
RADON PROPERTIES, CHEMISTRY AND OCCURRENCE 
WITH EMPHASIS ON GROUND WATER 

by 

David Alan Wells 

Paper submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

in 

Environmental Sciences and Engineering 

APPROVED: 

&d.N.~ 
A. N:GOdrej D. Sen 

BLACKSBURG, VIRGINIA 

AUGUST, 1990 



,IJ--
\ 

LD 
5fa55 
v8s, 
t'110 
W4~fJ 
C· d-



RADON PROPERTIES, CHEMISTRY AND OCCURRENCE 
WITH EMPHASIS ON GROUND WATER 

by 

David Alan Wells 

Committee Chairman: Thomas J. Grizzard 
civil Engineering 

(ABSTRACT) 

Radon is a decay product of uranium which occurs in 

soils and ground water. Naturally occurring high levels of 

radon are often found in ground water associated with 

granitic rocks, carbonaceous black shales and phosphate-rich 

rocks and sediments. Elevated levels are also associated 

with phosphate and uranium mining operations and the 

tailings piles associated with them. Radon degasses into 

indoor air when ground water rich in radon is utilized for 

household purposes. The alpha and beta particles produced 

by the decay of the radon daughters are responsible for 

inducing cancer of the lung and bones. The U.S. Environ-

mental Protection Agency has determined that the maximum 

acceptable level of radon in indoor air in homes is 4 pCi/L. 

Remediation techniques have been developed for removal of 

radon and other radionuclides from drinking water both at 

the municipal and home levels. Some of these methods 

include spray aeration, granular activated carbon and packed 

tower aeration. 
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CHAPTER 1 

INTRODUCTION 

RADIATION SOURCES 

We are exposed to radiation daily in our lives since 

there are radioactive atoms present to some degree in almost 

all materials. Over half of the ionizing radiation the U.s. 

population is exposed to comes from natural sources. Mining, 

building and other human activities contribute to additional 

human exposure by bringing the materials in close contact 

with man. Excess radiation is a known carcinogen resulting 

in lung cancer and leukemia and can also produce a variety 

of other health problems such as birth defects and genetic 

disruption. 

An individual's exposure to natural and man-made 

radiation depends on where and how he lives. The average 

American in a seventy year life span will receive approxi

mately 10 to 15 rads of ionizing radiation although 

individual doses may vary widely (GAO, 19B1). In recent 

years the health effects of radon and other radionuclides in 

our environment have been popular topics in the press. 

Concern in the united states about radon concentrations 

began in the 1960's when high levels of radon were 

discovered in homes in the western U.s. that had been built 

1 
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from uranium mill tailings. In the mid-1980's it became a 

national concern when it was discovered that high concen

trations of radon in indoor air in homes could be caused by 

the soils on which the houses were built (EPA, 1989). 

Recent studies have indicated that the inhalation of 

radon decay products found in indoor air results in a 

significant fraction of the total exposure to ionizing 

radiation. Some estimates propose that radon is responsible 

for over 10% of the incidence of lung cancer in the united 

states (Bruno, 1983a). On the next page is a table of the 

principal sources of radon in our daily environment. It is 

important to keep in mind that this is only a table of the 

sources and does not show the exposure that anyone 

individual may incur. 

Generally, soil is the greatest source of radon that 

the population is exposed to. The contribution from drink

ing water has been found to be only significant in a small 

number of private wells in the united states. Surface water 

utilized for drinking water supplies is not usually a 

problem for radon gas. Some building materials may also 

release radionuclides. Building materials that contain 

uranium or radium mill tailings, concrete or drywall with 

uraniferous phosphogypsum, or even granite may contribute 

significantly to radionuclides in our living environment. 
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Table 1. Principal Sources of Radon in the World 

World-Wide Annual 
Source Release (in Curies) 

Soil 2.4 x 109 

Ground Water 5 x 108 

Oceans 3.4 x 107 

Phosphate Residues 3 x 106 

Uranium Tailings 2 x 106 

Natural Gas 1 x 104 

Coal Residues 2 x 104 

(Data from George, 1987) 



LITERATURE REVIEW AND DISCUSSION 

CHAPTER 2 

RADIATION AND RADIOACTIVITY 

The atom is the basic building block of matter. It 

consists of a nucleus composed of neutrons and protons, 

surrounded by orbiting electrons. The electrons are held or 

bound to the atom by the attraction between their negative 

charge and the positive charge of the nucleus. certain 

natural atomic structures are unstable and spontaneously 

break down to form more stable arrangements. 

Radioactivity is the release of energy and particles 

due to changes within these radioactive isotopes (Hem, 

1986). The energy and particles released are termed 

ionizing radiation when they contain sufficient energy to 

knock electrons free from other atoms and transfer their 

energy to the electrons they collide with (GAO, 1981). The 

release of radioactive energy occurs essentially by three 

types of radiation. They are: 

1. Alpha radiation - a positively charged helium nucleus 

2. Beta radiation - electrons or positrons 

3. Gamma radiation - electromagnetic energy similar to x
rays 

4 
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The decay rate of the isotopes is a first order kinetic 

process and can be expressed in terms of a rate constant. 

The decay rate is expressed as a half-life, the length of 

time required for one half the original quantity to 

disintegrate (USGS, 1986a). 

Alpha Particles: 

When the neutron-to-proton ratio of a radioactive 

isotope is too low, an alpha particle may be emitted. An 

alpha particle is a highly energetic helium nucleus. It is 

a massive particle, positively charged and consists of two 

protons and two neutrons bound together (Cember, 1983). 

Alpha particles are strongly ionizing and will travel only a 

short distance before they lose energy and come to rest. 

Generally alpha particles are monoenergetic. Most nuclei 

will emit the highest energy alpha particle for that par

ticular isotope. A small number of alpha particles show 

small differences in energy levels. A nucleus that emits 

one of these lower energy alpha particles will be left in 

nan excited state". To dissipate this energy, it will emit 

gamma radiation. Gamma radiation accompanies only a small 

fraction of alpha particles. Radium is an example of an 

alpha emitter and its decay scheme is shown in Figure 1. 



,,(,0-186 MeV 
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Figure 1. Radium-226 Decay Scheme 

(from Cember, 1983) 



7 

In 94.3% of the transformations, alpha particles are 

emitted with a kinetic energy of 4.777 meV. The remaining 

alpha particles (5.7%) will have a kinetic energy of 4.591 

meV. When one of the lower energy alpha particles is 

emitted, the daughter particle is left in a excited state. 

It will rid itself of its energy of excitation by emitting a 

gamma ray photon of 0.186 meV. The energy of the gamma 

photon is equal to the difference between the energies of 

the two alpha particles (4.777-4.591 = 0.186 meV). 

Alpha particles pose little external human health 

hazard. The outer layer of dead skin cells absorbs the 

alpha radiation. The principal hazard is from internally 

deposited alpha-emitting isotopes where the radiation is 

directly dissipated by living tissue (Cember, 1983). 

Beta Particles: 

A beta particle originates from the nucleus of a beta

unstable radioactive particle. It is identical to an 

ordinary electron having a negative electrical charge of 1.6 

x 10 -19 C and a mass of 0.00055 atomic mass units. It is 

believed that a beta particle is created at the instant of 

transformation of a neutron into a proton and does not have 

an independent existence inside the nucleus. Beta particles 
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have a continuous range of possible energies. The average 

energy is about 30 to 40% of the possible maximum energy_ 

The energy of a beta particle is usually described as its 

maximum energy. When the charge of this particle is 

positive it is termed a positron. 

Beta particles have the ability to penetrate tissue. 

Each beta emitting isotope will have different energies and 

pose different degrees of hazard. Beta particles of less 

than 200 keV have a limited ability to penetrate tissue and 

are not considered a hazard. When beta particles are 

stopped by shielding, they can give rise to highly pene

trating X-rays called Bremsstrahlung radiation and may thus 

indirectly result in an external radiation hazard. Any 

beta-emitting isotope deposited in the body is a health 

hazard (Cember, 1983). 

Gamma Rays: 

Gamma rays are monochromatic electromagnetic radiation of 

extremely short wavelength that are emitted from the nuclei 

of excited atoms following radioactive transformation. This 

is a form of dissipation of excess energy from an excited 

nuclei. Gamma rays are similar to X-rays and usually 

accompany alpha and beta particles in the decay of radium. 
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The principal health concern of gamma rays is from 

internally deposited radioactive isotopes (Cember, 1983). 

The transport properties of both air and water have been 

found to be nearly identical for gamma rays (Beck, 1972). 



CHAPTER 3 

GEOCHEMISTRY 

The occurrence and abundance of radionuclides is 

controlled by their particular chemical and physical 

properties, such as the mechanism of radioactive decay, and 

the local hydrologic conditions. 

The decay series of uranium-238 and thorium-232 are the 

principal natural sources of radon. The chemical and 

physical properties of the daughters often differs from the 

parent radionuclides allowing the daughters to be separated 
/ 

from the parent by geological processes (Colle, 1980). 

Uranium-238 is the principal component of natural uranium 

and produces radon-222 as a decay product. On the next page 

is a simplified figure of the U-238 decay series. It does 

not include several of the extremely short-lived decay 

products in the chain. 

uranium: 

Natural uranium contains 99.27 percent by weight of 

uranium-238, 0.72 percent uranium-235, and 0.006 percent 

uranium-234 (Cothern, 1987). Because uranium-235 (actinium) 

is a minor component of natural uranium and its daughters 

have relatively short half-lives, it does not appear in the 
/ 

environment in any significant concentrations (Colle, 1980). 

10 
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THORIUM 23-4 
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Figure 2. Uranium-238 Decay Series 

(from Becker, 1984) 
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Uranium-238 is the parent nuclide for a decay series 

that ends with a stable isotope of lead. The half life of 

U-238 is 4.5 x 109 years which indicates that it is only 

weakly radioactive (USGS, 1986a). 

Because of its atomic radius (1.05 angstroms) and its 

valence, uranium does not easily enter into the crystal 

structure of many rock-forming minerals (Hall, 1988). 

In studies of mica-rich granites in Maine and New 

Hampshire, the uranium was found to be sitting on the 

outside of mineral grains. Uranium was concentrated on 

altered biotite mica grains and on altered plagioclase 

feldspar grains in the granites. The uranium was strongly 

bonded to the mica grains, probably due to the production of 

ferric hydroxides as a result of the alteration process. 

The uranium on clay-like plagioclase alteration products 

was weakly bonded compared to the biotite mica bonding. 

Uranium sitting on the altered plagioclase grains is subject 

to leaching by the presence of humic acids, changes in pH 

and changes in ionic strength of the solution. The ground 

water from granites containing weakly-bonded uranium showed 

greater variations in radon activity than the ground water 

from the tightly-bound biotite mica uranium. Once the 

uranyl ion is dissolved it becomes mobile in ground water 

and available for reconcentration. The reconcentration of 
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uranium and the leaching of these secondary deposits appears 

to be responsible for the uranium detected in a number of 

wells in Maine and New Hampshire (Wathen, 1987). 

Uranium can exist in several oxidation states and its 

solubility is dependent upon its valence. The most commonly 

occurring oxidation states are the tetravalent (u+4
) and the 

hexavalent (u+6
). The hexavalent form is the most soluble 

and is found in oxidizing water in the form of UO+2
• During 

the reduction of the hexavalent uranium to u+4
, the uranium 

becomes insoluble and immobile by adsorption (Humphreys, 

1987) at sites of sulfate reduction, or onto carbonaceous 

horizons in the aquifer (Beck and Brown, 1987). Uranium+4 

has an ionic radius similar to ca+2 and can SUbstitute for 

the calcium in apatite structures during the phosphate 

precipitation process (Humphreys, 1987). 

Studies conducted on ground water in New Jersey 

suggest that the oxidation-reduction potential is an 

important control of uranium and radium-226 in solution. 

Of the three naturally occurring isotopes of uranium only 

U-238 and U-234 occur with any significance in natural 

water. These two isotopes have identical chemical properties 

and belong to the same decay series. Uranium-234 is the 

daughter of U-238 and has a half-life of 2.48 x 105 years. 

Uranium-238 has a half-life of 4.5 x 109 years. 
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separation of U-234 from its parent U-238 

(fractionation) is especially prevalent in ground water. 

Leaching, precipitation and adsorption are major factors in 

this fractionation process (Humphreys, 1987). 

Elevated concentrations of uranium and radium are 

usually not present in the same ground water. Uranium 

activity predominates only under oxidizing ground water 

conditions, while reducing conditions generally contain only 

elevated radium activity. 

There is an inverse relationship between uranium, and 

iron and manganese. In oxidizing water, uranium exists in 

the hexavalent state while the iron and manganese are 

present in insoluble forms. In reducing water, the uranium 

exists in the insoluble tetravalent state principally as 

amorphous uranium oxides. The solubility of the amorphous 

oxides probably controls the amount of uranium in solution 

(Szabo and Zapecza, 1987). 

The uranyl ion (Uo+2
) complexes with carbonate and 

sulfate and removes the uranium from solution (Hem, 1986). 

High bicarbonate concentrations will enhance uranium 

solubility by forming uranium carbonate complexes (Lemire 

and Gascoyne, 1987). Soluble uranyl carbonate complexes are 

easily transported and stable in ground water under 

oxidizing conditions. With a reduction in the oxidation 
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potential the system will favor precipitation of uraninite 

(uranium oxide). Further reduction of the system allows the 

uraninite to remain as the stable form of uranium (Beck and 

Brown, 1987). 

A positive correlation has been found between uranium 

and strontium in ground water but the relationship is not 

understood. strontium is a common component of many minerals 

including clays, feldspars, carbonates and sulfates (Szabo 

and Zapecza, 1987). 

The chemical properties of the hexavalent state (u+6
) 

favors the wide dispersion of uranium in the oxidizing 

environment of the earth's upper crust (Hem, 1986). 

oceanic water tends to increase leaching of uranium due 

to the higher ionic strength of the water (Wathen, 1987). 

See page 19 for additional explanation. 

Thorium: 

Geologically, natural thorium is comprised entirely of 
I 

thorium-232 (Colle, 1980). Thorium ions have slight 

solubility in ground water so that the distribution of 

Th-232 in the bedrock controls the occurrence of its 

daughter Th-228 in ground water. The thorium accessory 

minerals found in sandstone are believed to be the most 

important source of Ra-228 (Gilkeson and Cowart, 1987). 
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Thorium-230 is a decay product of uranium-238. Thorium 

tends to exist in tetravalent compounds and is relatively 

chemically inert. The long half-life of Th-230 and its lack 

of chemical interaction allow it to be separated from its 
/ 

uranium parents (Colle, 1980). Thorium-230 is not 

considered to be very mobile probably due to adsorption onto 

silicates (Tanner, 1986a). In oceanic conditions the 

isolated thorium can be precipitated and deposited in 
/ 

sediments (Colle, 1980). 

Radium: 

Four radium isotopes occur naturally in ground water. 

Radium-223 and radium-224 have extremely short half-lives 

and are not geologically significant. Radium-228 results 

from the decay of thorium-232 and occurs in low concen-

trations in the phosphorite deposits of Florida. Its half 

life is 5.75 years. All the isotopes of radium are highly 

radioactive and easily detected in small concentrations 

(Hem, 1986). Radium-226 is a disintegration product of 

U-238 with a half life of 1620 years, significantly longer 

than the other naturally occurring radium isotopes. Due to 

its long half-life, radium-226 may be transported consid-

erable distances from its source. The concentration of 

Ra-226 is a function of the U-238 and U-234 in the aquifer, 
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the ground water residence time, and chemical interactions 

of radium in the aquifer. Radium-226 was long believed to 

be the principal isotope in natural water (Humphreys, 1987). 

However several recent studies have found nearly equal 

proportions of radium-228 and radium-226. High proportions 

of Ra-228 have been found in ground water of South Carolina 

(Hem, 1986). Other available data on the occurrence of 

Ra-228 is small (Cothern, 1987). 

