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ABSTRACT 

A thorium-based nuclear energy industry will require 

an increased supply of domestic thorium. This demand can be 

accommodated by mining Western U.S. thorium vein deposits. 

Consequently, mineral processing of thorium ore will require 

waste disposal methods to handle the large amounts of thorium 

tailings. 

A milling process was developed that assumed 91% 

thorium recovery from 0.4, 0.52, and 0.6 percent thorium ore. 

A conservative estimate of the radioactivity from thorium-232 

decay chain members at locations throughout the process can 

be found by combining ore attributes and process variables 

with theoretical, radioactive decay laws. The amount and 

rate of activity growth is dependent upon the initial amount 

of the members and the duration of the mill process. 

The radioactivity from an identical uranium-238 mill 

process was compared with the thorium mill process. The 

results showed the uranium tailings exhibits twice as much 

activity as the thorium tailings. 
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CHAPTER 1 

INTRODUCTION 

In the production of nuclear power, alternative 

nuclear fuel cycles have been sought to increase power at 

higher efficiencies and less waste. To evaluate these 

alternatives, all aspects of their development and eventual 

application should be investigated. One such fuel cycle 

is based on reactors fueled by thorium-232, which breeds 

uranium-233 that can subsequently be used to fuel con

ventional uranium reactors. The environmental impact 

of this new fuel cycle needs to be examined when assessing 

the cycle's nuclear power potential. 

A major concern is the production of radioactive 

waste in the processing of thorium rich ores. When thorium 

is extracted from ore, the remaining radioactive members 

of the thorium decay chain are retained in the waste and are 

deposited on the earth surface. These 'tailings', are 

finely ground rock that can cause air and water pollution 

if left unstabilized. Presently, tailings from uranium mill 

are deposited in a manner so as not to contaminate the 

environment. These same safeguards can be applied to 

thorium tailings. 

1 
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The radioactivity in thorium tailings is a function 

of the physical and chemical properties of the ore and the 

extraction process. Field measurement of the radioactivity 

in a thorium mill is impossible because thorium mills do not 

exist at this time. By assuming thorium ore concentrations, 

mill process parameters, and radioactive decay laws, however, 

the theoretical radioactivity from a model thorium mill can 

be calculated. 

This thesis presents preliminary results that identify 

the location of high radioactivity within the mill circuit. 

The thorium radioactivity is also compared with documented 

radioactivity from similar uranium mills. This comparison 

provides a basis for anticipated improvements to low-level, 

radioactive waste management. 



CHAPTER 2 

REVIEW OP RADIOACTIVITY 

The science of nuclear physics began in 1896 with 

the discovery of radioactivity by Henri Berquerel. Since 

then, man has defined atomic and subatomic particles, split 

and fused the atom, and harnessed its power. The following 

discussion serves to acquaint the reader with the terminology 

and concepts concerning radioactivity that appear through

out the text. 

Radioactive Decay 

The process of radioactive decay is quite distinct 

because it is unaffected by physical or chemical changes of 

the material. Radioactive decay occurs when an unstable 

nucleus ejects subatomic material forming a new nucleus with 

new physical and chemical properties. The ejected material 

may be a helium atom (alpha particle), an electron (beta 

ray), or electromagnetic radiation (gamma rays). 

Often the new nucleus is also unstable and undergoes 

transformation. A sequence of successive transformations 

from a primary source is called a radioactive decay chain. 

For example, the uranium-238 decay chain involves 13 

transformations before it reaches stable lead-206. Each 

3 
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member of the chain, called decay products, radionuclides, 

or simply daughters, have different molecular makeup with 

unique chemical and physical properties. 

With each transformation, either the atomic number 

or mass number of the atom changes. Daughters with the same 

atomic number are called isotopes. For example, radium-228 

and radium-224 are isotopes of radium because each has an 

atomic number of 88. 

Theory of One Transformation 

Every radioactive decay of a single nucleus is 

independent of any other transformation occuring in the 

chain. In 1913, Rutherford showed that a single, isolated, 

unstable nucleus decays with time according to an exponential 

law. The number of atoms present at any time will depend 

on two factors, the initial amount of material, and the 

isotope's radioactive disintegration constant, A. The dis

integration constant is a statistical parameter with units 

of time"*^, which represents the average fraction of the 

number of atoms disintegrating per unit time. 

For a single radioactive substance, the decay law is 

dN = -AN dt, (1) 
o 

where dN = number of decaying particles, 
dt = change in time, 
-A = radioactive disintegration constant, and 
N^ = initial amount of material. 
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Equation (1) can be rearranged to yield, 

dN/dt = -AN0, (2) 

and finally integrated to form, 

N = N0e"xt. (3) 

Equation (3) shows that the number of atoms present 

at any time is the product of the original amount of material 

and a negative exponential with time. 

The decay rate of a radioactive element is more 

conveniently expressed as an activity, I. By substituting 

I0 = V •*-rvfco equation (1), the activity becomes and 

equations (2) and (3) become 

§ - -v* 
and 

I - I0e"U. (5) 

Thus both the number of atoms and the activity from a single 

nucleus decrease in exactly the same exponential manner. 

In practice, the unit of activity is the curie(ci), which is 

defined as the number of disintegrations that occur per 

second xn one gram of radium-226. One curie is approximately 

3.7 x 1010 disintegrations per second. 

By rearranging equation (3) so that 

N/NQ = e~ , (6) -

and letting N/NQ = 0.5, t becomes the time when the number of 

atoms, Nfc, and hence the activity, decrease to one-half the 

initial value. 
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Decay rates of radioactive substances are frequently 

expressed in terms of their half-lives, t^. Certain sub

stances such as uranium-238, with a half-life of 4.5 x 10^ 

yr, have extremely long half-lives. At the opposite extreme 

is the isotope polonium-214, which decays with a half-life 

of 1.6 x 10"^ seconds. For the polonium isotope, virtually 

all the radiation associated with this isotope dissipates 

within a second. 

Theory of Successive Transformations 

When an atomic substance passes through a decay chain 

it contributes atoms to each member of the chain. 

Suppose there is an active substance, A, containing 

N particles. The amount of particles per time to each 
Q> 

successive member (N^, Nc, . . .) is found by 

— = "XANas (7) 
dt 

dN. 

dt 

dN 

^ " Va " xBNb> t8) 

= XBNb ~ XCNcJ ^ dt 

and so forth. 

