011915108
https://www.who.int/publications/i/item/9789241549950


 76 

 2475 

World Health Organization (WHO), 2017. Guidelines for Drinking-Water Quality: Fourth 2476 

Edition Incorporating the First Addendum: Radiological aspects. World Health Organization 2477 

(WHO), Geneva. https://www.ncbi.nlm.nih.gov/books/NBK442376/ 2478 

 2479 

Wu, Y., Wang, Y. and Xie, X., 2014. Occurrence, behavior and distribution of high levels of 2480 

uranium in shallow groundwater at Datong basin, northern China. Science of The Total 2481 

Environment 472, 809-817. DOI: 10.1016/j.scitotenv.2013.11.109  2482 

 2483 

Xie, X., Ellis, A., Wang, Y., Xie, Z., Duan, M., & Su, C., 2009. Geochemistry of redox-sensitive 2484 

elements and sulfur isotopes in the high arsenic groundwater system of Datong Basin, 2485 

China. Science of the Total Environment, 407(12), 3823-3835. 2486 

https://doi.org/10.1016/j.scitotenv.2009.01.041 2487 

 2488 

Yang, Q., Smitherman, P., Hess, C.T., Culbertson, C.W., Marvinney, R.G., Smith, A.E. and 2489 

Zheng, Y., 2014. Uranium and Radon in Private Bedrock Well Water in Maine: Geospatial 2490 

Analysis at Two Scales. Environmental Science & Technology 48, 4298-4306. 2491 

doi: 10.1021/es405020k 2492 

 2493 

Zamora M. L., T.B.L., Zielinski J. M., Meyerhof D. P. and Moss M. A., 1998. Chronic Ingestion 2494 

of Uranium in Drinking Water: A Study of Kidney Bioeffects in Humans. Toxicology Science 2495 

43, 68–77. DOI: 10.1006/toxs.1998.2426 2496 

 2497 

Zhang W., L.W., Bao S., Liu H., Zhang Y., Zhang B., Zhou A., Chen J., Hao K., Xia W., Li Y., 2498 

Sheng X. and Xu S., 2020. Association of adverse birth outcomes with prenatal uranium 2499 

exposure: A population-based cohort study. Environmental International 135, 105391. DOI: 2500 

10.1016/j.envint.2019.105391  2501 

 2502 

Zheng, M.J., Murad, A., Zhou, X.D., Yi, P., Alshamsi, D., Hussein, S., Chen, L., Hou, X.L., 2503 

Aldahan, A. and Yu, Z.B., 2016. Distribution and sources of Ra-226 in groundwater of arid 2504 

region. Journal of Radioanalytical and Nuclear Chemistry 309, 667-675. 2505 

https://doi.org/10.1007/s10967-015-4632-1 2506 

 2507 

Zhu, D., Ryan, M. C., Sun, B., Li, C., 2014. The influence of irrigation and Wuliangsuhai Lake 2508 

on groundwater quality in eastern Hetao Basin, Inner Mongolia, China. Hydrogeology 2509 

journal, 22(5), 1101-1114. https://doi.org/10.1007/s10040-014-1116-2 2510 

 2511 

Zielinski, R.A., Chafin, D.T., Banta, E.R. and Szabo, B.J., 1997. Use of 234U and 238U isotopes to 2512 

evaluate contamination of near-surface groundwater with uranium-mill effluent: a case study in 2513 

south-central Colorado, U.S.A. Environmental Geology 32, 124-136. 2514 

https://doi.org/10.1007/s002540050201  2515 

 2516 

Zielinski, R.A., Simmons, K.R. and Orem, W.H., 2000. Use of 234U and 238U isotopes to identify 2517 

fertilizer-derived uranium in the Florida Everglades. Applied Geochemistry 15, 369-383. 2518 

https://doi.org/10.1016/S0883-2927(99)00053-0 2519 

 2520 

https://www.ncbi.nlm.nih.gov/books/NBK442376/
https://doi.org/10.1016/j.scitotenv.2013.11.109
https://doi.org/10.1016/j.scitotenv.2009.01.041
https://dx.doi.org/10.1021%2Fes405020k
https://doi.org/10.1006/toxs.1998.2426
https://doi.org/10.1016/j.envint.2019.105391
https://doi.org/10.1007/s10967-015-4632-1
https://doi.org/10.1007/s002540050201
https://doi.org/10.1016/S0883-2927(99)00053-0


 77 

Zukin, J.G., Hammond, D.E., Ku, T.L., and Elders, W.A., 1987. Uranium-Thorium series  2521 

isotopes in brines and reservuir rocks from two deep geothermal well hole in the Salton Sea 2522 

geothermal field, southeastern  California. Geochimica et Cosmochimica Acta 31, 719-2731. 2523 

DOI: 10.1016/0016-7037(87)90152-9  2524 

  2525 

 2526 

 2527 

 2528 
 2529 

 2530 

 2531 

https://ui.adsabs.harvard.edu/link_gateway/1987GeCoA..51.2719Z/doi:10.1016/0016-7037(87)90152-9