Radium is introduced into solution through alpha recoil 

or by leaching, and may be separated from its parent. The 

rate of introduction into solution by recoil is dependent 

upon the half-life of the radium isotope. The local 

environment will then determine if it remains in solution. 

Radium exists only as a divalent cation (Humphreys, 

1987). Radium-226 is mobile in reducing environments 

because there are fewer mechanisms to fix the radium than 

under oxidizing conditions. Under reducing conditions iron 

hydroxides are unstable and the reduction of sulphate does 

not allow precipitation of any sulphate minerals (Beck and 

Brown, 1987) which could capture the radium. Concentrations 

of radium-226, iron, and manganese tend to increase together 

as the oxygen content of the ground water decreases. This 

creates the greater likelihood that the radium will move 

into pore spaces and fractures (Szabo and Zapecza, 1987). 
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Even though there are fewer processes to fix the radium in 

reducing environments it can still be adsorbed onto clays 

and peaty materials. 

In oxidizing environments Ra-226 tends to be scavenged 

by iron or by manganese hydroxides, or be coprecipitated 

with alkaline earth minerals such as calcium carbonate, 

barium sulfate (Tanner, 1986a) and gypsum (Beck and Brown, 

1987). Because the iron and manganese hydroxides strongly 

adsorb radium, a radionuclide that enters the pore space 

would be quickly adsorbed and not available to ground water 

(Szabo and Zapecza, 1987). 

There is a difference of opinions whether or not radium 

can precipitate directly as a sulfate mineral. Szabo and 

Zapecza (1987) report that radium sulfate does not occur 

abundantly under natural conditions and is relatively 

insoluble. The low activity of radium-226 in calcium 

sulfate waters in their New Jersey study was explained by 

the coprecipitation of radium with other sulfates (Hem, 

1986). 

Lively (1981) reports that Ra-226 readily combines with 

available sulfate ions to form a highly insoluble precipi

tate which adsorbs onto the iron oxide and hydroxides that 

commonly coat sand grains and the walls of rock fractures. 

Over time, Ra-226 buildup in the lining of the pore spaces 
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contributes to the radon concentration in the water passing 

through it. 

Radium is an alkaline-earth metal and behaves somewhat 

like barium (Hem, 1986). It has been reported that when 

high concentrations of barium and sulfate are available, 

precipitation of barium sulfate, (BaS04), and coprecipi

tation of radium will result (Humphreys, 1987). If this 

occurs, the precipitates containing radium do not release 

the Rn-222 that is generated from the radium disintegration 

process. Measurement of barium and sulfate ion concen

trations in wells in northeastern Illinois found low 

concentrations of Ra-226 during periods of extreme 

supersaturation of the ions and high concentrations of 

Ra-226 during periods of dissolution of the barium sulfate 

(barite). The dissolution of the barite was found to be a 

function of the pumping rate (Gilkeson and Cowart, 1987). 

Radium will leach more readily in solutions of high 

ionic strength such as ground water that contains high total 

dissolved solids. If the ionic strength is low, the radium 

can easily be adsorbed onto grain surfaces of the aquifer 

matrix. Radium will tend to remain in solution in miner

alized ground water because most other ions are available in 

such great concentrations that they are preferentially 

adsorbed leaving the radium in solution (Humphreys, 1987). 
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A positive correlation has been found between radium-

226 activities and the potassium and silica concentrations 

of ground water. This may be explained by desorption of 

potassium and silica from clay minerals in the aquifer. 

Clay minerals strongly adsorb radium-226 especially in 

alkaline ground water and may therefore control radium 

concentrations. 

To summarize, radium-226 activity has been found to be 

controlled by at least three important geochemical factors; 

1) precipitation with sulfate minerals, 2) adsorption onto 

iron and manganese hydroxides, and 3) adsorption onto clay 

minerals (Szabo and Zapecza, 1987). 

Radon: 

Radon has been called "nitron" and "radium emanation" 

by early investigators. It is described in the scientific 

literature as an inert noble gas l and is the principal 

naturally occurring radioactive gas. Radon is composed of 

three isotopes each of which will decay through alpha 

emission. These are Rn-222 (radon) which has a half life 

1 Radon is not completely chemically inert in reality but 
only will react with a number of very unusual laboratory reagents 
that are not found in any known natural environmental conditions. 
For the purpose of this paper we shall consider it an inert noble 
gas (Hopke, 1987). 
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of 3.825 days; Rn-220 (thoron) with a half-life of 54.5 

seconds; and Rn-219 (actinon) with a half-life of 3.92 

seconds (Rogers, 1956). 

Radon-222 is produced by the decay of Ra-226 and is the 

principal radon isotope of concern in the environment. The 

other radon isotopes have half-lives less than one minute 

and their migration from the production site into ground 

water, soil, and the atmosphere is limited. Rn-219 occurs 

in low concentrations due to the rarity of its parent, 

U-235, and is undetectable when separated from it. The 

occurrence of Rn-220 is limited by its parent, Th-232, which 

is insoluble in water and has a short half-life. Other 

isotopes of radon are known but they do not occur naturally 

Radon is soluble in water and can also be transported 

in the gas phase (Hem, 1986). Because it is an inert noble 

gas, it is chemically non-reactive, does not form any 

minerals or ionic complexes, and is not retained by copreci

pitation or by complexing and adsorption onto rock surfaces 

(Lively, 1981). 

The concentration of radon-222 in ground water is 

determined by the concentration of radium-226 in the matrix 

of the aquifer (Szabo and Zapecza, 1987). Due to the short 

half-life of radon (3.8 days) and because ground water 

velocities are relatively slow, the presence of radon 
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concentrations in ground water indicate proximity to a 

radium source (Beck and Brown, 1987). 

Rn-222 Release and Transport: 

There are two mechanisms responsible for the release of 

Rn-222 from solids. The first process is the direct 

ejection of a Rn-222 isotope into a pore space by alpha 

recoil during Ra-226 decay. The second process involves 

indirect release by water interaction. When air fills the 

pore space between grains, the ejected Rn-222 atom passes 

through the pore space and imbeds itself into an adjacent 

grain. As the Rn-222 enters the grain, it produces an area 

of radiation damage. If water reaches this damaged area, it 

will preferentially dissolve the area and may release the 

entrapped Rn-222 that has not decayed (Fleischer, 1987). 

Only a portion of the radon produced in the soil and 

rock is available to enter pore spaces. Typically only 20 

to 30% of the radon produced escapes into the soil air 

(Beck, 1972). Much of the radon produced by radioactive 

decay remains entrapped in the original mineral grains of 

the parent material or becomes lodged in adjacent grains. 

The ability of the radionuclide to escape will be a function 

of the grain size and porosity of the parent material. 

Pore water is a critical factor in radon production and 



23 

migration. Water in the pore space significantly increases 

apparent radon production by reducing the recoil of the 

radon atoms through absorption of their kinetic energy and 

preventing them from lodging in adjacent soil grains (EPA, 

1987a; Tanner, 1980). A film of water 0.1 um in thickness 

on the grains is sufficient to increase emanation power of 

the material from several percent to the 15-55% that is more 

typical of soils (Tanner, 1986a). Figure 3 well illustrates 

the concept of recoil into pore space and adjacent grains. 

If the pore space becomes filled with water (saturated), 

much of the radon reaching the pore space will enter the 

pore water. The water decreases the radons' ability to 

migrate by decreasing the diffusion coefficient and by 

absorbing the radon atoms. The radon then decays before it 

reaches an air space and will not be available to become a 

constituent of the soil gas or to be released into the 

atmosphere. Therefore, the amount of soil moisture affects 

the release of radionuclides into the soil gas. As soil 

moisture increases radon transport increases until the pore 

space becomes saturated and radon transport will decrease 

(EPA, 1987b). 
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Figure 3. Mechanisms of Radon-222 Release from Solids 

(from EPA, 1987a) 
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The recognized pathway of radon migration is transport, 

or convection. This involves fluid moving through the 

porous medium and carrying the radon isotopes with it. It 

has been shown that most of the Rn-222 in water is not 

usually derived from its accompanying parent but is due to 

transport. This results in Rn-222 concentrations that will 

exceed that of its parent, Ra-226 (Mitsch et a1., 1984). 

Diffusion of dissolved radon was originally proposed as 

another method of radon migration but is no longer viewed as 

a valid transport mechanism (Lively, 1981). 

The amounts of uranium and radium in the rock or soil 

are only two of a number of factors in determining the 

available radon in the soil, ground water and atmosphere. 

It is also important to consider variables such as grain 

size, distribution of the parent nuclide in and on the 

mineral grain, microporosity, and the interconnection of the 

porosity with external surfaces. The escape of radon-222 is 

inversely proportional to grain size and is significantly 

increased by microfracturing (Loomis et al., 1987; Davis 

et al., 1987). 
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Radon-222 Decay Products in the Atmosphere 

The decay of Rn-222 is extremely complex and produces a 

free Po-218 ion. Immediately following formation the ion 

begins to interact and coalesce with active trace gasses to 

form very small molecular clusters (0.002 um to 0.02 um). 

These clusters may still be ionized and are highly mobile. 

Their diffusion coefficient in the atmosphere is fairly 

large (near 0.06 cm2/sec) and eventually they will attach to 

other particles in the air, plate out onto surfaces, or 

decay to Pb-214. If the Po-218 attaches to particles 

in room air it will be relatively immobile. If lead-214 is 

formed as a decay product it will eventually become a free 

ion due to the recoil energy of the alpha decay. Lead-214 

will undergo movement or attachment similar to its parent 

Po-218. The decay of Pb-214 creates Bi-214 which does not 

usually detach from its host because of the low recoil 

energy from its beta decay. The decay product, Pb-214, has 

such a short half-life that it is considered to be a 

continuous decay to the formation of Pb-210 (Bruno, 1983b) 

and then to Pb-206 which is a stable isotope. 



CHAPTER 4 

GEOLOGIC OCCURRENCE OF RADIONUCLIDES 

Because radionuclides originate in the ground, an 

understanding of geology is important. Estimates for the 

average uranium concentration in the Earth's crust range 

from 2 to 4 parts per million (0.7 to 1.3 pCijg). Uranium 

concentrations can vary widely even within the same rock 

type or formation. Rock types that most commonly contain 

uranium enrichment include granites, carbonaceous black 

shales and phosphate-rich rocks or sediments. Faults and 

fractures in the rock can provide pathways for radon 

migration. Fluid movement through these pathways may also 

deposit uranium minerals on the host rock and act as a 

source of radionuclides (EPA, 1987a). 

silicic Igneous Rocks: 

This category of rocks includes granites, rhyolites, 

quartz monzonites and others. Typical uranium concentrations 

range from 1 to 4 ppm (Loomis et al., 1987). These types of 

rocks are derived from a molten mixture of silicates, oxides 

and trace elements. As the mix cools, the silicates 

solidify. Uranium usually segregates itself from the 

mixture, and therefore, is not incorporated into the rock 

27 
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until the last portion of the melt, usually granitic in 

nature, solidifies (Tanner, 1986a). 

Granitic Rocks: 

Uranium concentrations for granites typically range 

from 2 to 10 ppm. Granitic rocks containing more than 10 

ppm of uranium should be considered to have very high radon 

potential (EPA, 1987a). Fractures commonly associated with 

granites allow remobilization and concentration of uranium 

within the fractures (Tappan, 1987). Areas of the north

eastern u.s. containing fractured and faulted granitic rocks 

are noted for extreme radon problems. 

During the emplacement of the granite after the melt, 

uranium and thorium are segregated and do not combine with 

other minerals. If oxygenated ground water can reach the 

uranium, it will oxidize the uranium to its hexavalent 

state, mobilize it and allow it to be easily transported by 

ground water. Under appropriate conditions the uranium may 

be redeposited in fractures that the ground water passes 

through (Hall, 1988). 

Aquifers in granites may contain high levels of 

radium-228 (Cothern, 1987). Ground water from these 

aquifers often has high radon concentrations, sometimes 
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exceeding 100,000 pci/l (Loomis et al., 1987). Small con-

centrations of radon-222, the first decay product of Ra-226, 

are very common in sandy and granitic soils throughout the 

world. Concentrations as low as one part in 1016 may be 

sufficient to produce health hazards, especially in the 

atmosphere of underground mines (Little, 1975). 

Thorium and Rare-Earth Occurrences: 

Thorium and other rare-earth elements may occasionally 

be found in carbonatites, senites, and granites (Tappan, 

1987). 

. .. ",.,-,--------'-" .... , .. , , .. . ''',~:) 
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In the western u.S. greater concentrations of radio-

nuclides are associated with early stage, low-grade meta-

{ morphic rocks; while in the east, late stage, high-grade 

metamorphic rocks generally contain greater radionuclide 

concentrations. High-grade metamorphic rocks called 

gnessises are common in the Appalachian region of the United 

states. Most gneiss is formed from intense metamorphic 

processes on sediments that may be enriched in uranium. 

Mountain building activities have fractured and sheared the 
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gneisses increasing the permeability for radionuclide 

movement (Tanner, 1986b). 

Sedimentary Rocks 

Marine Black Shales: 

Carbonaceous marine black shales, which are derived 

principally from plant material, have a high potential for 

elevated uranium concentrations. Often small coal seams are 

associated with these shales (Tappan, 1987). Streams 

carrying the original uranium minerals were rich in soluble 

brown organic matter that tended to bind or fix the uranium 

ions, keeping it in solution to be carried out to sea. The 

amount of organic matter or hydrogen sulfide',present in the 

marine environment controlled the amount of uranium (Ahmad 

and Finlay, 1987). An abundance of biologic activity 

created anoxic conditions in the near-shore marine envi

ronment that reduced the hexavalent uranium in the seawater 

to the insoluble tetravalent form. This allowed the uranium 

to be readily adsorbed on organic matter, or precipitated 

directly as colloidal uraninite. Cellulose, lignin and 

humic derivatives are especially effective in removing the 

uranium from seawater (Hand, 1988). The uranium enrichment 

in the coal beds is usually associated with coarse, highly 

permeable sandstones (Ahmad and Finlay, 1987) which may 
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allow additional enrichment of the carbonaceous material by 

migration of uranium in ground water. Uraniferous black 

shales occur in parts of New York, Indiana, Kentucky, 

Tennessee, Montana, South Dakota, Nebraska, Kansas, Oklahoma 

and Texas. These shales can average up to 20 ppm of uranium 

with a few containing more than 250 ppm (Tappan, 1987). 

Following World War II and the development of atomic 

weapons, a uranium prospecting boom occurred in the United 

states. The U.S.G.S. and the u.s. Atomic Energy Commission 

(USAEC) actively investigated potential uranium sources. 

Between 1944 and 1957, over 200 formations of black shales 

were investigated for commercial uranium deposits. 

Pennsylvanian age marine black shales in Illinois, Kansas 

and Oklahoma were found to contain between 0.004 and 0.10% 

uranium (Ahmad and Finlay, 1987). 

Black phosphatic shales are widely distributed in the 

u.s. and produce the greatest number of indoor radon 

problems if they are located near the surface (EPA, 1987a). 

These formations are naturally enriched in uranium with 

concentrations commonly ranging from 50 to 100 ppm (Tappan, 

1987). 
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Carbonates: 

Carbonate rocks such as limestones and dolomites 

average 2 to 3 ppm uranium. When faults or fractures are 

present, they may act as a host for the concentration of 

uranium (EPA, 1987a). In nonphosphatic carbonate rocks, 

high uranium contents generally indicate secondary enrich

ment by ground water. Some known occurrences of enrichment 

are hydrothermal or magmatic in nature, however it is often 

the result of the ground water having earlier passed through 

formations rich in uranium (Hand, 1988). 

Limestones and dolomites commonly contain phosphatic 

material or lenses of carbonaceous mUdstone or volcanic ash. 

Uranium contents tend to be higher if these materials are 

present. The weathering products of limestones and dolomites 

produce clays rich in iron oxyhydroxides that are very 

effective in adsorbing uranium and radium. Weathered lime

stone is often highly permeable and the fine grain size of 

the weathering products allows easy migration of radon 

(otton, 1988). 