The solution to equation (7) is 

N = N e~^A^. (10) 
a ao 

Substituting the value of N. from (10) into (8) results in 
a 

^ " Vao6"^- W (11) 
dt 
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The solution of this equation is in the form 

Nb = Nao(ae"XAt - be'V), 

where a = xa X̂B~XA^ and b * -XA X̂B~XA^" 

Finally, the solution for can be written as 

M - r-Xntv 
b A - e B >• (13) 

The same procedure is used to find N . 
c 

N • N (ae~ At + be" Bt + ce" C*), c ao 

where a = 
XAXB 

<W(Vxa> 

XAXB 

^ XA-XB^^XC~XB^ 

and c = ^ ^ 

UA-*C)UB-*C) 

The solution of the general case of Nn products was 

developed in a symmetrical form by H. Bateman in 1910. The 

amount of the nth product at time t is: 

Nn(t) = C1e"Xlt + C2e"X2t . . . C^e"^, 

(X1X2* * ^n-l5 n Nn , 
where ci= .  . u - ^ y  X o  

p _ r -L C u-J. "I N-, 
2 ~ L(Xn-X^)(X^-X0). . .c X_-X^)J 1o » 

C3 = c (x 1 -x 3 ) (x 2 -x 3 ) .  .  . (V x 3 ) ]  N V e t C '  ( 1 5 )  

In a more practical case, Na, N^, . . . Nn are not 

equal to zero. The total amount of atoms present at any 

• -<Xn-V 

(X x 2 • * ,Xn-l^ 

.  - (V X 2 }  

( ^  •  •  •  X ) 
n-i 
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time is the summation of atoms from all the members of the 

chain. But because the members themselves are decaying 

according to equations (10) through (15)> the total amount 

of atoms for each member is the amount of atons left from 

the initial amount (NQ) plus the atoms from previous 

members. 

The activity of each member follows the same 

general form. If the activity of any member should ever 

approach the activity of the parent, then a condition of 

radioactive equilibrium will exist. 

Radioactive Equilibrium. Radioactive equilibrium 

is present between parent and daughter when the activity of 

the daughter does not change with time. This is shown by 

rearranging equation (8) to yield 

XANa = W XBNb " Vc> e t c-> ( 1 6 )  

where N , N. , and N are the maximum number of atoms of a' b c 

substances A, B, and C when equilibrium is reached. 

There are two types of radioactive equilibrium. 

Secular equilibrium occurs when the primary source is trans

formed so slowly that there is no appreciable change in its 

amount during an interval of time required for the later 

products to attain approximate equilibrium with the primary 

source. All the members from a long-life parent will 

usually be in secular equilibrium. 

The other condition, called transient equilibrium, 

exists when the primary source has a higher activity than' 
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its successive daughters. Each of the daughters decay 

exponentially with the period of the primary source. In 

contrast to secular equilibrium the number of successive 

daughters changes rapidly. 

Radioactive Emlttance 

The competition between nuclear attractive forces 

and Coulomb repulsion forces within the nucleus gives rise 

to combinations of neutrons and protons that are not stable. 

These radioactive substances decay into more stable configu

rations and emit alpha particles, beta radiation, or gamma 

radiation. 

The change in mass within the atom results in a 

change in energy; the reduction of mass retards the atom 

to a lower energy state. The energy of nuclear reactions 

is expressed in units of electron volts (eV). An electron 

volt is the energy acquired when an electron, or any 

particle having a charge equal to that of an electron, is 

accelerated through a potential difference of one volt. 

In nuclear reactions the energy (commonly in millions of 

eV) gives rise to visible radiation and to ionized atoms. 

Alpha-Particle Emission 

When the emissions from a radioactive substance 

are passed through an electrical field, a separation of 

travel paths occurs due to the electrical attraction to the 
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magnetic poles. Using this technique, J.J. Thomson first 

isolated beta particles. It was not until 1900, however, 

that alpha particles were identified. The nature of alpha 

particles was difficult to determine because an electrical 

field sufficient to cause considerable beta ray deflection 

had no appreciable effect on alpha particles. 

Alpha radiation consists of a stream of positively 

charged particles that carry a charge of plus two and have 

a mass of four on the atomic mass scale. These particles 

are identical to the nucleus of an ordinary helium atom. 

When an alpha particle is emitted there is a decrease of two , 

units in atomic number and a decrease of four in the mass 

number of the substance. 

The velocity of the alpha particle is normally only 

seven percent of the velocity of light. If the velocity of 

the alpha particle is known its energy can be computed by 

2 
means of the classical kinetic motion formula, E = mv /2. 

The energy imparted to the alpha particles is dissipated 

either by the recoiling nucleus or through collisions with 

electrons or atoms. Ac a result of inelastic collisions, 

positively charged gaseous ions and free electrons are 

produced. The electrons may attach themselves to neutral 

atoms to form negative ions. Energy is expended in 

such ionization. For every atom ionized in air, 35 eV 

of work must be done (Mann and Garfinkel, 1966). Thus, an 
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alpha particle in its passage through air expends, on the 

average, 35 eV of energy for every ion pair it creates. 

The intensity of ionization produced by a moving 

charged particle through a gas is expressed by the specific 

ionization, which is the number of ion pairs formed per unit 

length of path. The number of ion pairs is proportional to 

the total energy loss of the incident particle. The alpha 

particle, therefore, has a specific distance of ionization 

potential before it comes to rest. This distance is only 

fairly well defined because the transfer of energy in the 

creation of ion pairs is random in air of a given density. 

The maximum range of ionization for an alpha particle from 

a simple product is constant for a definite gas pressure 

and temperature. Bragg and Kleeman in 1905 determined that 

the range of an alpha particle in a given material is ap

proximately proportional to the square root of its atomic 

mass. In air, at 20 degrees celsius and one atmosphere, 

the alpha particle has a range of only seven centimeters. 

Beta-Ray Emission 

Beta rays are nearly massless, negatively charged 

particles that have all the properties of electrons. The 

ejection of a beta particle results from the transformation 

of a neutron (mass = 1, charge = 0) at the surface of the 

nucleus into a proton (mass = 1, charge = +1). Consequently, 
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beta emission leaves the mass number of the substance 

unchanged but increases the atomic number by one unit. 

When beta rays pass through a medium they lose energy 

by ionizing and exciting atoms and molecules in a way 

similar to alpha particles. They also create a secondary 

beta radiation which is the result of diffuse scattering of 

the incident radiation. The amount of scattered radiation 

increases with the atomic weight of the absorber and velocity 

of the beta rays. 

Unlike alpha particles, the velocity of beta rays may 

approach the velocity of light. The energy of the electron 

at any speed is given by the expression 

energy = (m-m )c*, (17) 

where m = mass of the electron at speed v, 

mG = rest mass, 
and c = velocity of light. 