When limestones and dolomites recrystallize, they will 

exclude uranium and radium from their new crystal structure 

and concentrate it in the pores and surfaces. These 

surfaces are prone to fracture which allows the radon to be 
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easily transported by air or water mOVi~Ong these 

fractures (Tanner, 198Gb). 

Devonian reef formations in southwestern ontario and 

Michigan contain high calcium limestones surrounded by brown 

chert and bituminous limestone. The reefs provided a low 

energy environment in the surrounding waters that allowed 

the deposition of the organic-rich layers that contain 1/2 

to 3 times the uranium concentration of the cleaner high 

calcium limestones (Beck and Brown, 1987). 

Generally there is an inverse relationship between 

radon loss and particle diameter in sedimentary rocks. A 

series of limestones and sandstones were studied and it was 

found that as particle diameter increased, radon loss 

(emanation) from the samples decreased. This was inter-

preted to be due to differences in release mechanisms of 

radon and differences in the internal solid structure of the 

rock (Davis et al., 1987). 

Usually ground water from sedimentary aquifers will 

have radon concentrations less than 500 pCi/l (Loomis et 

al., 1987). Caves and cavern systems developed in carbonate 

sediments often contain elevated levels of radon in their 

atmospheres. Several popular U.S. tourist caves operated by 

the National Park Service have hazardous levels of radon 

(otton, 1988). 
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Phosphates: 

Phosphatic rocks often contain elevated uranium 

concentrations averaging 100 ppm of uranium or greater. 

The uranium has an affinity for phosphate and increased 

phosphate content is associated with increased uranium 

content. Localized concentrations of phosphate such as 

phosphate nodules in black shales contain elevated uranium 

concentrations. Phosphate ores may also be a source of 

radon and other radionuclides. Phosphate deposits occur in 

Florida, Georgia, North and South Carolina, and several 

western states (EPA, 1987a). In areas of high uranium 

concentrations, phosphate milling operations may profitably 

reclaim the uranium from the phosphate tailings to produce 

yellow cake. 

Reclaimed phosphate mining lands of Florida were 

believed to have produced elevated radon levels in homes. 

However, recent studies have found that unmined areas have 

similar radon gas levels as the mined areas (otton, 1988). 

Sandstones: 

Generally sandstones are low in uranium. However a few 

continental sandstones found in the western u.s. are 

uranium-rich (EPA, 1987a). Since radon is a chemically 
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inert gas, it can migrate rather freely through porous 

sandstone formations found in many uranium deposits in New 

Mexico, Colorado, Utah and other parts of the southwestern 

united states. The sandstones contain pore-volumes as high 

as 20%, resulting in a high radon emanation rate from the 

rocks. This has posed a problem for the underground mines 

in these areas (Little, 1975). 

Typically quartz sandstones average 0.45 ppm of uranium 

(Loomis et al., 1987). Thorium accessory minerals in sand

stone bedrock are believed to be an important source of 

Ra-228 (Gilkeson and Cowart, 1987). Aquifers in quartzose 

sandstone may contain high levels of Ra-228 (Cothern, 1987). 

Monazite Sands: 

Monazite is a rare-earth phosphate often containing 

radioactive thorium. It is a common accessory mineral in 

granites and gneisses. Natural weathering releases the 

monazite and other heavy minerals allowing them to be 

carried by running water and concentrated in fluvial and 

marine placers. Exploitable deposits occur in beach sands 

in parts of Florida (Mottana, 1978). The localized deposits 

of monazite beach sands in Florida contain concentrations of 

thorium-rich zircon and monazite which may produce Rn-220. 

Generally this not considered to be a significant natural 
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source of radon when compared to Rn-222 from uranium 
I 

minerals (Colle, 1980). 

Pleistocene and Holocene (Recent) 
Glacial outwash Gravels 

Although not a true rock type, these outwash gravels 

are especially permeable and allow easy migration of radon. 

Elevated radon levels have been found in Spokane, Washington 

and northern Idaho areas and may be severe when the gravels 

are derived from granitic rocks (otton, 1988). 

Low Radioacti ~_!_!-~{ .. ~ocks 

Rock types reported to be the least likely to contain 

uranium are basaltic lavas, their metamorphic equivalents, 

and rocks of similar chemical composition (EPA, 1987a). 

The EPA has indicated that aquifers with low concen-

trations of radium-228 are usually contained in carbonates, 

metamorphics, sandstone, quartzose sand and basic igneous 

rocks. Rocks with high levels of Ra-228 include granite, 

arkosic sand and quartzose sandstone with high total 

dissolved solids (TDS) (Lee and Jones, 1987). 

The relative potential of a particular rock type to 

produce radon is generally based on its uranium content and 

is outlined in Table 2. This table is based on the uranium 
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content of the rock. Because of the large number of 

variables controlling radon production this should only be 

used as a general guide. 

Radioactivity in Soils 

Many soils are derived from the underlying rock, 

therefore they tend to have similar mineral components as 

their parent. When the underlying parent rock is enriched 

in radioactive minerals, the overlying soil may also be a 

source of radionuclides. 

Soils contain an average of 1 to 3 ppm of uranium. The 

radium levels in u.S. soils average between 1 and 2 pCi/g 

depending upon the parent rock and the environmental 

conditions during soil formation. It has been estimated 

that 1 pCi/g of radium in the soil can produce from 200 to 

over 1,000 pCi/l of radon over a range of soil conditions 

(EPA, 1987a). 

Residual soils may be enriched in radium, particularly 

"terra rossas" which are red-brown, heavily weathered soils 

developed over limestone bedrock (Tanner, 1986b). The 

reddish color is due to iron minerals which scavenge the 

radionuclides (Tanner, 1986a). 
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Table 2. ROCK RADON POTENTIAL BASED ON URANIUM CONTENT 

Whole Rock Uranium Content (ppm)- Relative Radon Potential 

< 1 Very Low 

1 - 5 

5 - 10 

10 - 20 

> 20 

Low 

Moderate 

High 

Very High 

(Hall, Boudette and Olszewski, 1987) 
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Coarse, well drained soils allow radon enriched soil

air to move more easily. Gravel and coarse sand allow 

especially easy radon movement. Clays and muds, especially 

if they are wet or saturated, do not permit much radon 

movement even if radium concentrations are greater than 

usual (Tanner, 1986b). The capillary water tends to fill 

small inter-pore openings in the clays and muds and prevent 

convective flow from between pores. A simple soil per

colation test will suggest if a soil has a low permeability 

and low radon transport abilities (Tanner, 1986a). 

Soils are also affected by fracturing and cracking. 

Some soils suffer from shrinkage that produces cracks giving 

the soil a high permeability. These cracks can increase 

permeabilities three or more times, allowing for greater 

movement of radionuclides (EPA, 1987a). 

Since radium-226 tends to become strongly sorbed onto 

clays and other surfaces, it is important to consider the 

clay content of the surrounding soil when disposing of 

wastes containing radium. Areas of low clay content, such 

as sand and silt with a low capacity for sorption should be 

avoided (Lee and Jones, 1987). 
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Radionuclide Occurrence in the united states 

General Occurrence: 

Regional maps showing geologic provinces have been used 

to a limited degree to determine if a particular region is 

likely to have radionuclide concentrations in its bedrock. 

On the next page is a map of the principal geologic 

provinces in the united states followed by a brief summary 

of the geology and the occurrence of radionuclides. 
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Figure 4. Geologic Provinces of the United states 

(Information from Dixon and Lee, 1987) 



Table 3. 

Province 

New England-

Adirondack 
Mountains 
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Highlands 

"'"", 
\, 
"\~iedmont 

Appalachian & 
Interior 
Plateaus 
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Geology and Radionuclide Occurrence of the 
Geological Provinces of the u.s. 

General Geology and Radionuclide Potential 

Metamorphic and metasedimentary rocks, 
highly faulted in places, intruded by 
large granitic bodies. 

Metamorphics. Marble and schist intruded 
by granites, gabbros and anorthosites 

The granites of the New England
Adirondack Mountain Province often 
contain elevated concentrations of 
uranium. High levels of radon in 
ground water occur near pegmatite 
dikes in the granite. 

Radon levels in water from wells in 
these metamorphic regions increase with 
metamorphic grade of the rock. 

LOw, heavily-weathered mountain chain. 
Metamorphics and granites thrust over 
paleozoic sediments. 

Noted for granitic formations with a 
high potential for uranium concen
trations near the surface. This region 
contains the highly publicized Reading 
Prong area with elevated radon levels. 

Non-mountainous belt of complex meta
morphic rocks with abundant granites. 

Sedimentary. Sandstones, shales, 
carbonates and evaporites gently dipping 
and folded. 

Low concentrations of uranium and low 
radon levels in ground water. 
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Table 3. Continued 

Province General Geology and Radionuclide Potential 

Coastal Plain 

Glaciated Central 
Platform 

West Central 

Colorado 
Plateaus 

Sedimentary. Sands, clays, sandstones 
and evaporites with occasional 
limestones. Gently dipping eastward onto 
the continental shelf. Underlain by 
high grade metamorphics which may be 
faulted from tectonic movement. 

Low potential for uranium concentrations 
and radon problems. 

Sedimentary. Sandstones, shales, 
carbonates, and evaporites in a series 
of large extinct sedimentary basins and 
arches (highs). Covered with a thick 
veneer of glacial debris. Precambrian 
metamorphics and igneous rocks in the 
northwest representing an extension of 
the basement rocks of the Canadian 
shield. 

uraniferous black shales present in some 
areas. 

Sedimentary. Deep basins containing 
sandstones, limestones and shales. 
Capped with sands and gravels. 

Low potential for uranium distribution. 

Sedimentary. Horizontal to gently 
dipping sandstone, shales, limestones 
and evaporites. 

Generally low potential for distribution 
of uranium. Locally high concentrations 
of uranium and radon. Elevated concen
trations of uranium have been reported 
in well water and streams in several 
areas. 
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Province 

Pacific 
Mountain 
System 
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continued 

General Geology and Radionuclide Potential 

Folded and faulted sedimentary rocks; 
large uplifted and tilted blocks of 
granite with inliers of metasediments; 
deep elongated troughs filled with 
fluvial sediments; relic fragments of 
continental crust rafted onto coastal 
areas. Complex geology. Near surface 
deposits of uranium and potential for 
contamination. 

(Information after Dixon and Lee, 1987; 
Ahmad and Finlay, 1987; Hall et al., 1987) 



45 

A more detailed description of features of several of 

the eastern u.s. provinces is provided below. 

Eastern Regions 

Appalachian Highlands-Reading Prong: 

The Reading Prong assemblage of Pennsylvania, New York, 

New Jersey, and Connecticut contains local anomalies of 

uraniferous precambrian metamorphic rocks. The Reading 

Prong is not a formation but a complex assemblage of 

precambrian igneous and metamorphic rocks. Most of the 

rocks were originally derived from sedimentary or volcanic 

rocks, some of which were rich in iron and uranium of 

volcanic origin. The high concentrations of uranium found 

in this area are not uniformly distributed in the existing 

rocks today. Severe radon levels are found in indoor air in 

some homes in this area. 

Piedmont Province: 

The Piedmont province is composed of mesozoic 

sedimentary rocks. It contains a major rift valley that 

acted as a lowland area during the triassic period. A vast 

lake existed during the triassic that accumulated large 

quantities of black organic-rich mud. Uranium in the lake 

sediments was fixed on decomposing plant material producing 
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thin but laterally extensive low grade concentrations of 

uranium. In addition to the uranium occurrence in the black 

shales, the sands along the shores formed sandstones that 

acted as a host rock for migrating uranium (Schutz and 

Powell, 1988). 

Elevated radon concentrations have been reported from 

wells in the Piedmont and Blue Ridge regions of North 

Carolina. Wells often are constructed to set the casing on 

top of the bedrock at the base of a saprolite (highly 

weathered) layer. Water is stored in this saprolite layer 

and is transported to the wells by fractures in the un-

weathered bedrock and may contain high concentrations of 

radon (Loomis et al., 1987). 

Appalachian and Interior Plateaus
Ridge and Valley Province: 

The Ridge and Valley Province is a part of the region 

known as the Appalachian and Interior Plateaus. It is 

comprised of paleozoic sedimentary rocks containing some 

limestones and sandstones which may produce high levels of 

radon. Uranium concentrations have been found in the 

Jacksonburg limestone in New Jersey. The uranium concen-

tration in this formation is believed to result from three 

separate mechanisms. Phosphatic shells in the limestone 
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concentrated the uranium; precipitation of uranium occurred 

along faults and shear zones from fluids originating in the 

underlying uranium-rich igneous and metamorphic rocks; and 

rain water dissolved the limestone producing an iron-rich 

residual soil that concentrated the uranium. 

Glacial Materials: 

Although not a geological province, glacial materials 

cover much of the bedrock in the northeastern united states. 

Glacial materials vary greatly in radionuclide content and 

transport ability. Gravel and sand derived from rocks rich 

in uranium will probably contain elevated uranium concen

trations. Well washed and sorted glacial material may have 

high permeabilities allowing radon transport over long 

distances (Schutz and Powell, 1988). 

Glaciated or deeply weathered paleozoic granites and 

high grade metamorphic rocks in Maine, New Hampshire and 

other areas of the eastern u.s. often have high levels of 

radon in the ground water (Otton, 1988). 

Radon Occurrences: 

Studies of Rn-222 concentrations in drinking water 

supplies in North Carolina found distinct differences in the 
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average radon concentrations with different rock types. It 

was also found that within a particular rock type there was 

a great deal of local variation. The highest radon concen-

Blue Ridge and Piedmont 'regions. Water supplies from 

coastal plain sediments had the least potential for high 

radon concentrations. Interestingly, variables such as 

discharge, specific capacity, well depth and casing length 

were not found to be significant in predicting radon concen-

trations in North Carolina. Rock type and geologic region 

were useful for general predictions of radon concentrations 

(Loomis et al., 1987). Other useful variables include 

radium content, rock porosity, emanation power of the soil 

and bedrock, permeability of the soil, soil grain size and 

moisture content (McConnell, 1988). 

The highest radon concentrations in ground water in the 

u.s. are likely to be located in the Blue Ridge and Piedmont 

Provinces of the southeast and New England. Water supplies 

derived from coastal plain sediments have the least 

potential for Rn-222 concentrations. Elevated concen-

trations have also been observed in the Rocky Mountain 

states and in California (Loomis et al., 1987). 



CHAPTER 5 

GENERAL OCCURRENCE IN GROUND AND SURFACE WATER 

Ground Water 

Radioactivity in water is generally produced by the 

dissolved components in the water. Most of the natural 

radioactivity in water is due to three nuclides of high 

atomic weight, uranium-238, uranium-235 and thorium-232. 

The uranium-238 series produces the majority of the radio

activity found in natural water (USGS, 1986a). 

Thorium has a higher crustal abundance than uranium, 

approximately 10 ppm, but because of its low solubility it 

occurs in fresh water at a rate of 0.01 to 0.001 ppb, much 

lower than uranium (Lively, 1981) although concentrations of 

the thorium-232 series may be found in some localized areas. 

Natural uranium contains such small quantities of the U-235 

series that it is significantly less important than U-238. 

Uranium is present in most natural water between 0.1 

and 10 ug/l. Concentrations greater than 1 mg/l often occur 

in waters associated with uranium deposits. Rogers 

calculated that ground water in a porous aquifer containing 

1 mg/kg of uranium could have a radon activity greater than 

800 pCi/l. This is not unusual in this type of aquifer 

(Hem, 1986). 
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The concentration of radium in most natural water is 

below 1.0 pCi/l, significantly less than the concentration 

of uranium. Radium concentrations of more than 3.3 pCi/l 

have been reported from potable water from deep wells over 

much of Iowa, Illinois and Wisconsin (Hem, 1986) while 

concentrations above 5 pCi/l have been found in drinking 

water in southern Wisconsin and northern Illinois. Studies 

have found that geological formations can leach radium to 

ground water and this may explain the high concentrations in 

the Midwest. 

EPA estimations of the average radium concentration in 

large ground water systems in the u.s. range from 0.1 to 3 

pCi/l. The EPA found that many of the aquifers in the 

eastern u.s. Coastal Plain exceeded the radium-226 MCL of 5 

pCi/l but few exceeded 50 pCi/l (Lee and Jones, 1987). 

Relatively high concentrations of radium are most likely to 

occur in water from deep aquifers or from areas of uranium 

or phosphate mining. A brine well reported by Barker in 

1962 contained 720 pCi/1 of radium. Note that early 

literature values for radium of several thousand picocuries 

per liter were probably obtained using methods that did not 

differentiate between radium and radon. 

In saline water the abundant cations will compete with 

radium for exchange sites, which forces a greater portion of 
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the radium to remain in solution. A direct correlation has 

been found between salinity and radium activity (Cech 

et al., 1987). The proximity of salt domes to the ground 

water has been a strong predictor of Ra and Rn concen

trations in several well water studies. The relationship of 

radium concentrations in ground water to uranium in the salt 

domes, and brine leakage along the borders of the salt domes 

are not known. Waters with low ionic strengths favor Ra 

adsorption onto the aquifer matrix. Cech advised against 

locating medium and deep domestic wells near salt domes. 

High concentrations of radium often indicate a primary 

enrichment of uranium in an aquifer, or a secondary 

accumulation of uranium. If the ground water has a long 

residence time (slow moving), higher concentrations of 

radium may result because of the increase in contact time of 

the water with the radium source (Humphreys, 1987). 

Many ground waters contain easily detectable quantities 

of radon. The radon is derived principally from radium in 

the solids in the aquifer (Hem, 1986). The ability of 

ground water to actively transport radon from its source is 

limited. Active flowing fracture systems and other forms 

of rapid ground water movement create the potential for the 

radon to be carried greater distances; however it also 

allows more turbulence and contact with the air, reducing 
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the radon concentrations to levels lower than in slow moving 

systems. Any ground water that yields significant radon 

concentrations must have the radon continuously replenished 

along its flow path by contact with longer lived parents 

(Lively, 1981). 

In 1980 and 1981 EPA's Office of Radiation Programs 

conducted a nationwide study of 2,500 public water supplies 

which represented approximately 45% of drinking water 

supplies in the united states. The survey sampled water 

supplies serving more than 1,000 residents and only analyzed 

samples containing greater than 5 pCi/l gross alpha 

radiation. The drinking water is a combination of both 

surface and ground water and was not differentiated. On the 

next page is a table of the radionuclides found in the 

drinking water survey. From this survey, it is estimated 

that between 300 and 3,000 public drinking water supplies 

exceed 1 pCi/l of radium-226, and between 100 and 2,000 

public drinking water supplies have uranium concentrations 

exceeding 7 pCi/l. Each of these yields an estimated risk 

of excess cancers of 1 in 100,000. The estimated radon-222 

concentrations for all ground water systems in this study 

ranged from 200 to 600 pic/l (Cothern, 1987). 
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Table 4. Natural Radionuclide Concentrations in u.s. 
Community Drinking Water (Both Surface and 

Ground Water Supplies) 

Concentration 
Radionuclide (pCi/l) 

(Average Population-Weighted) 

uranium (Natural) •.••.•.•••...••••• 
Ra d i um - 2 2 6. . • . • . • . . . • • • • . • . • • • . . . . . 
Radium-228 .••...•..••....•.•.•••.•. 
Radon-222 ............•............• 
Lead-210 ..........•....•.......•... 
Polonium-210 .•.••..••.•.....•....•• 
Thorium-232 .••...••..•....•.•.•••.• 
Thorium-230 ..••••.•.••••..••••.•.•. 

(After Cothern, 1987) 

0.3 
0.3 
0.4 

50 

- 2.0 
- 1.0 
- 1.0 
- 200 
< 0.11 
< 0.13 
< 0.1 
< 0.04 
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Obviously, ground water can be a source of radio

nuclides. The principal health risk from radon in water is 

lung cancer, resulting from inhalation of radon as it 

degasses from the water (EPA, 1987b). water use activities 

that rapidly agitate the water such as showering, washing 

clothes, and flushing toilets release greater quantities of 

radon into the atmosphere than other activities (Becker and 

Lachajczyk, 1984). Showering can release up to 70 percent 

of the dissolved radon into the air (Lowry, 1983). Approxi

mately 10,000 pci/l of radon in water will result in 1 pCi/l 

of radon in indoor air (EPA, 1987a). The solubility of 

radon in water decreases with an increase in temperature. 

Thus water use activities that utilize warm or hot water 

will cause a greater degassing of radon into indoor air than 

would the use of cold water (Becker and Lachajczyk, 1984). 

Generally in the united states radon in public water 

supplies is not considered to be a major health risk. Most 

public water supplies utilize water that has been treated 

with an aeration process that significantly reduces any 

radon concentrations. The calculated national average for 

radon in drinking water from public water supplies serving 

more than 1,000 people is about 240 pCi/l. The average 

concentration of radon for all u.S. public drinking water 
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supplies from ground water sources is approximately 420 

pCi/l and is not considered a significant risk. Water 

derived from private water supplies poses the greatest risk. 

Private wells in some areas of the northeast have been found 

to contain radon levels over 100,000 pci/l (EPA, 1987a). 

Table 5 provides an approximate ratings scale for radon 

levels in wells which has been developed for use in Maine. 

Drinking water wells in Maine tend to have high concen

trations of radionuclides due mostly to the granitic rock 

that lies close to the surface. 

Well Pumping and Radon Release: 

It is believed that the presence of a well in an 

aquifer can influence the concentration of radon in water 

samples from that well. Increasing the flow of water by 

increasing the pumping rate will often bring more radon

laden water to the well (Loomis et al., 1987). Pumping 

increases circulation in the aquifer, increasing the oxygen 

content which enhances oxidation processes (Hall, 1988). 

The precipitation of ferric hydroxides which is common in 

this environment causes a coprecipitation of uranium and 

radium near the well borehole. 
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Table 5. RATINGS SCALE FOR THE OCCURRENCE OF RADON IN WELLS 

Radon Concentration (pCi/l) 

Less than 10,000 

10,000 to 30,000 

30,000 to 100,000 

Greater than 100,000 

1,600,000 

Rating 

Low 

Average 

High 

Extremely High 

Highest known well 
radon concentration 
in the state of Maine 

(After Lowry, 1983; Lowry et al., 1987) 
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The decay of the uranium and radium produces radon, however 

the time required to produce radon from the uranium suggests 

that the radium would be predominately responsible for the 

radon production in the wells (Wathen, 1987). As more water 

circulates in the aquifer, the concentration of radon at the 

well site would increase. 

The use of an air rotary drilling method was suggested 

to have altered uranium concentrations in a saline ground 

water sample from a deep U.S.G.S. research well in Illinois. 

The use of this method may have created a zone of oxidation 

around the borehole and increased uranium concentrations 

Several wells in northeastern Illinois were found to 

have Ra-226 concentrations that are dependent upon the 

presence of excess barium and sulfate ions. If the ground 

water contained a supersaturation of these ions a secondary 

precipitation of barium sulfate and coprecipitation of 

radium resulted, decreasing the available radium in 

solution. During periods of dissolution of the barium 

sulfate (barite), the radium concentrations increased. The 

change from precipitation to dissolution of the barite was 

found to be a function of the pumping rate (Gilkeson and 

Cowart, 1987). 
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A summary of specific geologic factors that are 

believed to control radon concentrations in groundwater 

includes: 

1. Uranium and/or Radium-226 enrichment in the surrounding 
rocks 

2. Emanation fraction for the Rn-222 from the rock matrix 

3. Permeability of the rock 

4. The ratio of the aquifer surface area to volume and the 
average time the water remains in the aquifer 

5. Secondary enrichment processes which must occur within 
100 yards of the well (otherwise the radon will decay by 
the time it reaches the well). 

(After Loomis et al., 1987; Hall, 1988) 

Surface Water 

The EPA has estimated that the average Ra-226 content 

of all u.s. surface water supplies ranges from 0.1 to 0.5 

pCi/l (Lee and Jones, 1987). Radon is not considered to be 

a problem in surface water due to its natural degassing into 

the atmosphere. Concentrations of natural uranium in surface 

water are generally lower than ground water (Cothern, 1987). 

Radon in streams: 

The transportation mechanisms of radionuclides by 

streams and sediments are very complex. Generally uranium 
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contents of streams in the u.s. range from 0.05 to 10.0 ppb 

with a median value of 1.5 ppb. Radionuclides may enter 

streams as soluble, or relatively insoluble material. 

During transport downstream they may interact with other 

compounds, be diluted, or be reconcentrated. Calculations 

for the 1960-1961 water year reported that nearly 2 million 

pounds of uranium were carried in solution in streams for 

that year in the United states (Ahmad and Finlay, 1987). 

Investigations by Allen Rogers (Rogers, 1956) on the 

geologic control of radon in small mountain streams 

concluded that "excess" radon in streams is rapidly lost to 

the atmosphere due to stream turbulence. The rate of 

dissipation was dependent upon the rate and volume of 

streamflow and the physical properties of the stream 

channel. Significant increases in stream radon concen

trations were found at points where large amounts of radon

rich ground water enter the streams. His investigations 

near Salt Lake city and Ogden, Utah found that radon-bearing 

ground water concentrations could be related to specific 

stratigraphic horizons in different drainage regions. This 

allowed the specific stratigraphic units that were acting as 

the primary aquifers to be identified. The occurrence of 

radon was found to be almost completely independent of any 

radium in solution. Background levels of radon in streams 
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in the united states typically range from 5 to 100 pCi/l 

(Lively, 1981). 

Another source of radon migration in streams was 

discussed by Ahmad and Finlay (1987). Leaching from 

abandoned strip mines was found to contribute to the uranium 

concentration carried by the streams. However, the radio

nuclide activity was found to be less a function of the 

uranium concentration than of the flow rate of the stream. 

Radon Gas Migration Into Buildings 

Soil air migrates into buildings when the inside air 

pressure is slightly lower than the surrounding pressure 

outdoors. Wind blowing on the exterior of the home, and 

temperature differences, create a pressure differential that 

causes a flow of soil gas into the building. Exhaust vents, 

clothes dryers, gas appliances, and air conditioners may 

cause additional depressurization of the building (Sextro, 

1988). 

If the surface of the soil offers resistance to gas 

exhalation, the soil gas will follow the path of least 

resistance and may enter a building through openings and 

cracks in the foundation. Ice, clay layers in the soil, 

asphalt, concrete or even soil water due to heavy rainfall 

may create this resistance (Tanner, 1986b). If the soil gas 
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contains elevated concentrations of radon, its entry into 

the building atmosphere may pose serious long term health 

effects for its occupants. 



CHAPTER 6 

HEALTH EFFECTS 

Mechanism of Radiation Decay 

The primary health concern when considering radon is 

not the radon gas itself but its decay products. The beta 

and gamma radiation produced by the decay of radon and its 

daughter products, Pb-214, Bi-214, Po-218 and Po-214 causes 

ionization of molecules within living tissue. Ionization is 

the loss of electrons from molecules caused by collision 

with alpha and beta particles as they move through the 

tissue. This loss of electrons can alter the molecule or 

even disrupt it entirely. Particularly harmful is the 

disruption of DNA molecules (Weiffenbach, 1982). One of the 

most important effects of ionizing radiation is the increase 

in frequency of chromosomal aberrations in the nucleus of 

the cell (Pohl-Ruling et al., 1987). 

Beta and gamma radiation, even though able to penetrate 

deeper into the tissue than the 0.004 to 0.007 cm that alpha 

radiation can, causes much less damage than the alpha 

particles. The small fast-moving electrons are less likely 

to hit and/or damage DNA molecules in a cell nucleus than 

will the much more massive (7000x) alpha particles. The 

biological harm done by beta and gamma radiation is less 

than 1/10 that of alpha radiation (Weiffenbach, 1982). 

62 
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Inhalation 

The first decay product of Rn-222 is Po-218, which may 

adhere to microscopic dust particles in the air and which, 

when inhaled, may stick to the lining of the lungs. Many of 

these particles are cleared from the lungs by mucus during 

coughing. However, the bronchial epithelium can still be 

exposed to the alpha particles resulting from the decay of 

polonium. This highly ionizing radiation can kill or 

transform the epithelial cells of the lungs, increasing the 

potential for lung cancer. There is clear evidence of a 

high incidence of lung cancer in miners exposed to rela

tively high levels of radioactive decay products (Hopke, 

1987). 

The estimated lifetime risk for exposure to 4 pei/l of 

radon gas in indoor air is between 0.9 and 5 in 100. EPA 

estimates place lung cancer deaths in the u.s. due to radon 

gas at 5,000 to 30,000 per year. This is extremely high 

when you consider that risk from toxic chemicals is often 

calculated at (10-6
), or one in one million. The effects of 

radon are believed to be second only to smoking as a cause 

of lung cancer in the united states. Exposure to slightly 

elevated levels in the air over the long term may present a 

significant risk (EPA, 1989). 
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Approximately one-third of the inhaled radon decay 

products will pass from the lungs into the blood stream. 

Although the dose to the lungs from Rn-222 progeny is the 

most significant, the daughter products of lead, bismuth and 

polonium can also be transported from the lungs to other 
/ 

organs of the body (Colle, 1980). 

Ingestion 

uranium is relatively insoluble and little is taken up 

into the lungs. Uranium that is ingested goes to the bones 

and the to kidneys. The principal effect from natural 

uranium is a chemical toxic effect to the kidneys. Between 

one and five percent of the ingested uranium is deposited in 

the bone, similar to radium, and may cause bone cancer. 

uranium is approximately one-half as toxic as radium (EPA, 

OOW). The Adjusted Acceptable Daily Intake for uranium is 

60 micrograms per liter for a 70 kg adult consuming two 

liters of water daily. This is approximately equal to 40 

piC/l (Cothern, 1987). Typically 85% of ingested uranium 

originates from drinking water and the remaining 15% is from 

food. EPA has determined that the ingestion of uranium from 

drinking water is typically 4 pCi/day (EPA, OOW). 

Radium-226 will act similar to calcium and barium in 

chemical reactions and metabolism. Greater than 90% of 
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Ra-226 is found in the bone (George, 1987). Studies have 

established a strong correlation between occupational and 

therapeutic exposures of radium isotopes and bone cancer 

(Cech et al., 1987). 

Radon is soluble in body fluids and fatty tissue. From 

the decay products of Rn-222, Pb-210 can accumulate in bone. 

Bi-210 decays in place and Po-210 is distributed in tissues 

and bone (George, 1987). 

Cothern investigated naturally occurring Rn-222 in 

drinking water and estimated that between 2,000 and 40,000 

excess cases of lung cancer "per 70-year lifetime" are due 

to radon in drinking water (Lee and Jones, 1987). 

Risk estimates show the average lifetime probability of 

cancer from exposure to Rn-222 in drinking water greatly 

surpassed that of any other natural environmental contami

nant (Loomis et al., 1987). 

Natural Radionuclide Dosages 

Radiation dose data derived from united Nations reports 

is provided in Table 6 on the following page. The table 

provides information on the contribution of radionuclides to 

the annual dose of radiation from natural sources. This 

data shows that the greatest natural dose results from 

internal radiation by the decay products of Rn-222. 
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Table 6. Components of Man's Annual Dose 

Radiation Dose Percent of Annual Dose 

Natural Radiation: 
Radon. . . • • • • • . • • • • 33 
Internal ......•... 16 
Gamma Ray •••.....• 16 
Cosmic Rays •.••••. 13 

Artificial Radiation: 

Medical •.....•••.. 
Fallout .••.•.••..• 
Occupational .•.••• 
Miscellaneous •.•.• 
Discharges .•.•••.• 

20.7 
0.4 
0.4 
0.4 
0.1 

(Data after George, 1987) 
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The National Council for Radiation Protection recom-

mends a guideline for radon at 8 pCi/l for indoor air. The 

American Society of Engineers recommends a guideline of 2 

pCi/l. The EPA recommended guideline is 4 pCi/l. EPA has 

termed this an acceptable level taking into consideration 

the risks of excess cancers and the costs of remediation to 

bring radon levels to 4 pCi/l (Makofske, 1988). 