Beta rays possess the unique property of having a 

continuous spectrum of energy. The first explanation of this 

phenomena was that the electrons were initially emitted from 

the nucleus with the same energy. However, some energy was 

lost as the electron passed through the electron shells of 

the atom. Calorimetric experiments failed to substan

tiate this. The presently accepted explanation was postulated 

by Pauli in his neutrino hypothesis. According to his hypo

thesis, in each beta decay two particles were emitted, the 

electron and another particle, the neutrino. The main 
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function of the neutrino was to carry away some of the beta 

disintegration energy. 

Although the velocity of the beta rays is much higher 

than alpha particles, their mass is so small that their 

momentum is much less than corresponding quantities of alpha 

particles. The range of beta rays, however, is longer than 

the alpha particle, being almost 250 cm in air. 

Gamma-Ray Emission 

Gamma rays constitute electromagnetic radiation 

similar to X-rays. Having zero charge and weight, they are 

not deflected in an electrical field and their emission does 

not change the atomic number or mass number. The origin of 

gamma rays is directly related to nuclear energy levels with

in the atom. When a nucleus undergoes radioactive decay, 

it may be left in an excited state. To reach a stable or 

ground state, it can emit another particle, or more 

frequently, one or more gamma rays. This is analogous to 

the emission of a photon by an atom as its electron 

structure adjusts to a lower energy state. The difference 

is that photons of radioactive decay are usually emitted 

from the nucleus, whereas photons of electron transition 

(called X-rays) are emitted outside the nucleus. 

The frequencies of gamma rays are so high that their 

behavior is almost entirely understood by considering them 

as quanta of energy, photons. The amount of energy for a 



particular gamma emission can be found by the formula: 

E - hv = he/\, (18) 

where h is Planck's constant, c is the velocity of light, and 

A is the wavelength. 

Gamma radiation is considerably more penetrating than 

alpha particles or beta rays which are scattered and absorbed 

when they pass through matter. The following three cases of 

gamma ray-matter interaction are possible: photoelectric 

effect, Compton scattering, and pair production. 

The photoelectric effect applies to low-energy gamma 

rays that collide with orbital electrons. The resulting 

collision usually ejects the electron from its orbit and 

leaves the atom in an unstable, excited state. 

Compton scattering involves photons of higher energy 

which are more likely to have part of their energy absorbed 

interacting with orbital electrons of a irradiated material. 

The photon emparts enough energy to the electron to eject it 

from its orbit and is itself deflected or scattered. Though 

degraded in energy, it can undergo additional Compton scatter

ing until all of its energy is lost, or until it is completely 

absorbed in a photoelectric interaction. Compton scattering 

is the dominant process in the absorption of gamma rays 

within a wide range of energy. 

The pair production process can only occur with 

extremely energetic photons. These photons interact directly 

with an atomic nucleus and not with its orbital electrons. 



15 

The photon interacts with the electric force field of the 

highly charged nucleus so that their energy is converted to 

mass and the photon decays into two particles, an electron 

and a positron (a positive electron). Because the photon 

interaction in pair production is with the nucleus, 

there isa higher probability of this type of interaction 

taking place in the nuclei! of atoms of higher atomic 

number. 

Summary 

The decay laws of radioactive material can be used 

to estimate the activity of radioactive isotopes in the 

thorium ore as it is being processed. The radioactivity 

calculated in this manner, however, does not include the 

"interaction of the emissions with matter. Interactions 

such as shielding, plating and absorption will undoubtedly 

decrease the theoretical activity level. 



CHAPTER 3 

THORIUM — A BRIEF OVERVIEW 

While examining a number of substances, G.C. Schmidt 

and the Curies in 1898, independently found that thorium, 

its compounds, and thorium minerals possessed properties 

similar to those of uranium. Early uses of thorium in gas 

mantles prompted exploration of thorium and the eventual 

development of mining and mineral process schemes. Today, 

thorium is used in a wide variety of industrial uses but 

its most promising application may be as a nuclear fuel. 

Characteristics of Thorium 

Thorium belongs to the Group IVB of the period 

system, which includes titanium, zirconium, hafnium and 

thorium. It is also a member of the actinide series of 

elements, which includes actinium, uranium and the transu-

ranic elements. The actinide series, as in the lanthanide 

series, has the distinction of adding electrons to the third 

outermost electron shell while holding constant the number 

of electrons in the outer, incomplete, electron shell 

(Albert, 1966). Addition of electrons to the inner orbits 

causes a progressive reduction in ionic size which produces 

16 
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significant changes in chemica l behavior. This includes an 

improvement in chelating ability and a decrease in the basic 

character of the ions. 

Thorium compounds are almost exclusively quadrivalent . 

Common soluble salts include thorium nitrate, thorium sulfate , 

thorium chloride, thorium bromide and thorium iodide. 

Thorium nitrate is the main commercial form of thorium, 

thorium sulfate is important in preparing pure thorium 

compounds, and thorium chloride is used in metal production. 

Thorium (Th) has 13 isotopes. Four isotopes, Th-232, 

Th-22 8 , Th-234, and Th-228 occur in thorium minerals . Th- 23 4 

and Th-230 are found with nat ural uranium ( U) . Th- 2 31 a n d 

Th-227 are present in uranium minerals as members of the 

urani um-235 decay chain. The remaining isotopes are either 

produced directly by neutron bombardment of precursor 

isotopes or are found in artificially produced isotope 

decay chains. Thorium-232 is the prime isotope that occurs 

in thorite ores. Thorium-228, Th-234 and Th-230 are con-

sidered less important due to their low abundance in nature. 

The radioactive decay chain of Th-232 is shown in 

Figure l, and Table 1 list the attributes of each member . 

Gopinath and Singh (1972 , p . 22) briefly describe the series 

of each member: 

Starting from thorium- 232, all the daughters 
beyond thorium-228 are comparatively short -lived , 
the longest-lived of them being radium-224 with 
a half-life of 3.64 days. Radium-224 attains 
equilibrium with thorium-228 in about 28 days. 
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Fig. 1. Thorium-232 Decay Chain. (Adapted from Albert, 
1966) 
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Table 1. Attributes of Thorium-232 Decay Chain Members. 
(Adapted from Albert, 1966) 

Isotope Half-Life Principle 
Radiation 

Th-232 1.39 x 1010 yr alpha 

Ra-228 5-75 yr beta 

Ac-228 6.13 hr beta 

Th-228 1.91 yr alpha 

Ra-224 3.64 days alpha 

Rn-220 55.6 sec alpha 

Po-216 0.158 sec alpha 

Pb-212 10.64 hr beta 

Bi-212 60.6 min 3 6 . 2 %  alpha 

63.8% beta 

Po-212 3.04 x 10~7 sec alpha 

Tl-208 3.1 min beta 
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But the activity of thorium-228 itself reaches 
significant amounts only after 100 days. There
fore, it follows that the activity build-up of 
daughters beyond thorium-228, by the decay of 
thorium-232, is practically the same as that of 
thorium-228. 