Radionuclide MCLs 

MCLs are defined as the Maximum contaminant Levels 

allowed in public drinking water supplies in the united 

states. These are legal, enforceable standards established 

by the Federal government. The current interim MCLs for 

radionuclides in drinking water in the United states are: 

Gross Alpha Particle Activity 
(includes radium but excludes 
radon and uranium) 

Gross Beta Particle Activity 

Radium 226 and 228 
(combined) 

15 pCi/l 

4 mrem/yr 

5 pCi/l 

(GAO, 1988; Cothern, 1987; Szabo & Zapecza, 1987) 

MCLs for uranium and radon have not been established because 

of the uncertainties about their occurrence, routes of 

transport and toxicities. A standard was established for 
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radium because it is believed to be the most toxic of the 

radionuclides and poses a health hazard if ingested. 

Measurements of gross alpha and beta activity were 

established to be used as screening devices. If gross beta 

activity in water exceeds 50 pci/l it must be analyzed to 

determine which manmade radionuclides are present (Cothern, 

1987). 

Uranium is a known or probable carcinogen and the MCL 

in drinking water probably should be zero. The proposed MCL 

for uranium is 10 piC/I. Of the 60,000 community water 

systems in the U.S., an estimated 100 to 2,000 would exceed 

the MCL for uranium (Varani et al., 1987). This was 

determined in a study that analyzed nearly 90,000 ground 

and surface water samples in the united states. The average 

concentration of uranium in surface water was found to be 

approximately 1 pCi/l and 3 pCi/l for ground water (EPA, 

ODW). 

Many states use drinking water standards as ground 

water standards, however this is of questionable value. 

Generally, groundwater quality in the u.s. surpasses the 

established drinking water standards. The use of drinking 

water standards for groundwater can permit degradation of 

groundwater in some areas to the drinking water standards. 

The basic goals of groundwater protection in the Federal 
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government have been very controversial. The argument 

focuses principally on whether the purpose is to limit 

the amount of groundwater degradation or prohibit any 

degradation at all. This issue has not been resolved and 

probably will not be for some time (GAO, 1988). 



CHAPTER 7 

PHOSPHATE MINING, PROCESSING AND RADIONUCLIDE CONTAMINATION 

Phosphate Deposition and Geology 

Phosphate deposition in marine basins is not considered 

to be a normal period of sedimentation. It is not an on

going, continuous process but occurs in periodic "episodes" 

(Miller, 1980). 

During the miocene period in the southeastern U.S., (10 

to 15 m.y.a.), extensive near shore, shallow coastal shelf 

and platform conditions existed and were the sites of major 

phosphate deposition (Riggs, 1979). The mechanisms of 

marine phosphate deposition are extremely complex and many 

differing opinions concerning them have been presented over 

the years. The problem stems from the lack of similar 

depositional environments occurring today. 

In Florida and North Carolina during the miocene it is 

believed that cold, phosphate-rich upwellings moved across 

the shallow platforms and into the coastal environments. 

This stressed the near-shore shallow restricted environments 

and a precipitation of microcrystalline phosphorite mud, or 

microsphorite, occurred (Riggs, 1979). The mud, or phos

phorite, contained grains of apatite (calcium fluoro

phosphate). This precipitation process also resulted in 

coprecipitation of uranium, which replaced the calcium of 

70 
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the apatite (Scott and Findlay, 1983). Associated with the 

uranium are the decay products of the U-238 series which 

includes the long lived daughters U-234 and Ra-226 

(Humphreys, 1987). 

During the early pliocene in Florida, portions of the 

phosphate formations were submerged. Wave action eroded the 

upper surface of the formation reworking the sediments and 

mechanically concentrating the heavier phosphate grains. 

These sediments today cover the earlier phosphate sediments 

to an average depth of 8 meters over much of west central 

Florida and are named the Bone Valley formation. The 

phosphate concentrations range from 10 to 30% by mass. In 

the late pliocene, emergence exposed the upper surface of 

the Bone Valley formation to weathering. Acidic leaching 

removed the clays and transformed much of the calcium 

phosphate in the upper portion of the formation to aluminum 

phosphate (Scott and Findlay, 1983). 

Modern phosphorites are believed to be deposited from 

reactions in reducing marine environments between phosphate

rich deep waters and near-shore organic-rich bottom 

sediments. Upwelling currents probably replenish the supply 

of phosphorous to the near shore, shallow waters (Miller, 

1980). 
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Occurrence and Mining: 

Marine phosphate deposits contain natural concen-

trations of uranium, thorium and radium. The mining and 

processing of the phosphate ores redistributes and con-

centrates the naturally occurring radionuclides. More than 

80% of u.s. phosphate production occurs in Florida. Mining 

and processing plants are also located in North Carolina and 

the western united states. Most produce fertilizer and 
/ 

phosphoric acid (Colle, 1980). 

The Florida phosphate deposits are covered with 10 to 

20 feet of overburden. Unmined areas typically have low 

surface concentrations of Ra-226. The concentrations 

increase exponentially with depth to the top of the 

phosphate formations, allowing a distinct radium concen-

tration profile to be constructed. The entire profile can 

be separated into two general categories consisting of the 

low-activity overburden and the high-activity phosphate 

formations. Mining operations tend to reverse the profile 

by bringing the high activity materials near to the surface 

(Bolch, et al.). 

In the United states, phosphate rock often contains 

between 100 and 150 ppm of uranium. The principal uranium 

isotope is U-238. Its daughter, radium-226 is of health 
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concerns since it is a bone seeking radionuclide. Phosphate 

rock typically contains 50 mCi of Ra-226 per metric ton 

(Mitsch et al., 1984). 

Ra-226 decays into radon-226 which as a result of the 

phosphate mining processes can enter ground and surface 

water posing serious health concerns (Mitsch et al., 1984). 

Gamma radiation from phosphate ore in North Carolina 

has been found to be principally from uranium and thorium. 

The high grade phosphatic sands were found to contain the 

highest gamma emissions, while the lower grade phosphorites 

produced low emissions (Mitsch et al., 1984). 

The principal radionuclide problems associated with 

phosphate mining are from the use of water in processing, 

the production and accumulation of large quantities of 

gypsum, and the use of the depleted phosphate lands 
/ 

(Colle,1980). 

Phosphate Ore Processing and Radionuclide Disposition 

The phosphate ores from Florida and North Carolina 

require processing. Phosphate grains are insoluble and have 

to be treated to produce the soluble phosphates needed for 

fertilizers. The calcium phosphate is dissolved by sulfuric 

acid to produce phosphoric acid. The aluminum phosphate 

from the leached zone cannot be treated and is discarded 
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with the overburden. The method of mining will determine 

the constituents and radioactivity of the resulting soil 

surface. Prior to the middle 1930's only phosphate pebble 

grains larger than 1 mm were recoverable. The majority of 

the phosphate grains are smaller than 1 mm and this allowed 

for a recovery of only about 30% of the phosphate grains. 

The overburden, the leached aluminum phosphate zone, and 

over 60% of the original phosphate mass were disposed of. 

This mining method resulted in large areas covered with 

phosphate sediments of the Bone Valley formation and also 

produced large water filled pits. The mines were near 

transportation centers which eventually developed into 

population centers. Many of the spoil piles were 

leveled and used for housing. 

Flotation methods developed in the 1930's separated 

phosphate grains from 0.1 to 1.0 mm, allowing for recovery 

of about 65% of the phosphate mass. This process was applied 

to the reject stream from the screening plant resulting in 

three forms of reject; overburden, sand and clay which were 

dumped at the mine sites through the 1950's (Scott and 

Findlay, 1983). 

Present mining processes are similar to those developed 

during the 1930's. The ore is pumped in a slurry to the 

processing (beneficiation) plant where it is washed to 
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remove the smaller clay particles. These clays produce a 

"slime" which is pumped to a slime pond. After settling, 

the decant may be discharged into local streams and rivers 

and is often rich in Ra-226. 

Larger are particles are treated in a floatation 

process to remove the quartz sand. The sand is moved in a 

slurry to sand piles. The water, which may contain signifi

cant quantities of radionuclides, is pumped into abandoned 

mine pits to prevent discharge and to be stored for reuse. 

However, during periods of excessive rainfall some spillover 

into the local rivers and streams may occur from the holding 

ponds (Mitsch et al., 1984). Approximately one ton each of 

slimes and sand tailings are produced for each ton of 
I 

marketable phosphate rock (Colle, 1980). 

As described earlier, the phosphate ore is often treated 

with sulfuric acid. This is termed the "wet process" and 

produces phosphoric acid and hydrated calcium sulfate 

(gypsum). The phosphoric acid can be further processed to 

produce fertilizers (Mitsch et al., 1984). The sulfuric 

acid process causes a partitioning of the radionuclides. 

The U-238 remains with the phosphoric acid while the Ra-226 

and its daughters are separated out with the gypsum precipi-

tate. Florida has in past years been noted for its yellow 

cake production as several phosphate mines reclaimed the 
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uranium from their operations. 

In the Texas Gulf corporation facility in North 

Carolina the gypsum is carried as a slurry to waste piles. 

At the facility this water is recycled and not released into 

the environment (Mitsch et al., 1984). Significant 

quantities of gypsum are produced as a by-product from this 

process and is termed "phosphogypsum". For each ton of 

phosphate rock mined, six tenths of a ton of gypsum is 

produced. The estimated phosphogypsum production in the 

u.S. for 1973 was 24 million metric tons. 

Often the processing mills store the gypsum in 

extremely large piles adjacent to the mill. The piles are 

rich in Ra-226 and its daughters and may be a direct source 

of radiation exposure. The Ra-226 content of the phospho
t 

gypsum is commonly 30 pCi/gram (Colle, 1980). until 

recently, phosphogypsum was used in the u.s. to produce 

building products such as wallboard, partition blocks, 

plaster and concrete blocks. In addition it has been 

marketed for agricultural purposes to apply to crop lands 
/ 

(Colle, 1980). 

Gypsum is very soluble in water. Of serious concern is 

the possibility of groundwater contamination. water leaching 

through the uncovered phosphogypsum piles may carry radio-

nuclides into the subsurface. Sampling of seepage from an 
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inactive pile found significant quantities of Ra-226 that 

could enter surface and ground water many years after the 

pile was abandoned (Mitsch et al., 1984). 

Florida and North Carolina Ground water Studies 

The redistribution of radionuclides due to phosphate 

mining was originally thought to be a problem in Florida. 

Investigations by Humphreys (1987) on the distribution of 

Ra-226 in groundwaters in the Florida phosphate districts 

and parts of western Florida found that natural conditions 

and chemistry were far greater factors in controlling 

distribution of radionuclides than the effect of phosphate 

mining. 

The principal factors found to control uranium and 

radium distribution in the Florida groundwaters are: 

1. The presence of a uranium source 

2. The residence time of the ground water. 
(This influences the oxidation potential 

and TDS of the water.) 

It was found that mining operations did slightly alter 

the distribution of natural uranium causing slightly 

elevated uranium concentrations in upper surficial aquifers. 

It was suggested that this was due to the changes in flow 

patterns from the dewatering processes and high pumpage 

rates used by the mining operations. High radium 
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concentrations were found in unmineralized downgradient 

areas and were found to be due to secondary deposition of 

uranium. This occurred as oxidizing uranium-rich waters 

from the phosphate regions encountered localized reducing 

conditions (Humphreys, 1987). 

Kaufmann and Bliss conducted extensive groundwater 

studies in the central Florida phosphate mining regions. 

They concluded that there was no significant degradation of 

the principal aquifers in the central Florida phosphate 

region due to mining activities. In general they found no 

significant difference between the radium content of the 

aquifers in mined and non-mined areas. In the principal 

upper aquifer they found Ra-226 levels higher in nonmined 

areas, indicating that mining was not causing the radio

nuclide concentration. They did however find local contami

nation from seepage from phosphogypsum, slime ponds and from 

sink hole collapse (Mitsch, 1984). 

A second portion of their study area was located at 

the southern end of the phosphate district in sarasota 

County, Florida. They found Ra-226 concentrations two 

orders of magnitude greater than in the primary part of the 

phosphate district. Sarasota County was chosen because it 

is located in the coastal region of Florida and is an area 

of discharge for the Florida aquifer system. Their 
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conclusions were similar to those by Humphreys (1987). 

Radium enriched ground water from deep under the central 

Florida coastal platform approaches the surface in the 

coastal areas. As the ground water moves towards the coast, 

the dissolved solids content increases. This may help 

mobilize the radium. A strong correlation was observed 

between the dissolved solids and Ra-226 concentrations. 

Another possible factor may be the upward leaching of the 

phosphate-bearing horizon as the groundwater approaches the 

coast (Mitsch et al., 1984). Humphreys also noted the 

reducing conditions encountered in the downgradient waters 

of the aquifer and believed they were responsible for 

removing the uranium from solution as it moved further away 

from its recharge area (Humphreys, 1987). 

strain evaluated Ra-226 and Rn-222 concentrations in 

ground and surface water near the Texas Gulf Phosphate 

operations, Aurora, North Carolina and found abnormally high 

concentrations in residential wells (Mitsch et al., 1984). 

Michel and Moore found large variations in Ra-226 

content within a small geographic area in south Carolina and 

determined that the uranium was enriched in some areas while 

being depleted in others. They explained this by transport 

and deposition processes. Uranium can be mobilized in an 

oxidizing environment and deposited in reducing conditions. 
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Ground water that passes through a localized concentration 

of U-238 would contain high Ra-226. This would not undergo 

any significant decay but the concentration would be reduced 

by dilution (Mitsch et al., 1984). Mitsch (1984) discusses 

various studies which show that unlike Ra-226, radon-222 

levels in ground water are not derived from nearby parent 

radionuclides. Because Rn-222 has a higher mobility than 

its parent Ra-226, radon-222 concentrations usually exceed 

those of the radium in groundwater. 

Florida Soil Radioactivity 

The phosphate grains in phosphorite contain up to 400 

ppm of uranium and are a major source of soil radioactivity 

in central Florida. Phosphate grain concentrations and 

grain size vary throughout the formation to result in an 

average concentration in the matrix of 100 to 200 ppm of 

uranium (Scott and Findlay, 1983). 

Bolch and others have developed a bilayer mathematical 

model for the prediction of radon transport through two 

strata media. To develop the model it was necessary to 

measure parameters in the field and laboratory. A portion 

of their data concerning phosphate lands is presented in 

Table 7. This table provides a range of values and an 

estimated geometric mean for the various physical properties 
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of land types found in the phosphate districts of Florida. 

Values reported by EPA (1983), all fall within the 

ranges given above, except for the clays. The clays 

reportedly contain about 30 pCi/g, but because of the large 

amount of water they contain they were often mixed with sand 

or overburden to stabilize them, changing the concentrations 

of radium. Flotation sands reportedly contain about 5 pCi/g 

of Ra-226. 

Because of the variation in radium concentrations and 

due to remining as technology improved, estimating average 

soil concentrations in Florida is difficult. 

The land reclaimed from phosphate mining has a bulk 

density of approximately 1.4 g/cm3 and contains about 1 

pCi/g of emanating radium. The sands from reclaimed 

phosphate lands are less compacted than undisturbed natural 

sands. It is important to remember that only a portion of 

the radon produced in the soil grains escapes into the air 

or water. The estimated escaping fraction (emanating power) 

has been measured at about 15% for phosphate material. 

The height of the water table will be a factor in 

atmospheric concentrations. In Polk County in the Florida 

phosphate district, the water table lies within 2 to 3 

meters of the surface. Radon movement through the saturated 



Table 7. 

Land Type 

Unaltered 

Tailings1 

Overburden 

Mixed and 
Capped 
Clays 2 

Debris3 
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Ra-226 Values for Florida Phosphate Lands 

Ra-226 
Conc. 

(pCi/g) 

0.2 -3.1 
(0.45) 

0.5 -8.7 
(3.1) 

1.0 -23 
(5.3) 

2.8 -18 
(7.4) 

0.1 -25 
(7.3) 

Range of Measured Values 

(Geometric Mean) 

Bulk 
Density 
(g/cm ) 

0.4 -1.9 
(1.60) 

1.0 -1.8 
(1.4) 

1.0 -1.5 
(1.3) 

0.6 -1.2 
(0.9) 

1.2 -1.6 
(1.4) 

Emanating 
Power 

(pCi/pCi) 

0.01 -0.11 
(0.07) 

0.09 -0.11 
(0.10) 

0.02 -0.39 
(0.16) 

0.17 -0.20 
(0.19) 

0.13 -0.19 
(0.16) 

(Data after Bolch et al.) 

% Soil 
Moisture 

7 -18 
(11) 

5 -15 
(10) 

8 -20 
(15) 

5-130 
(33) 

8 -14 
(10) 

1. Tailings are the sand waste fraction that remains after 
phosphate benificiation. 

2. Capped clay fractions are fine waste fractions that 
remain after the flotation process. 

3. Debris land was a classification of waste prior to the 
use of flotation processes. 
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soil pore spaces is so slow that little produced below the 

water table escapes into the soil gas. The result is that 

the soil above the water table is almost completely 

responsible for producing radon that migrates into homes. 

Sands containing phosphates are not generally used for 

masonry and concrete work. However in Florida they are some

times used to level building sites and fill spaces under

neath the concrete foundation floor slab which can create 

potential radon problems in the buildings. 

It is interesting to note that in low lying areas it 

has been found that swamp plants can biologically concen

trate uranium and possibly radium from the near surface 

soils (Scott and Findlay, 1983). 



CHAPTER 8 

RADON REMOVAL METHODS 

High levels of radon in water supplies can result in 

increased indoor air concentrations due to degassing. Radon 

concentrations can range from 50 pci/l in surface waters to 

over 1,000,000 pCi/l in ground water (Hilterbrand et al., 

1987). 

It is believed that the aeration treatment of water 

supplies can be an effective method of reducing radon levels 

since radon behaves in a similar manner to volatile organic 

compounds (VOCs). Packed tower aeration is the most 

efficient method of removing VOCs, and will most likely be 

similarly effective for removal of radon from water supplies 

(Dixon and Lee, 1987). The most frequently cited methods 

for the most effective removal of radon from drinking water 

are Granular Activated Carbon Adsorption (GAC) and packed 

tower aeration. 

A summary of the techniques utilized for removal of 

radionuclides is provided on the next page and a discussion 

follows. Not all the methods are considered to be effective. 
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Table 8. Techniques Used for Radionuclide Removal 

Radon Removal 

Municipal Systems 

Aeration: Waterfall Aerators 

1. Spray Aerators 

2. Tray Aerators 

Diffused-Air (Bubble) Aerators 

Packed Tower Aeration 

Blending 

storage 

Granular Activated Carbon 

Home Removal 

Granular Activated Carbon 

Diffused-Air Aerator 

Faucet Carbon Filters 

storage 

Uranium and Radium Removal 

Municipal Systems 

Conventional water and waste water treatment plants 

Home Removal 

cation Exchange Water Softener 

Granular Activated Carbon 

Reverse Osmosis 



86 

Economics usually governs the method selected for radon 

removal. The most cost effective method will be determined 

by factors such as the capital and operating/maintenance 

costs (O&M), the need for pretreatment, the discharge of 

radon decay products to the atmosphere and the build up of 

radon decay products in GAC beds. The best method for 

categorizing the treatments is based on the volume of 

treated flow. Flow is divided into three categories listed 

below: 

1. Household Supplies 

2. Multi-unit and Small 
Community Supplies 

3. Municipal Supplies 

50 to 500 gpd 

500 to 20,000 gpd 

> 20,000 gpd 

(After Lowry, J. and Lowry, S. 1988) 

For household water supplies, GAC treatment is the most 

economic method. As the required flow increases to between 

10,000 and 20,000 gpd, aeration becomes more cost effective 

than GAC. For large municipal supplies requiring flows 

greater than 20,000 gpd, packed tower aeration is the most 

cost effective (Lowry, J. and Lowry S., 1988). 



Municipal Systems 

Aeration Treatment: 
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Radon is a highly volatile gas and is easily separated 

from water in a reasonable length of time when exposed to 

atmospheric conditions (Chandler, 1989). Aeration mixes the 

water with air and volatilizes the contaminants (EPA, 1990). 

The principal types of aeration systems identified as 

effective for radon removal in municipal water treatment are 

waterfall aerators and diffused air systems. The category 

of waterfall aerators includes spray and tray aerators. 

Spray aeration forces water through a constricted point or 

nozzle as a fountain, aerating the water. Tray aerators use 

a series of trays filled with a coarse material such as coke 

or stone. As the water flows over the coarse medium it 

falls into other trays, and is thereby aerated. Diffused

air aerators force bubbles of air or oxygen into the water 

which will rise and cause aeration (Tchobanoglous and 

Schroeder, 1985). 

Air stripping in packed tower aerators is a form of 

aeration treatment and is often classified as a waterfall 

aerator. It is commonly used in the u.S. for removal of 

certain synthetic organic compounds and for compounds that 

may produce offensive tastes and odors in drinking water. 



88 

Packed tower aeration is believed to be the most efficient 

and cost effective method for municipal radon removal (Dixon 

and Lee, 1987). Packed tower or column aeration mixes the 

water with oxygen by dropping the water over a media within 

a tower. This breaks the water into small droplets, 

increasing the surface area of the water and increasing its 

contact with the air. Air is blown into the tower from 

underneath the medium to accelerate the process. 

Multiple tray aerators have less surface area than 

packed tower aerators and are therefore less effective. 

Tray and packed tower aerators may require pretreatment of 

the water to remove dissolved solids and micro-organisms 

that can clog of the media. Post-treatment of the water may 

also be necessary because of the corrosive properties of the 

water due to its increased dissolved oxygen content. Spray 

or diffused aeration units can be used for radon removal but 

cost significantly more to purchase, operate and maintain 

(Lowry, 1983). An advantage of diffused aerators is the 

ability to build them from existing structures, such as 

storage tanks, and thus significantly reduce construction 

costs (EPA, 1990). 

Few studies have been conducted to determine the 

effectiveness of aerators in radon removal. A limited study 

on aeration systems at four American System operating 
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companies found that packed tower aeration consistently 

removed 95% or more of the radon from the well water 

supplies. Tray aerators which are used for oxidizing 

iron and manganese were found to remove more than 75% of the 

radon concentrations in the well water. This was considered 

an important finding and offers utility companies a simple, 

inexpensive method of removing radon (Dixon and Lee, 1987). 

A large scale diffused bubble aeration system has been used 

successfully at one site in New England for over twenty 

years, however packed tower aeration is generally more cost 

effective for large flows (Lowry J. and Lowry S., 1988). 

Aeration devices for home use are not readily available 

or used in the united states. These units spray water 

through an air-filled chamber and push the radon 

contaminated air out of the house with a fan. They have not 

been extensively tested or evaluated (EPA, 1987b). The 

state of Maine has developed and marketed a spray aeration 

device for the home and Lowry Engineering has developed a 

commercially available home spray aeration system. Please 

see the section on Home Removal-Radon-Home Aeration. 

The atmospheric effluent from aeration systems will 

contain radon and may cause air quality problems, however 

this has not been thoroughly investigated (Hilterbrand et 

al.,1987). Recently the EPA stated that exhaust gases may 
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require treatment to meet air emission regulations. This 

may significantly increase the cost of this method of 

treatment (EPA, 1990). 

Blending: 

The blending of surface waters containing low levels of 

radon with ground water rich in radon will decrease the 

radon concentration as a simple result of dilution. Since a 

significant number of water companies in the u.s. supply 

water from both surface and ground water sources, blending 

has been suggested as a method which will allow the compa

nies to use wells containing elevated radon levels yet 

comply with any new standards established by the EPA (Dixon 

and Lee, 1987). 

Cech and others concluded that the blending of water 

from various sources may not be a reliable method of 

reducing radium and radon in drinking water due to the large 

number of variables such as pumping rates, pressure in water 

lines, and demand. In contrast to E.P.A. statements, a 

study in the Houston-Harris County, Texas area found that no 

aeration occurred during transport. No significant reduction 

in radon concentrations was found to occur between the well 

head and the home taps. This study reported some success in 

reducing radon levels by changing the screening intervals of 



91 

the wells since radon levels can vary widely with depth 

(Cech et al., 1987). 

storage: 

Simple decay of radon through extended storage of water 

is another possible method of radon removal. Studies on the 

effects of storage in a water supply distribution system 

found an 18% decrease in the radon concentrations, however 

careful examination of the data revealed that only a small 

fraction of the loss was due to decay. The majority of the 

decrease in radon concentration was from loss to the 

atmosphere due to agitation of the water and ventilation in 

the standpipe (Dixon and Lee, 1987). 

Granular Activated Carbon (GAC): 

Activated carbon is a highly porous, non-polar absorber 

containing a large internal surface area (Tchobanoglous and 

Schroeder, 1985). GAC has an affinity for compounds of high 

molecular weight and it is commonly used in water treatment 

systems to remove organic contaminants and will easily 

remove dissolved radon gas (EPA, 1990). 
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water Treatment Systems-GAC: 

A series of water samples was collected from three u.s. 

water treatment companies to determine the effectiveness of 

granular activated carbon (GAC) treatment for removal of 

radon. A summary of the GAC contactors studied is presented 

on the next page. GAC was found to be an effective method 

to remove significant amounts of radon from drinking water. 

The water sampling found reductions in radon levels similar 

to test data reported in the literature. 

Lowry & Lowry (1988) designed an aeration and GAC 

treatment system for a flow of 504,000 gpd (350 gpm) and 

found that the GAC treatment costs about ten times more than 

packed tower aeration. A problem encountered with GAC 

systems is the adsorption of non-targeted contaminants onto 

adsorption sites and interference with removal of the 

targeted contaminants such as radon (EPA, 1990). 

GAC for treatment of public water supplies requires 

long contact times and a larger number of contactors. To 

achieve a reduction of radon concentration greater than 90% 

from groundwater, it is economically impractical for medium 

to large water supply companies to utilize GAC methods 

(Dixon and Lee, 1987). 
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Table 9. Summary of the GAC Contactors Studied 

contactor GAC Bed Depth EBCT Design Loading Reduction 
(lbs) (feet) (min. ) Rate (g12mLft2) Radon Conc 

(Average) 

I. 10,000 10 0.5 7.1 35 % 

II. 8,640 2.25* 2 10.5 10.5% 

III. 8,800 2.6 * 2 11 None 

* over 12 inches of gravel 

(The first contactor was constructed to remove VOCs while 
the second and third units were for removal of hydrogen 
sulfide. ) 

(After Dixon and Lee, 1987) 
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Home Removal-Radon 

The University of Maine has recommended homeowners to 

use radon removal equipment if radon concentrations in their 

water exceeds approximately 20,000 pCi/l (U.M., 1987). 

Roughly, 10,000 pci/l of radon in drinking water will result 

in an airborne concentration of 1 pCi/l. The action level 

recommended by EPA for remediation of indoor air is 4 pCi/l. 

This is equivalent to approximately 40,000 pCi/l in the 

water (EPA, 1987b). 

Granular Activated Carbon (GAC): 

Granular activated carbon can be used to remove up to 

99% of the dissolved radon in household water supplies. 

GAC units are a popular method of treatment, simple to 

operate and maintain, very efficient and cost effective. 

GAC tanks for household purposes consist of a large fiber

glass tank containing activated carbon installed in the 

water system immediately following the pressure tank. 

Usually a small sediment filter is installed prior to the 

GAC. This removes small particles that would clog the GAC 

bed and reduces the need for backwashing of the filter (EPA, 

1987b). Lowry has determined that periodic backwashing of 



95 

the GAC may reduce treatment efficiency in removing Rn-222 

(Lowry et al., 1983). 

Typical household GAC units hold 1/2 to 2 cubic feet of 

activated carbon and should be able to reduce 90% of the 

water-borne radon (EPA, 1987b) for radon levels under 

200,000 pCi/l (U.M., 1987). A well designed unit containing 

three cubic feet of carbon can process up to 250 gallons of 

water per day and reduce the radon levels by over 99% (EPA, 

1987b). Tests to determine the most efficient volume of 

granular activated carbon to be utilized in the GAC treat

ment units found that for an average household with radon 

concentrations under 200,000 pCi/l, units containing 1.0 to 

1.5 cu. ft. were the most efficient. An increase in GAC 

volume of 60% (1.5 to 2.5 cu. ft.) resulted in an increase 

of radon removal of 4.9%, from 94.9% to 99.8% (U.M., 1987). 

Small carbon filters that attach to faucets or are 

installed under sinks are not of adequate size to reduce 

radon levels in tap water (EPA, 1987b). 

Radon has a short half-life of 3.82 days and will 

continue to decay after it has been adsorbed by the GAC. 

Radon and its four short lived daughters will build to a 

steady state level in the GAC bed within several weeks of 

operation (Lowry et al., 1983). A steady state is achieved 
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when the amount of radon being adsorbed equals the decay 

rate of the radon previously adsorbed (Chandler, 1989). 

This allows the GAC to have almost unlimited capacity for 

radon removal (EPA, 1987b). Theoretically, a bed of GAC 

will remain effective for several decades. Field GAC units 

have shown no decrease in efficiency after five years of 

operation (Lowry et al., 1983). The water quality, the 

amount of iron and manganese minerals, and the organic 

compounds will be significant factors in determining the 

life of the GAC filter (U.M., 1987). 

The decay of radon creates an accumulation of Bi-214 

and Pb-214 in the GAC bed and causes gamma ray emissions. 

This may cause the tank to be a serious source of radiation 

and require shielding (Lowry et al., 1983). A build up of 

long-lived radioactive particles such as uranium or radium 

may also occur (EPA, 1987b). Location of the GAC unit is 

considered extremely important for waters containing high 

levels of radon. The maximum external dose occurs on the 

surface of the treatment tank at the height of the top of 

the GAC bed. The radioactivity decreases rapidly with 

distance, and often at a distance of two to four feet from 

the tank it is at background levels. The GAC tank usually 

contains approximately 12 inches of water on top of the GAC 

bed and this will act as a self-shield to the home occupants 
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who locate tanks in their basements (U.M., 1987). If the 

untreated waterborne radon levels are above 200,000 pCi/1, 

the GAC unit should be placed outside the home to prevent 

possible radiation exposure to the occupants (EPA, 1987b). 

The disposal of the spent radioactive GAC is a problem 

that has not been adequately addressed. It is reported that 

the gamma radiation from the GAC will approach background 

levels in three to four weeks (Chandler, 1989). This 

however does not take into consideration the long lived 

decay product Pb-210 which will remain entrapped in the GAC. 

Lead-210 is nearly stable and undergoes a low energy decay. 

There are federal laws governing the disposal of Pb-210 

however these are not enforced for home water treatment 

systems at this time. Lead-210 is not expected to present a 

serious problem in the future for GAC units taken out of 

service. It is calculated that a home GAC unit treating 

water containing 40,000 pCi/l would need to operate 20 years 

before the accumulation of lead-210 exceeded any federal 

regulations (U.M, 1987). 

The University of Maine has estimated the cost of 

purchasing a GAC unit for home use that contain 1 to 3 cubic 

feet of granular activated carbon is $600 to $1,000 (1987 

prices). Installation costs have been estimated at $50 to 
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$100 and maintenance and operating expenses are minimal 

(U.M., 1987). The E.P.A. has estimated capital costs for a 

home GAC unit at $400 to $800 and $20 per year for operating 

costs (Cothern, 1987). 