Starting from thorium-228, radon-220 and 
polonium-216, which are quite short-lived as 
compared to radium-22^, will always be in equi
librium with radium-224. There activity buildup 
is the same as that of radium-224. Similarly, 
the activity build-up of daughters beyond lead-212, 
in the thorium-228 series do not differ much from 
that of lead-212. It takes about 50,000 days for 
all the daughters of thorium-232 to reach equi
librium activity. Further, the entire series decays 
with the half-life of thorium-232; i.e. 1.39 x 10 
years. 

One millicurie of natural thorium, in equilibrium 
with its daughters has an emission of 22.2 x 10? 
alpha particles per second of total energy 132.90 
x 107 MeV per second, and 1*1.8 x 107 beta particles 
per second with an associated energy of 4.51 x 10' 
MeV per second. The total number of quanta, and 
the energy of gamma radiation from one millicuries 
of natural thorium in equilibrium with its daughters 
are 15.^8 x 107 and 9-13 x 10' MeV per second 
respectfully. 

Thorium Mineralogy 

Thorium is a relatively abundant constituent of the 

earth's crust. It is about as abundant as beryllium and 

cobalt and one-half as common as lead. Thorium occurs in 

more than 100 minerals in varying amounts and is usually 

found together with uranium. Three important thorium 

minerals considered feasible for mining are thorianite, 

thorite and monazite. 

Thorianite. The richest of the thorium minerals 

is thorianite. It occurs in pegmatites, granite, gneiss, 
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and in water worn crystals in stream gravels. It is black, 

brown, or gray, with a submetallic to greasy luster. 

Thorium can substitute for uranium in the mineral uranite 

to produce a complete solid-solution series between uranite 

and thorianite. 

Thorite. Thorite resembles the mineral zircon in 

form and structure. Thorite is a neosilicate, meaning the 

SiO|j tetrahedrons are isolated and bound to each other only 

by interstitial cations. Their structures depend chiefly 

on the size and charge of the interstitial cations. 

Physically, thorite appears brown, green, or black and 

looks glassy. 

Monazite. Monazite is a comparatively rare mineral 

occuring as an accessory mineral in granites, gneisses, 

aplites, pegmatites, and as rolled grains in the sands 

derived from the decomposition of these rocks. Monazite 

usually occurs in granular masses, has a resinous luster, 

is yellowish to reddish-brown and is commonly translucent. 

It is the chief source of thorium oxide. 

Thorium Petrology 

Thorium is widely disseminated in small quantities 

which vary according to rock type. Thorium can be concen

trated by magmatic intrusion and differentiation, magmatic 

and metamorphic phases or by weathering and erosion. 
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Magma intrusion and differentiation transfers 

radioactive elements to the earth's crust. These elements, 

because of their large ionic size, are incompatible with 

earlier generations of mineral formation and occur as 

valuable residuals. Thorium is most abundant in the younger 

members of rock series, such as granite and alkali rocks 

and other rocks formed from residual magmatic fluids. 

Metamorphism only tends to concentrate existing 

thorium minerals. The type and phase of metamorphism will 

determine the thorium content of the mineral. 

Owing to their high insolubility and high specific 

gravity, all the thorium minerals retain their integrity 

upon erosion and weathering. The detrital thorium mineral 

is easily concentrated in residual stream placers or beach 

placers deposits, which themselves may later be lithofied. 

Uses of Thorium 

The first demand for the element thorium was created 

when Carl Aver von Welbach invented the thorated incan

descent gas mantle in 1891- During the past twenty years, 

a variety of industrial applications for thorium have been 

developed. Thorium is used for refractories and as an 

alloying agent for magnesium and nickel. It is also alloyed 

with tungsten for welding electrodes and wire filaments. 

Thorium is used in optical lenses, a gas getter in electron 

tubes, and as a catalytic agent in the chemical industry. 
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In addition, small quantities are consumed in producing 

certain high-strength, corrosion-resistant metals. 

Within the past decade, thorium has been proposed 

as a nuclear fuel. A thorium fueled reactor would use highly 

enriched U-235 for the initial and makeup fissile material, 

Th-232 for the fertile material and U-233 as the converted 

material. 

Thorium-fueled reactors have a major advantage over 

present uranium reactors. U-233 produced from these 

reactors can be recovered by processing and fed into Light 

Water Breeder reactors. The plutonium produced in these 

reactors can consequently be consumed in a plutonium-

thorium reactor. This advantage is important because 

Plutonium availability could be significantly reduced. 

Thus, for reactors operating outside internationally secure 

areas, plutonium proliferation for military applications 

would decrease. 

Presently, the technology to develop thorium-fueled 

reactors is feasible (Post, 1979). The current emphasis, 

however, is on the existing uranium-plutonium fuel cycle 

to generate nuclear power. 

Thorium Mining 

The only commercially mined mineral of thorium is 

monazite. It is found in stream or beach placer deposits 

commonly associated with rare earth minerals. In the United 
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States, the supply of thorium for gas mantle use prior to 

1909 came principally from the stream placers in North and 

South Carolina. These deposits contained between 0.0009 to 

0.0015 percent Tl^. Since 1962, U.S. thorium requirements 

have been met by domestic (195?) and imported (81$) monazite 

recovered as a by-product.from beach placer mining for 

titanium and zirconium (staatz and Olsen, 1973). 

Historically, imported thorium came from a number of 

countries. In the early 1900's, Brazil was the world's 

largest producer of thorium. Prom 1921 to 19^5, however, 

production from the large beach placer deposits of India 

exceeded that from Brazil (Staatz and Olsen, 1973)- Along 

with India and Brazil, other thorium producing countries 

were Australia, South Korea, Malaysia and Ceylon. 

All these countries used primative open pit or 

dredging methods to collect monazite sands. The heavy 

thorium-bearing sand was concentrated by screening, by 

gravity settling in sluces, or by dry windtables. The 

only non-placer deposit was a thick monazite and aplite 

seam at the Steenkampskraal mine in the Republic of South 

Africa (Parker and Baroch, 1971). 

Monazite was practically the only source of thorium 

prior to 1953- Since that time, thorium has also been 

recovered as a by-product of uranium ores. Between 1953 

and 1958, a uranothorite deposite in Malagasy produced 
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almost 5000 tons of 60 percent ThOg concentrate (Parker and 

Baroch). Also at this time, thorium was recovered from 

Precambrian uranium-bearing conglomerates near Elliot Lake, 

Canada. 

As of 1978, the current U.S. Government stockpile 

of thorium nitrate was 7*205,337 pounds. Thorium nitrate 

sold during 1978 amounted to 19,215 pounds. Comparing 

world cumulative primary mineral forcasts with world 

identified mineral reserves for 1976-2000, the United States 

anticipates using two thousand U.S. tons of thorium with 

three thousand tons being consumed by the rest of the world. 

The total thorium mineral reserves of the United States is 

estimated at 140 thousand tons compared with 6A0 thousand 

tons for the rest of the world (Morgan, 1980). 

If thorium fueled reactors are developed for com

mercial use, the conversion of thorium from non-energy con

sumption may cause an increase in thorium. If the present 

reserves are depleted we may be forced to depend on 

supplies of imported thorium. Our only alternative is the 

development of existing thorium deposits in the United States. 

These deposits include important thorium districts in the 

Western U.S., in which thorite is the main mineral. 

The most notable United States deposits of thorium 

occur at Mountain Pass, California; Lemhi Pass, Idaho-



Montana; Hall Mountain, Idaho and the West Mountains in 

Colorado (Staatz and Olsen, 1973)* 

Robert Cummings (1979) proposed a model thorite 

deposit that embodied the characteristics found in western 

United States deposits. Attributes of his model, shown in 

Table 2, show the deposit could be mined underground using 

a cut-and-fill method. This method has the advantage of 

"reduced radioactivity hazard, complete extraction with 

flexibility, full ground support, and a reduced waste 

disposal requirement". The thorium deposit and mining 

method assumed in this report are similar to Cummings'. The 

production capacity of the mine, however, is assumed to be 

1000 U.S. tons/day rather than the 500-750 tons/day proposed 

by Cummings. One U.S. ton is equivalent to 2000 pounds. 

Thorium Ore Processing 

The processing of metal ore involves benefication, 

concentration and extraction. The mineral industry has 

developed numerous techniques to accomplish these tasks. 

Their efficiency, however, is affected by the character

istics of the ore. These factors include the habit which 

the ore is found, which elements can be extracted and the 

qualities of the waste rock. 

Thorium ore processing uses two distinct process

ing schemes based on the type of ore; one for monazite 
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Table 2. Thorium Model Orebody Characteristics. (Cummings, 
1979) 

Nature: 

Location: 

Structural Settings: 

Attitude: 

Thickness: 

Length: 

Depth: 

Grade: 

Mineralogy: 

Associated Elements: 

Tabular vein 

Western United States, mountainous, 
moderately rugged area; remote from 
population centers. 

Vein occupies shear or breccia zones 
in crystalline or metamorphic terrain. 
Close to major structural features. 

Steeply dipping (>60°). Strike 
varies 20° from average, dip varies 
from 50° to vertical, within and among 
veins. Possibly branching or multiple 
veins. 

Variable 2'-5'; average 3'. 

2000 feet. 

At least 500 feet. 

0.5% Th02J 0.5% TREO (total rare 
earth oxides). 

2 %  thorite and rare earth minerals 
(principally monazite). 

^0% quartz. 
10$ carbonate (calcite, dolomite, 

siderite). 
15% limonite/hematite. 
20% microcline feldspar. 

5% barite. 
8% other minerals (rutile, zircon, 

biotite, pyrite). 

Major (Fe, Ba, Ti, Mn). 
Trace (Cu, Zn, Nb, Sr). 
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placer deposits, and one for vein-type thorite ore. The 

following is a discussion of both schemes. 

Recovery of Thorium From Monazite Placer Deposits 

Most information about thorium extraction is limited 

to monazite ore. Besides containing monazite, these placer 

deposits have varying amounts of heavy minerals such as 

cessiterite, gold, zircon, ilmenite, magnetite, hornblende 

and rutile. The metallurgical process is designed to 

separate the thorium, rare earths and uranium from the 

phosphate and silica waste (gangue). The first step in 

processing monazite is benefication. 

Monazite Benefication. Monazite concentration has 

been discussed by Parker and Baroch (1971) and Cuthbert (1958). 

Early attempts to concentrate monazite using screening, 

gravity settling in sluces or mechanical separation using 

wind tables produced concentrations of about 60 percent 

monazite. As mineral processing technology developed, 

numerous wet and dry separation circuits were designed using 

magnetic and electrostatic separators. 

A typical wet circuit begins by separating the heavy 

minerals from the light sands using a Reichert cone concen

trator. Riechert (1967) reports 91.5 percent heavy mineral 

recovery. The wet heavy-minerals are discharged into an 

attritioner which improves the surface properties of the 
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mineral grains for subsequent separation. A coarse magnetic 

separator removes 99 percent of the magnetite and some 

ilmenite (Dayton, 1958). Finer particles are removed from 

the concentrate by hydrocyclones. 

The mineral then proceeds to electrostatic separators 

which separate the mineral in a high voltage field. Figure 

2 schematically illustrates the process of electrostatic 

separation. The dry sand is fed to a grounded rotating 

cylinder. The mineral grains, depending on their electrical 

charge, are repelled from, or attracted to, one of the 

electrodes. The separated grains are collected in chutes. 

This process can be repeated for middlings to ensure com

plete separation. A second charged electrode can be used 

to produce further separations. Once this process is 

completed, the cleaned monazite is fed to induced magnetic 

rolls (attract monazite and reject quartz and zircon) and 

then passed through electromagnetic crossbelts that finally 

produce a concentrate sand of about 98 percent monazite 

(Garg et al, 1977). 

Thorium Extraction From Monazite Sands. Three 

processes are used in extracting thorium and rare earths 

from monazite sand: sulfuric acid digestion, alkaline acid 

digestion, and nitric acid digestion. The reaction between 

monazite sand and any acid may be regarded as erosion or 
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Fig. 2. Separation of Grains by Electrostatic Separation. 
(Dryenforth, 1977) 
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corrosion process proceeding at a rate that depends upon the 

type of acid used, the temperature and concentration of the 

acid, and the surface characteristics of the grains. 

The sulfuric acid leach first involves treating the 

monazite sand with an excess amount of concentrated (93%) 

or fuming I^SOjj for five hours at 155 to 230 degrees Celsius. 

The speed and completeness of the reaction depend upon the 

monazite sand particle size, the initial mixing temperature, 

the acid-to-sand ratio, the acid concentration, and the 

digestion time. Once this step is complete, the thorium 

and rare earths in solution can be separated from the acid 

solution.. 

At the present time, solvent extraction is the most 

feasible means of extracting thorium from sulfuric acid leach 

liquor. The following organic compounds can be used to 

extract thorium from an aqueous solution containing the 

sulphate ion: heptadecy-1 phosphoric acid (HDPA), 

di(2-ethylhexyl) phosphoric acid (EHPA), di-tridecyl amine 

(DTA), and Primene JM-T (PJMT) (Post, 1979). With the 

extraction step complete, the loaded primary amine is 

stripped of the thorium using alkaline solutions or weak 

acidified sulfate, chloride or nitrite solutions. 