GAC systems are known to support bacterial growth and 

may increase the bacterial populations in the final treated 

water. The E.P.A. does not recommend using GAC systems on 

microbiologically unsafe water without adequately disin

fecting the water first (EPA, 1987b). 

Home Aeration: 

Aeration devices for home use are not readily available 

or used in the united states and have not been extensively 

tested or evaluated (EPA, 1987b). 

E.P.A. preliminary cost estimates for operation of a 

home aeration system for drinking water were $900 for the 

system and $80 per year operating expenses (Cothern, 1987). 

The state of Maine, Department of Human Services, 

Division of Health and Engineering has developed and 

marketed a spray aeration device. Use on an extremely high 

radon well resulted in a 93% removal of radon from the 

water. 

Lowry and Lowry developed a diffused-air bubble 

aeration system for home use. Testing at a site in Maine 
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containing 250,000 piC/l of radon resulted in removal to 

background levels of 50 pCi/l. Although the rate of removal 

of radon is well over 99%, a disadvantage of this system is 

that it operates under normal atmospheric pressure. This 

means that the water must be repressurized prior to its use, 

which represents a significant cost. 

Installation of the above mentioned home units are 

estimated to cost $2,000 for the diffused bubble aerator and 

$2,600 for the spray aerator. In addition, they have 

greater operating and maintenance costs and are mechanically 

more complex than GAC units. It is unlikely that these units 

will be widely used because of their high costs (Lowry J. 

and Lowry S., 1988). 

storage: 

storage of water for removal of radon from household 

water is not practical. It has been estimated that a 

typical household in Maine would have to store its water for 

20 to 30 days to achieve the same radon removal efficiency 

as GAC or aeration treatment. To achieve a 95% radon 

removal in a typical home, over 2,000 gallons of water would 

have to be stored in multicompartmented tanks to avoid 

mixing of treated and untreated water (Lowry et al.,1983). 



CHAPTER 9 

URANIUM AND RADIUM REMOVAL 

Municipal Systems 

Conventional water and wastewater treatment plants have 

been found to be effective in removing radioactive particles 

from water. The radionuclides are displaced to the resulting 

sludge which may create a disposal problem (Tchobanoglous 

and Schroeder, 1985). 

Removal in the Home 

Ion Exchange and Reverse Osmosis: 

A standard cation exchange water softener removes 

radium effectively in the home. The radium is exchanged for 

sodium ions in a manner similar to the removal of hardness 

(Chandler, 1989). Pre-treatment of the water may be 

necessary if it has a high TDS since ion exchange systems 

are sensitive to the presence of competing ions. Large 

units that treat water with high radium concentrations may 

encounter disposal problems with the highly concentrated ion 

exchange waste (EPA, 1990). Small home units dispose of the 

brine down the drain. Other treatment methods include lime 

or lime-soda softening, weak acid ion exchange and reverse 

osmosis (Cech et al., 1987). 

100 
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Reverse-osmosis (RjO) processes can effectively remove 

radium particles from water in the home. These processes, 

unlike standard cation exchange water softeners, do not 

remove radon from the entire water distribution system, but 

only from one point, such as a faucet. They therefore have 

relatively high operating costs, slow processing times and 

often require pre-treatment of the water (Chandler, 1989). 

Membranes of reverse-osmosis systems are prone to fouling 

and large units may have problems with disposal of the brine 

solution (EPA, 1990). 

GAC home units are not effective in removing radium and 

can be utilized for only limited removal of uranium from the 

water supply (U.M., 1987). 

E.P.A. has developed preliminary cost estimates for the 

various treatment technologies to remove radionuclides from 

drinking water. Cost estimates were dependent upon the 

amount of water treated and are presented on the next page. 
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Table 10. EPA Estimated Radionuclide Removal 
Treatment Costs 

Removal Method Estimated Cost (in 1987 Dollars) 
per 1.000 gallons 

cation Exchange 0.30 to 0.80 

Iron & Manganese Treatment 0.30 to 1.10 

Reverse Osmosis 1.60 to 3.20 

Municipal Aeration 0.10 to 0.75 

(Data after Cothern 1987, 11) 
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GAC and Anion Exchange: 

GAC units designed for Rn-222 removal also remove 

uranium from the water. Because of its long half-life, 

uranium is essentially a non-decaying adsorbate, in contrast 

to the radon which undergoes a very rapid decay. As the mass 

of uranium increases in the GAC and the filter is completely 

saturated, a breakthrough will occur (Lowry et al., 1983). 

A breakthrough is the point when the effluent concentration 

equals the influent concentration (Hilterbrand et al., 

1987). Household GAC units have a low loading rate and it 

has been found that the adsorbates will have a relatively 

sharp breakthrough early in the operating life of the GAC. 

A study of GAC treatment of a drinking water supply in 

Leeds, Maine containing extreme levels of Rn-222 and uranium 

found a slight decrease in efficiency in radon removal 

following the breakthrough of the uranium. Under normal 

conditions the uranium probably will have little effect on 

the Rn-222 steady state that has been established. 

Anion exchange units are an effective method of 

removing uranium from the water. In neutral or basic 

(alkaline) water, uranyl ions (U02+2
) complex with carbonate 

and phosphate in the water. The various carbonate complexes 

can be removed by macroporous resins using the anion 
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exchange method. Used in conjunction with GAC units, the 

anion exchange and GAC combination will effectively remove 

both radon and uranium from drinking water. 

The study utilizing GAC treatment on a drinking water 

supply in Maine found that GAC maintained nearly 100% 

uranium removal for 1200 to 2400 bed volumes. In contrast, 

ion exchange resins were expected to last for a minimum of 

10,000 bed volumes. Therefore resin treatment is signifi

cantly more cost effective for removal of uranium than GAC 

(Lowry et al., 1983). 
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GAC RESIN 
SED SED 

SEDIMENT TO 
FILTER HOUSE 

RAW 
GAC 

Figure 5. Diagram of Household GAC Treatment System used in 
the Leeds, Maine Study. 

(From: Lowry et al., 1983) 
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Uranium Mining Waste Treatment 

studies have found that radium-226 can leach from 

natural conditions as well as man-made sources such as 

uranium mill tailings. The rate of leaching depends upon 

such factors as liquid to solids ratio, barium and sulfate 

content of the water and matrix, pH, organic content, and 

clay, which readily sorbs radium (Lee and Jones, 1987). 

Radium is a highly soluble and very active 

radionuclide. Uranium mine tailings in the western U.s. 

often contain high levels of radionuclides. The acidic 

conditions which occur in untreated mine tailings enhance 

the mobility of many of the contaminants resulting in 

leachate which may contain concentrations of radium ranging 

from several hundred to several thousand picocuries per 

liter (Opitz, 1987). Studies on the fauna downstream from 

leaching uranium mill operations found biconcentration 

factors for radium-226 ranging from 500 to 1000, which is 

potentially significant. 

Factors that control the leaching of the radium include 

duration of contact with the leaching solution, composition 

of the solution (its barite and sulfate concentrations), how 

the tailings were originally treated (alkaline vs. acid 

leaching), particle size, and the liquid to solid ratio. 
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Barium has been found to strongly sorb radium (Lee and 

Jones, 1987). 

Various methods of precipitation have been used to 

treat contaminated uranium mining and milling tailings and 

ponds. Treatment with calcium carbonate and calcium hydrox

ide have been found to provide a high quality effluent at 

the lowest cost. However some of the contaminants are not 

completely pH dependant and are not effectively removed by 

this treatment. 

Pacific Northwest Laboratories has developed a compound 

to better remove many of these contaminants from acidic 

uranium mill tailings. It is a mixture of hydrated lime and 

barium chloride which, when added to the tailings, signifi

cantly reduces the radium outflow (opitz, 1987). Coprecipi

tation is the principal removal mechanism. The barium 

chloride forms a precipitate of barium sulfate. Radium is 

adsorbed onto the precipitate surface or incorporated into 

the crystal lattice and removed from solution. This 

reaction is dependent upon the presence of sulfate and the 

residence time. The milling process common in the u.s. uses 

sulphuric acid for leaching. This produces an excess of 

sulfate in the tailings. The lime used in the compound 

neutralizes the tailings long enough for the reaction to 

occur. The reduction in solution pH decreases the 
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concentration of metal cations such as AI, As, Cr, Cu, Co, 

si, and Zn in solution by forming precipitates of metal 

hydroxides. Sulfides may also be produced. These precipi

tates plug solution pathways, reduce the leachate flow and 

increase the contact time for the reactants. 

Laboratory testing found a reduction in effluent 

concentrations from >3500 pci/l before treatment to 1.7 

pCi/1 following treatment (opitz, 1987). 

Lee and Jones (1987) hypothesized that acid rain had 

the potential to increase leaching of radium-226 by lowering 

the pH. Conversely, however the increased sulfate con

centrations in acid rain could decrease the leachability of 

radium. 

Soil Blending of Radium: 

In the last several years in New Jersey there has been 

a proposal to dispose of 15,000 drums of waste containing 

0.5 g of radium-226 using soil blending. This has been a 

highly controversial project and has received much media 

attention. The project would involve blending the waste with 

a silty material until it is diluted to a proposed 

concentration of 3 pCi/gram of soil and spreading it over a 

40 acre abandoned sand and gravel quarry. A level of 
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3 pCi/gram for blended soil was proposed because it is 

approximately the natural local background concentration of 

radium-226 in this area and it had never been a problem in 

surface or ground water. 

A disposal area containing 3 pCi/g would create a very 

large reservoir of radium for potential surface and ground 

water contamination. The EPA MCL for radium-226 in drinking 

water is 5 pCi/l which yields a cancer risk factor of one 

additional cancer per 50,000 people (assuming a 70 year 

lifetime). This is significantly higher than the more 

commonly used risk factor and goal for ground water clean

up (remediation) at hazardous waste sites of one in one 

million (10-6
). 

There is potential for the leaching of radium and its 

decay products into the environment using soil blending. 

Radium-226 has a half life of 1622 years and one of the 

daughter products is the gas radon-222, which can be very 

mobile in the subsurface. Calculations by Lee and Jones 

(1987) found that infiltration of precipitation through the 

blended soil at this site would produce a very slow leaching 

of radium-226 that could percolate into the ground water. 

This could produce localized zones of contamination in the 

ground water and increase the cancer risk for over a 

thousand years. 
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One important fact about dealing with wastes such as 

this is the very long half-life of radium-226 and the need 

for long term site monitoring, possibly hundreds of years in 

length. Long term site monitoring, the potential for 

leaching of radium-226, the low drinking water standard, and 

the possible increase in cancer risk, decreases the 

potential of this method of disposal (Lee and Jones, 1987). 

Soil blending is probably not an acceptable method of 

disposal for radium-226 and the project was abandoned due to 

extreme public protest. 

Radium Processing and Disposal in New Jersey: 

Of recent concern for ground water contamination is 

radium waste from early processing plants. During the early 

portion of the 20th century radium processing plants 

operated in Essex County, New Jersey. One site investigated 

by the New Jersey Department of Environmental Protection 

found that one plant had processed approximately one-half 

ton of ore daily between 1915 and 1926. Because of the 

limited size of the original property, it was believed that 

other nearby areas were used for disposal of the processing 

waste. This was of concern because of the urbanization 

of the area in the last sixty years. Aerial gamma radiation 

surveys revealed several possible disposal sites in two 
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separate towns. A thorough investigation revealed the 

contamination to be concentrations of Ra-226 which had been 

used as fill for grading purposes in the residential areas. 

It averaged 5 feet in depth reaching a maximum of ten feet 

in some places. An estimated 20,000 cubic yards of material 

required removal. Soil radium concentrations in some areas 

were known to exceed 100 pCi/g and one residence had a 

reported 440 pCi/l of radon in its basement air. Remediation 

techniques were begun for reducing radon gas concentrations 

in the homes. The area of soil contamination has been 

mapped and documented for possible future removal. The 

public water supply wells were tested for radionuclides and 

showed no concentrations in excess of standards, however 

there are no private wells in this area. No known ground 

water contamination has resulted from this disposal site 

even though there is a high probability of it (Czapor et 

al., 1984). 



CHAPTER 10 

SUMMARY 

Radon-222 is the decay product of radium-226 and the 

principal radon isotope of concern in the environment. It 

is soluble in water and can also be transported in the gas 

phase. It is highly mobile and essentially chemically 

inert, not reacting or complexing with anything in it's 

environment. Typically only 20 to 30% of the radon produced 

escapes into the pore space of rocks or soils. Pore water 

is critical to radon production and migration. The con

centration of radon in ground water is determined by the 

concentration of radium-226 in the matrix of the aquifer. 

High radon levels indicate proximity to a radium source such 

as an aquifer associated with certain granitic rocks, 

carbonaceous black shales, phosphate and uranium-rich rocks, 

sediments, mines or tailings. Factors such as grain size of 

the rock or soil, distribution of the parent nuclide, and 

microporosity also determine the amount of radon available 

in ground water. 

The principal health risk from radon in ground water is 

lung cancer, resulting from inhalation of radon as it 

degasses from the water. water use activities that rapidly 

agitate the water such as showering and washing clothes 

release radon into the home atmosphere. Approximately 
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10,000 pCi/l of radon in the water will result in 1 pCi/l of 

radon in indoor air due to degassing. Risk estimates show 

that the average lifetime probability of cancer from 

exposure to Rn-222 in drinking water greatly surpasses that 

of any other natural contaminant. However, radon concen

trations in drinking water are significant in only a few 

localized areas of the united states. Most large public 

water supplies utilize water that has been treated with an 

aeration process that significantly decreases any radon 

concentrations. Radon in drinking water is therefore not 

considered to be a major health risk in the united states. 

Water derived from private wells poses the greatest risk. 

Private drinking water wells in some areas of the north

eastern u.s. contain over 100,000 pCi/l of radon. 

Radon is a volatile gas and is easily separated from 

water. Aeration is believed to be the most effective method 

of treatment for radon removal since it will behave in a 

manner similar to volatile organic compounds (VOCs). Packed 

tower aeration is the most effective treatment method for 

large communities. However granular activated carbon (GAC) 

is often used for treatment of home water supplies for 

economic reasons. The radon level recommended by EPA for 

remediation of indoor air is 4 pCi/l, which is equivalent to 

approximately 40,000 pCi/l in the water. 



CHAPTER 11 

CONCLUSIONS 

Reviewing the literature shows that there are gaps in 

the available data. A number of topics in need of further 

study are discussed below. 

1. Many areas of the U.S. have not been completely 

geologically mapped, much less investigated for radon 

potential. Several major attempts at mapping general radon 

potential have not been very successful in that they did not 

find or predict localized radon hot spots or concentrations. 

The solution appears to be detailed mapping on a local basis 

rather than attempting large scale generalized maps. 

2. More extensive monitoring of discharges from phosphate 

and uranium mines should be conducted and containment of 

spoils, tailings and gypsum piles should be considered. 

Further investigation of reclaimed phosphate lands used for 

building purposes is needed. Additional ground water 

contamination from radionuclides is likely to be found as 

the frequency of monitoring increases and technology 

improves. 

3. Although MCLs have been determined for radium, the 

occurrence, routes of transportation and toxicity of uranium 

and radon are not well defined. More extensive work needs 
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to be done to establish reliable MCLs for uranium and radon 

in drinking water. 

4. Radon in drinking water is not considered a major 

health risk in the U.S., however people using well water in 

areas with geologic conditions similar to known problem 

areas should have their wells and indoor air tested. Since 

most radon contamination in homes results from soil air 

concentrations, even people with safe drinking water should 

be made aware of the risks of high radon levels. 

In conclusion, although ground water contamination from 

radon is not often of general concern in the United states, 

specific problem areas have been identified associated with 

certain granitic bodies and especially phosphate and uranium 

mines and mine tailings. Identification and location of 

mine spoils, tailings and radioactive dumps will help 

pinpoint areas for further investigation and remediation. 

Enforcement of regulations and standards within the mining 

industry is necessary for improved ground water quality. In 

the long run the most effective means for radon control will 

be the education of the general public so that they are 

aware of the dangers of radon contamination in their 

environment and will communicate that awareness to the 

government and to the mining industry. 
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APPENDIX 

SYMBOLS 

Symbols may be read as 228Ac or as Ac-228. 

228Ac - actinium 228 

214Bi - bismuth 214 

234Pa - proactinium 234 

210Pb - lead 210 

214Pb - lead 214 

214pO - polonium 214 

218pO - polonium 218 

221Ra - radium 221 

223Ra - radium 223 

226Ra - radium 226 

228Ra - radium 228 

Ra A - polonium 218 

Ra B - lead 214 

Ra C - bismuth 214 

Ra C' - polonium 214 

219Rn - radon 219 

220Rn - radon 220 

222Rn - radon 222 

228Th - thorium 228 

230Th - thorium 230 

232Th - thorium 232 

234Th - thorium 234 

208T I - thallium 208 

234U - uranium 234 

235U - uranium 235 

238U - uranium 238 

Others: 

Tl/2 

0<. 

- half life 

- alpha particle 

- beta particle 

- gamma rays / 
gamma ray 
photons 

(After EPA, 1984) 
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ABBREVIATIONS 

Bq - becquerel 

cgs - centimeter, gram, second 

C - coulomb 

ci - curies 

cu. ft.-cubic feet 

cm - centimeters 

EBCT- empty bed contact time 

eV - electron volt 

GAC - granular activated carbon 

gpd - gallons per day 

gpm - gallons per minute 

Gy - gray 

J - joule 

k - kilo (one thousand) 
(may be used as keV, kg) 

1 

m 

m 

- liter 

- meter 

- milli (10-3
) 

(may be used as mrem, 
mCi, mGy, meV) 

m2 
- square meter 

MCL - maximum contaminant 
level 

m. y. a. - million years ago 

pCi - picocuries 

pCi/l-picocuries per liter 

ppb - parts per billion 

ppm - parts per million 

QF - quality factor 

R - roentegen 

rad - radiation adsorbed 
dose 

redox-reduction-oxidation 
potential 

rem - roentgen equivalent 
man 

SI - Standard Inter
national units 

Sv - sievert 

TDS - total dissolved 
solids 

VOC - volatile organic 
compound 

WL - working level 

(After EPA 1984; Weast 1975; et al.) 
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GLOSSARY OF SELECTED TERMS 

The following are terms used in this paper and commonly 
found in the scientific literature. 

Actinon Radon-219. 

Alpha Particle - A positively charged sUbatomic particle 
emitted spontaneously from the nucleus of radio
active elements during some types of radioactive 
decay. It consists of two protons and two neutrons 
and is not distinguishable from a helium nucleus. 
Alpha particles can be dissipated in a very short 
distance - See Chapter One (Chandler, 1989; EPA, 
1987b). 

Alpha Recoil - See Recoil. 

Alveoli The air cells of the lungs (EPA, 1987a; Webster). 

Anorthosite - An intrusive igneous rock consisting primarily 
of plagioclase feldspar. Large masses and extensive 
plutons common in Precambrian rocks (Mottana, 1978). 

Arkosic Feldspar rich rock or sediment. May contain small 
amounts of quartz and mica. Often derived from 
degradation of granite and gneissic rocks (Mottana, 
1978). 

Becquerel (Bq) - A Standard International unit of radioac
tivity. The quantity of radioactive material in 
which one atom is transformed per second (one 
disintegration per second). The becquerel is a 
measure of the number of atoms transformed per 
second and not a measure of the rate of transfor
mation nor the number of particles emitted. It is 
a measure only of quantity of radioactive material. 
Many complex radionuclides may emit more than one 
particle per transformation. One picocurie equals 
0.037 Becquerel (Cember, 1983; EPA, 1987a). 
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Beta Particle - An ordinary electron that is ejected from the 
nucleus of an unstable radioactive atom. It has 
been proposed that a beta particle is formed during 
the transformation of a neutron into a proton and 
electron-See Chapter One (Cember, 1983; Chandler, 
1989; EPA 1987a). 

Biotite A species of mica commonly found in intrusive rocks, 
pegmatites, sands and sandstones. A hydrated 
potassium aluminum silicate (Mottana, 1978). 

Bronchial Epithelium - The cellular lining of the bronchi. 

Bronchi The two main branches that lead from the trachea to 
the lungs (EPA, 1987a). 

Carbonatite - An ultramafic, intrusive or extrusive igneous 
rock consisting principally of calcite or dolomite. 
Noted for concentrations of rare elements (Mottana, 
1978). 

cgs Centimeter, gram, second. A subsystem of the metric 
system of measurement in which the centimeter, gram 
and second are used to designate length, mass and 
time. Often used in health physics (Cember, 1983). 

curie (Ci) - A unit of radioactive measurement used before the 
adoption of 5I units. The activity of a ~antity 
of a radioactive material in which 3.7 X 1010 atoms 
are transformed per second. The curie was originally 
defined as the activity of one gram of radium-226. 
One curie is equal to 3.7 X 1010 becquerels (Cember, 
1983; EPA, 1987a). 

Dolomite A calcium magnesium carbonate. A basic part of 
sedimentary carbonate rocks formed by the chemical 
action of sea water on calcareous muds (Mottana, 
1978). 

Dose Equivalent - See Equivalent Dose. 

Emanating Power / Emanating Rate - The portion or fraction of 
radon that is lost from a mineral or mineral grain 
is called the "emanating power". The rate of the 
loss of radon from the mineral is termed the 
"emanation rate" (Colle~ 1980). 
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Epithelial Lining - Cellular tissue covering surfaces, forming 
glands and lining most cavities of the body (EPA, 
1987a). 

Equivalent Dose - The absorbed dose which has been weighted 
to account for its relative biological effectiveness 
by use of quality and modifying factors. Measured 
in rem or sievert units (EPA, 1987a). 

Erg A metric unit of work equal to the work done by a 
force of one dyne acting through a distance of one 
centimeter (Webster)_ 

Gamma Rays (Photon Radiation) - Monochromatic electromagnetic 
radiation of extremely short wavelength emitted from 
the nuclei of excited atoms following radioactive 
transformation. This is a mechanism for ridding the 
excited nuclei of their excitation energy_ Gamma 
rays are not distinguishable from x-rays and usually 
accompany alpha and beta particle emission in the 
decay of radium. Gamma rays are especially important 
in the case of internally deposited radioisotopes 
(Cember, 1983; Chandler, 1989). 

Gneiss A high grade metamorphic rock rich in feldspar and 
mica commonly developed from metamorphism of 
sedimentary rocks. Commonly found in metamorphic 
regions of the world (Mottana, 1978). 

Granite An intrusive igneous rock consisting principally of 
quartz, potassium feldspar, plagioclase feldspar and 
biotite mica. The most commonly occurring rock on 
continental surfaces (Mottana, 1978). 

Gray (Gy)-The basic unit of radiation dose expressed in terms 
of absorbed energy per unit mass of tissue. One 
gray is an absorbed radiation dose of one joule per 
kilogram. Radiation damage is dependent upon the 
absorption of energy from the radiation and is 
approximately proportional to the concentration of 
absorbed energy in the tissue. The gray is appli
cable to all types of ionizing radiation such as 
irradiation due to neutrons, charged particles, 
internally deposited isotopes or external fields of 
gamma radiation. The gray is based on physical 
factors only. The gray was intended to replace the 
rad, but it is still not in common use in the u.s. 
today (Cember, 1983). 
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Half-life-The time required for a radioisotope to decrease to 
one-half its original quantity. This is a measure 
of the speed with which the isotope undergoes radio
active transformation. The decay usually occurs as 
alpha and beta particle and gamma ray emissions. 
Each isotope has its own unique transformation rate 
which is an unalterable property of that particular 
isotope. Half-lives range from microseconds to 
billions of years (Cember, 1983; Chandler, 1989; 
EPA, 1987a). 

Isotope 

Joule 

Any of two or more species of an element with the 
same atomic number, nearly identical chemical 
properties but different atomic weights (mass 
numbers) and physical properties. Examples of three 
isotopes of uranium are U-235, U-238, and U-239 
(Chandler, 1989; Webster). 

A unit of measurement of work and energy in the 5I 
system. One joule of work is produced when a force 
of one newton is exerted through a distance of one 
meter. One electron volt equals 1.6 x 10-19 joules 
(Cember, 1983). 

Limestone - A calcareous sedimentary rock formed from the 
accumulation of marine organism exoskeletons 
(Mottana, 1978). 

Maximum contaminant Level (MCL) - The maximum concentration 
of a contaminant permitted in public water supply 
systems. MCLs are federally enforceable standards 
(EPA, 1988). 

Miocene An epoch of the tertiary period occurring between 
5 and 20 million years ago. 

Monazite A rare earth phosphate and the principle ore for 
thorium. Often radioactive and contains up to 12% 
thorium oxide. Common accessory mineral in granites 
and gneisses. Monazite sands may be concentrated 
in fluvial and marine placer deposits (Mottana, 
1978). 

Monzonite-An intrusive igneous rock containing potassium 
feldspar, plagioclase feldspar, clinopyroxene and 
hornblende. Is often an indicator of localized 
remelting due to tectonic or rifting activity 
(Mottana, 1978). 
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Pennsylvanian - A geologic period occurring between 280 and 
320 m.y.a. Noted for its large fern tree forests 
and extensive marsh areas that were responsible for 
the formation of coal. Also known as the Coal Age. 

Phosphorite - An organically produced phosphatic sedimentary 
rock. Principally composed of apatite. May be 
precipitated directly from sea water or by 
accumulation of phosphate-rich material such as 
bones or guano. An important ore for phosphate 
fertilizer production (Mottana, 1978). 

Photon Radiation - See Gamma Rays. 

Pliocene An epoch of the tertiary period occurring between 
2 and 5 million years ago. 

Picocuries per liter (pci/l) - A unit of measurement of 
activity concentration. One picocurie per liter is 
equal to 10 to 12 curies per liter (EPA, 1987a). 

Plagioclase - A potassium aluminum silicate. A series of the 
feldspar group that forms a continuous solid 
solution series varying in composition from sodic 
to calcic. Common in granites and pegmatites 
(Mottana, 1978). 

Pore space - The non-solid space in rock or soil (Tanner, 
1986a). 

Progeny, Daughters, Decay Products Terms used inter-
changeably to refer to the intermediate products in 
a decay series or chain. Each decay product will 
ultimately decay into other radioactive decay 
product until a final stable nonradioactive atom is 
formed. The Rn-222 decay chain has 12 decay 
products with the final end product being the stable 
lead isotope Pb-206 (EPA, 1987a). 

Quality Factor (QF) - The factor by which the absorbed dose 
is multiplied to express a quantity of ionizing 
radiation on a common scale that a person is exposed 
to (EPA, 1987a). 
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Rad (Radiation Absorbed Dose) - A unit of radioactive 
measurement used before the adoption of SI units. 
The quantity of ionizing radiation that results in 
the absorption of 100 ergs of energy per gram of 
irradiated material, regardless of the source of 
radiation. The federal radiation safety limit is 
0.17 rad per person per year. The newer unit termed 
the gray is intended to replace the rad, however the 
rad is still widely used. (Cember, 1983; Chandler, 
1989) . 

Radiation Dose - The total amount of ionl.zl.ng radiation 
absorbed by material or tissue. Absorbed dose is 
expressed in rads, exposure is expressed in 
roentgens and dose equivalent in rems (EPA, 1987a). 

Radionuclide - Any naturally occurring or artificially 
produced radioactive element or isotope (EPA, 
1987a). 

Radioactive Equilibrium - The state in which the rate of 
formation of atoms due to the decay of a radioactive 
parent is equal to its rate of disintegration by 
radioactive decay. The activity of the parent and 
the decay product (daughter) assume a constant 
proportion. Radon decay products readily attach 
themselves to surfaces (plate out) removing them 
from the environment and thus equilibrium is seldom 
reached (EPA, 1987a). 

Recoil Also known as alpha recoil. The emission of alpha 
particles commonly resulting from radionuclide decay 
processes. The energy (momentum) of the alpha 
ejection causes the radionuclide to recoil in the 
direction opposite to the direction of the alpha 
particle. This may result in the radionuclide 
entering the pore space between particles (Szabo and 
Zapecza, 1987; EPA, 1987a). 

Rem (Roentgen Equivalent Man) - A unit of equivalent dose 
equal to the amount that will produce the same 
damage to humans as one roentgen of high voltage X
rays. The absorbed dose in rads multiplied by a 
factor representing the different biological effects 
of various types of radiation. Equal to o. 01 
sievert (Chandler, 1989; EPA, 1987a; Webster). 
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Reverse Osmosis (RjO) - Reverse osmosis uses a semipermeable 
membrane to remove contaminants from water. 
Pressure is applied to the untreated water, forcing 
water molecules through the pores of the membrane 
but not allowing any of the dissolved ions to pass 
(EPA, 1990). 

Rhyolite A felsic, extrusive igneous rock consisting 
principally of quartz and alkaline feldspar. Formed 
by rapid cooling of a highly viscous magma of 
granitic composition (Mottana, 1989). 

Roentgen (R) - A unit of radioactive measurement of X-ray 
exposure used before the adoption of SI units. It 
is the quantity of X- or gamma radiation that will 
produce through ionization, one electrostatic unit 
of electricity (1 statcoulomb) in 1 cc (0.001293 g) 
of dry air measured at O°C and 760 mID Hg. An 
exposure of 1 R is equivalent to an absorption of 
87.7 ergs per gram of air or to a dose to the air 
of 0.877 rad. (Cember, 1983: Chandler, 1989). 

Saprolite-Highly weathered rock often soil-like in 
consistency. Derived from underlying bedrock and 
usually rich in aluminum and iron minerals. 
Commonly found in the southeastern united States. 

SI standard International units of measurement. An 
international system of measurement developed to 
replace the metric and British systems of 
measurement (Cember, 1983). 

Sievert (Sv) - A unit of radiation dose equivalent used for 
radiation protection purposes, engineering design, 
and legal and administrative purposes. The dose 
equivalent, in sieverts, considers the quality 
factor (QF) of the radiation, the absorbed dose and 
other factors such as non-uniform distribution, 
which applies only to bone seekers. The sievert 
considers both physical and bio- logical factors 
while the gray only considers physical factors. 
Dose limits, the maximum allowable radiation dose, 
are given in units of sieverts or millisieverts. 
An absorbed dose of 1 mGy of X- or beta rays 
correspon¢ls to an equivalent dose of 10 mSv. A fast 
neutron dose of 1 mGy corresponds to an equivalent 
dose of 20 mSv (Cember, 1983). 
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Thoron Radon-220. 

Total Dissolved Solids (TDS) - The total dissolved solids 
concentration of the water. It is usually measured 
in mg/l and can be expressed by the equation 
TS - SS = TDS (total solids minus the suspended 
solids equals the total dissolved solids) 
(Tchobanoglous, 1985). 

unattached Radon Decay Product - A decay product of radon that 
is not electrostatically attached to dust or 
particles in the air. Unattached radon decay 
products are readily capable of attaching to lung 
tissue if they are inhaled (EPA, 1987a). 

Volatile Organic Compound (VOC) - An organic compound that 
participates in atmospheric photochemical reactions 
(EPA, 1988). 

Working Level (WL) - A unit of measurement of the concen
tration of short lived radon decay products that 
results in 1.3 x 105 meV of potential alpha energy 
per liter of air (EPA, 1987a). It was developed to 
express exposure in mines because the health effects 
are due to the radon daughters and not the gas 
itself (Makofske, 1988). 

Yellow Cake - A product formed during the refining of uranium 
ores. Noted for its yellow color and radioactivity. 
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