Another method for extracting thorium from a sulfate 

solution is by adding oxalic acid. This produces a sulfate-

free, phosphate-free, precipitate which can be directly used 
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as feed solvent extraction. Its major advantage is the 

almost complete isolation of thorium in the early steps. 

In either process, the precipitate is removed by 

filtration and washed with water. If the basic sulfate 

procedure is used, the precipitate is washed with an 

acidified sodium sulfate solution and then combined with 

sodium hydroxide to produce thorium hydroxide which is 

filtered and washed. If the oxalic acid process is used, 

the thorium oxide is converted directly to thorium hydroxide 

by reaction with sodium hydroxide. 

In the alkaline acid process, the monazite sand 

is treated with caustic acid (NaOH). This process does not 

carry the phosphate or introduce the sulfate ion, thus 

simplifying purification. The sand is almost completely 

dissolved by hot caustic acid removing phosphate as soluble 

sodium phosphate arid leaving insoluble metal hydroxides. 

For purification, the input thorium residue is repeatly 

dissolved as a sulfate, precipated as a hydroxide and 

finally combined with nitric acid to yield thorium-nitrate-

tetrahydrate. 

The nitric acid process has been used mostly with 

uranothoranite ores from Madagascar. After digestion with 

hot nitric acid, the thorium is extracted with Tri-n-butyl 

phosphate (TBP) in kerosene and then stripped with sodium 

nitrate. The thorium is precipitated from the re-extraction 



33 

solution with oxalate, converted to thorium hydroxide and 

then dissolved in nitric acid. Thorium nitrate crystals are 

produced by the 'Krystal' process, which involves recirculat

ing thorium nitrate solution upward through an evacuated 

conical vessel. 

Recovery of Thorium From Thorite Ore 

Thorium recovery from thorite ore was never commer

cially practiced. Uranothorite ores from Canada, however, 

which were mined principally for uranium, were processed by 

a milling method that could be forseen as a guide for thorite 

ore processing. A distinct difference between processing 

thorite and monazite is the benefication step. 

Thorite Benefication. Mining is the first stage of 

size reduction or comminution of intact rock. The next step 

of size reduction involves crushing the ore by compression. 

Further reduction is achieved by impact, shearing or inter-

particle attrition through grinding. These are important 

comminution requirements which must be considered when 

designing the milling process to attain efficient comminution 

for a particular ore. 

The grinding circuit proposed for the thorite mill 

is shown in Figure 3. The process uses a closed circuit 

autogenous mill for primary grinding followed by a pebble 

mill for the final grind. Autogenous grinding implies 
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Fig. 3- Thorite Closed-Circuit Grinding. (Post, 1979) 
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comminuting the ore without the addition of foreign, higher 

strength objects such as steel balls or rods. Autogenous 

grinding was chosen for the following reasons (Lowrison, 

197*0: 

1. The ore may be reduced from 25 cm to 0.01 cm in 
one piece of equipment. 

2. Leaching costs are decreased because iron is not 
introduced into the mill output slurry. Iron 
increases leaching costs because it consumes 
sulfuric acid. 

3. The capital cost is usually less than the cost 
of a ball or rod mill when the mills are compared 
equivalently. 

4. Power requirements for autogenous grinds are 
low because the minerals are usually less dense 
than steel balls. 

5. Wear, which includes lining and grinding.media, 
costs are about 50 to 60 percent less than a 
mill containing steel balls. 

6. Autogenous mills are more amenable to automatic 
control than other tumbling mills because the 
power demands are more sensitive to the material 
load. 

Thorium Extraction From Thorite Ore. Acid leaching 

of thorite is similar to the leaching of uranium silicates. 

Sulfuric acid or nitric acid can be used to dissolve the 

thorite. Solvent extraction, filtration and washing steps 

are also identical. One obvious difference between monazite 

and thorite processing is the thorite ore must be comminuted 

to a reasonable size. Another difference is that large 

amounts of gangue, which are removed by electrostatic sepa

rators in the monazite process, are retained in the thorite 

ore slurry. 
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The flow diagram of the milling process assumed in 

this study is shown in Figure 4. A sulfuric acid leach was 

chosen because it is most straightforward, inexpensive and 

efficient. Counter-current decantation (CCD) thickeners are 

used to wash the leached slurry and thicken the tailings 

before discharge. 

Table 3 shows a metallurgical mass balance for one 

U.S. ton of thorite ore. The recovery rates presented in 

the table will be assumed throughout this thesis. 

Thorium Tailings Disposal 

Solid and liquid wastes from milled thorium ores 

present environmental problems related to land usage and 

waste disposal practices. Factors concerning tailings 

disposal must be addressed for thorium milling in the 

United States. In somewhat identical situations, uranium 

tailings have been evaluated from a radiological hazard 

standpoint. Special precautionary measures that ensure 

permanent containment of both solid and liquid uranium 

waste are forseen for thorium wastes. 

Thorium Mill Waste Process 

The milling of thorium ores will produce large 

amounts of solid waste. Figure 4 also shows the waste 

disposal stream in thorium mill circuit. 
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Table 3« Metallurgical Mass Balance for Thorium Mill. (Post, 1979) 

(deration Input for Operation 
Material Added Mass 
to Input Stream lbs (kg) 

#Recoveryjrf Output frcm operation per ton of ore 
total mass wt%Th02 H1O2 
lbs (kg) 

wt%Th02 
lbs(kg) 

2000(907) 0.520 10.4(4.72) 
3226(1463) 0.322 10.4(4.72) 
3596(1631) 0.268 9-64(4.37) 
5548(2517) 0.173 9.60(4.36) 
2200(998) 0.002 0.04(0.02) 
1898(861) 0.040 0.76(0.34) 
1266(574) 0.751 9.51(4.31) 
5548(2517) 0.002 0.09(0.04) 
824(374) 1.14 9.49(4.31) 
824(374) 1.14 9.49(4.31) 
844(383) 1.12- 9.49(4.31) 
1044(472) 0.911 9.47(4.30) 

800(363) 0.003 0.02(0.009) 
247(111) 3.84 9.47(4.30) 
47(21.3) 20.1 9.46(4.29) 
400(181) 0.003 0.01(0.005) 

9.46(4.29) 

Mine 
Closed Circuit Grinding 
Leaching 
Thickeners* 

Waste Solution 
Waste Solids 

Amine Extraction 
Raffinate (Waste) 

Salt Stripping 
Reduction 
Neutralization 
First Filtration 

Waste Filtrate 
Caustic Digestion 
Second Filtration 

Waste Filtrate 
•tti(0H)4 Solution# 

H20 
H2SO4 
H20 

Na2S20i} 
Na2C03 
3wt% 
Na2S0lj 

NaOH 
H20 

1226(556) 
370(168) 
6050(2744) 

0.3(0.14) 
20.(9.1) 
200(90.7) 

3(1.36) 
200(90.7) 

92.7 
99.6 

99.1 

99.8 

99.8 

99.9 

0 Recoveries have been Calculated from the Data of Borrowman and Rosenbaum, 1962. 
* Counter-Current Decantation Thickeners. 
# Th(0H)4 Solution Contains 10.8 lb(4.88 kg)Th(0H)ij. 
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After the ore is ground, it is leached by sulfuric 

acid for two hours. The leach slurry is then washed in CCD 

thickeners which remove extraneous material and concentrate 

the leach solution. The overflow continues to the solvent 

extraction step, while the underflow empties into a waste 

treatment thickener for neutralization and flocculation. 

In the solvent extraction step, the liquid raffinate is 

removed and added to the waste thickener after a mixing 

step that precipitates dissolved compounds. Additional 

wastes from two filtration steps in the circuit also pass 

through a mixing step before being added to the waste 

thickener. 

The waste circuit incorporates a waste thickener 

for four purposes: precipitation of dissolved compounds, 

neutralization of underflow from the CCD thickener, 

procurement of water from overflow to recycle into the 

mill process, and monitoring of the activity of short-lived 

radioactive substances. Before and during the thickening 

process, addition of chemicals to the waste is necessary to 

reduce concentrations of dissolved minerals and precipitate 

thorium in solution. In uranium ore processing, different 

methods are used to remove soluble radium and thorium from 

the waste solution. A concentrated solution of barium 

chloride or barium carbonate is added to the clarified 

effluent at the rate of 0.05 to 0.3 g. of barium salt per 
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liter of effluent (Beverly, 1961). The thickener will hasten 

the removal of the precipitated radium barium compound prior 

to final discharge to the tailings pond. The thorium waste 

program will use half a ton of barium salt per day. For

tunately, the effluent from the acid leach mills contain high 

concentration of the sulfate ion that facilitates efficient 

radium removal. The thorium in solution is effectively 

removed from acidic effluents by neutralization, because 

at pH 5 all the thorium is precipitated. In the thorium 

mill process assumed for this thesis, barium salts are 

added to the leach slurry in the CCD thickeners to pre

cipitate radium. 

Tailings Disposal Practices 

Until recent years, the main function of most 

tailings impoundments was to provide perpetual storage 

for the large volumes of solid wastesr generated in the course 

of mining metal-bearing ores. Increasing experience regard

ing the extent and nature of contaminants has led the mining 

industry to utilize the tailings pond to treat various solid 

and liquid wastes to the standards required by regulatory 

agencies. 

The amount of information concerning efficient 

tailings dam design comes from many fields. The science 

of soil mechanics is particularly useful for investigating 
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tailings dam slope stability, design criteria and seepage 

control. Engineering experience along with improved waste 

disposal equipment have resulted in new dam designs and 

monitoring systems. Reclamation of mill tailings using 

chemical, physical and biological methods are transforming 

barren tailings slopes into stable embankments. 

The overall change of attitude with regard to 

tailings disposal practices was spurred by the apparent 

realization of exactly what the tailings pond does. The 

simplicity of the tailings pond as a method of treatment 

is deceptive because very often a single pond simultaneously 

performs the following functions (Bell, 1974): 

1. Removal of tailings solids by sedimentation. 

2. Acid neutralization. 

3. Formation of heavy metal precipitates. 

4. Sedimentation of metal precipitates. 

5. Perpetual retention of settled tailings sand 
particles. 

6. Stabilization of oxidized constituents. 

7. Balancing action for influent quantity and 
quality fluctuations. 

8. Storm water storage and flow balancing. 

A tailings pond is no longer considered a waste 

dump, but a dynamic waste treatment system which is con

tinually altering the environment and changing its form. 

For these reasons, the tailings pond design must be carefully 



planned to anticipate changing volumes of waste material, 

maintain a low level of pollution, and provide a suitable 

base for revegetation and over~~l stabilization . 

The reader is directed to the following authors 

who have written excellent guides discussing many aspects 

of tailings pond design: Kealy and Soderberg (1969), 

Campbell and Brauner (1971), Klahn (1972), Bell (1974), 

and Soderberg and Busch (1977). 
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Basic Considerations of the Tailings Waste Disposal 

Program. Initial investigations for the feasibility of a 

mining or milling facility should involve consideration of 

the wastes. With the waste qualities and quantities defined, 

numerous factors should be taken into account in the 

desi gning stage of the treatment program. This entails a 

site selection and survey of the proposed area to 

accommodate the needs and plans of the project. 

The first major consideration is the topography 

of the area. This is evaluated by on-site inspection, 

topographic maps and aerial or satellite images . Topo

graphy, in combination with geo logy , can be used to de termine 

the most economical route for slurry pipelines, assist 

in locating sites for tailings ponds, and can contribute 

to the evaluation of areas prone to potential soil in

stabilities. 
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Because the tailings pond must handle large amounts 

of liquid waste, hydrologic factors such as rainfall rates 

and run-off, stream volumes and nearby acquifer character

istics should be investigated. Wind direction and velocity 

should also be examined to assess the need for wind barriers 

and erosion control methods. 

If the tailings pond embankments are composed of 

clay-size material, higher strength borrow material may be 

needed to provide a stable slope and increase drainage 

through the dam. In both cases, the structure should 

also be designed to withstand anticipated seismic events. 

Design Considerations for the Tailings Area. Two 

methods are generally used in tailings dam construction, 

the upstream and downstream method. The upstream method, 

shown in Figure 5, first involves a starter dam constructed 

at the downstream toe of the eventual tailings dam. Tail

ings are then discharged from the top of the starter dam 

using spigots or hydrocyclones to develop a dike composed 

of coarse material. The dam is heightened by dredging 

the sands from inside the embankment and forming a new 

bank. The centerline of the top of the embankment shifts 

upstream towards the pond area as the height of the dam 

is increased. 
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Fig. 5. Cross Section of a Tailings Dam Using the 
Upstream Construction Method. Numbers 
Indicate Successive Levels of Construction. 
(Kealy, 1973) 



45 

In the downstream method, shown in Figure 6, a 

similar starter dam is built, but the centerline of the 

embankment shifts downstream as the dam is raised. Coarse 

tailings are cycloned on the outer face of the embankment, 

raising the dam height and lengthening the embankment slope. 

The major advantages of the downstream method are (Klohn, 

1972): 

1. The embankment is not built on previously 
deposited tailings. 

2. Placement and compaction can be controlled 
over the fill operation. 

3. Underdrainage systems can be installed as 
the dam is built. 

4. The dam can be designed and subsequently 
constructed to withstand sudden shocks. 

Either method can be used in thorium tailings 

disposal; however, there are disadvantages in both designs. 

The availability of sand-^size tailings is very important 

in the downstream method because it is used exclusively 

as embankment material. The climate is very important 

with the upstream method because it influences the drying 

time of the finer tailings that provide a stable base 

for the next dam layer. 

There are many construction practices that should 

be incorporated in either design of the tailings pond. The 
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Pig. 6. Cross Section of a Tailings Dam Using the 
Downstream Construction Method. (Klohn, 1972) 
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proper placement of underground drains and filters greatly 

reduces the amount of water in the dam which may lead to 

slope instability. Water decantation and reclamation 

systems should collect standing water and recycle it to 

the mill. Slope stability analysis before construction can 

aid in designing safe tailings slopes and help in locating 

potential slide areas. Instrumentation throughout the 

tailings area, such as piezometers, slope indicators, and 

bench marks, should be installed to monitor seepage rates 

and embankment movements. 

Use of Tailings as Construction Material. Mill 

tailings can be separated into sand and clay-size fractions 

by using hydrocyclones. The hydrocyclone uses fluid 

pressure energy to create rotational fluid motion. This 

rotational fluid motion causes relative movement of the 

material suspended in the fluid, thus permitting separation 

of sand and clay-size particles. Almost any separation 

of the solid particles can be achieved by altering the 

fluid flow and design of the hydrocyclone. 

The construction of the embankment with classified 

tailings, usually is possible with a bank of mobile 

cyclones along the top of the dam. The following minimum 

conditions of the tailings must be met for this use (Hoane 

and Hill, 1970): 
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1. The tailings grind must contain sufficient 
coarse material. 

2. The strength of the foundation must be 
sufficient to support the dam. 

3. The bulk of the tailings must be discharged 
remotely from the dam to permit classification. 

4. An impervious upstream seal must be constructed. 

5. The dam must be reduced to an unsaturated 
condition by the process of dessication and 
internal drainage. 

6. All water reclamation system entrances should 
be located adjacent to the dam to achieve a 
layer of clay as a secondary seal against the 
upstream face of the dam. 

Classified tailings can also be used as mine 

backfill material. Underground metal mines have adopted 

the practice of backfilling abandoned stopes with the 

coarser fraction of mill tailings. Whereas this practice 

reduces the surface volume needed for tailings disposal, it 

usually leads to importation of material for the tailings 

pond embankments. Uranium mines practicing backfill 

methods (Sears et al., 1975) have found radon-222 emission 

from cemented tailings lower than the surrounding wall 

rock. This may conclude that in some cases, tailings 

may reduce radon emissions. 

Physical Characteristics of the Tailings. The 

mined ore contains two distinct constituents, one valuable, 

the other waste. The valuable material usually constitutes 



a very small percentage of the total rock. Therefore 

almost all the rock that enters the mill, exits the mill as 

waste. The composition of the waste rock depends upon the 

host rock types in which the ore is found. Examples of 

thorium host rocks are described by Staatz and Olsen (1973) 

1. Alkaline igneous rocks (Powderhorn District, 

Colo.). 

2. Precambrian complex of interlayed parageneisses, 

migmatites and granitic geniesses (West Mountain, 

Colo.). 

3. Sandstone, argillite and quartzite of the 

Precambrian Belt Series (Lemhi Pass, Idaho-

Montana) . 

4. Precambrian carbonate rocks associated with 

potash-rich igneous rocks (Mountain Pass, 

California). 

The primary minerals of these associations are 

quartz, feldspar and iron oxides. An abundance of quartz 

is favorable because it is very durable and resists weather 

ing. The presence of feldspars may pose serious problems 

because they form undesirable clays upon weathering. 

The iron oxides are usually find grain and may lead to 

a pollution problem if proper retention is not exercised. 

Assuming the amount of solid waste per day equals 

the mill intake, a single model thorium mine and mill, for 
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a nine month operating period and a total life of 10 years, 

will produce nearly 2.75 million U.S. tons of waste. 

To reduce the surface storage of the tailings, a 

large portion of the tailings can be used as mine backfill. 

In uranium milling, 70 percent by weight of the total tail-1 

ings are sand size. Assuming all the tailings can be 

classified, it could supply almost two million tons of sand-

size tailings for either backfill or embankment material. 

This would leave about one million tons of fine tailings 

to be stored in the tailings pond. 

Radiological Characteristics of the Tailings. The 

thorium mill will extract thorium from ore containing 0.3 

to 1.0 weight percent ThC^. A 1000 U.S. ton per day mill 

would produce about 10,000 pounds of ThC^ per day. 

The two sources of radioactivity in the tailings 

are: 

1. Thorium-232, which has passed through the mill 

circuit and continues to decay with a half-life 

of 1.39 x 1010 years. 

2. The separated daughters of Th-232, which have a 

half-life of 6.7 years. 

The amount of Th-232 that passes through the mill 

is determined by the mill extraction efficiency. All the 

thorium can be extracted from the ore only through increased 

leaching and thickening • 
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The decay products of Th-232, mainly radium (Ra)-228 

and Th-228, are very short lived. The main concern is that 

these products will decay in the mill causing radiation 

hazards. Radiation monitoring equipment should be incor

porated in the milling circuit where tailings are exposed 

to the working environment. 

Once the tailings are discharged, the control of 

airborne effluents can be achieved by covering the tailings 

surface with chemical, water or soil. Ponding of some 

portions of the tailings area is sufficient to reduce 

the amount of airborne particles. Chemical stabilization 

of uranium tailings (Havens and Dean, 1969) has shown to 

provide a suitable resistant surface that reduces Ra-222 

emission and wind erosion. When the mill has ceased 

operations, the entire tailings pond can be covered with 

a layer of topsoil or waste rock and revegetation started. 

The distribution of radioactivity in thorium tailings 

may be a function of the particle size. This segregation 

is exhibited in uranium tailings. The finer portion of 

uranium tailings contain from 55 to 60 percent the uranium 

isotopes (Sears et al., 1975). Radium especially, occurs 

in the clay fraction in amounts of up to 90 percent by weight. 

Therefore, the clay fraction of the tailings is much more 

hazardous than the sand portion. This may be important 

when considering the tailings as embankment or backfill 
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material. Because only the coarser fraction of the 

tailings could be used in both these operations, the danger 

of radioactive effluents would be significantly reduced. 



CHAPTER 4 

ESTIMATION OF RADIOACTIVITY 

PROM THORIUM MILL TAILINGS 

The decay of radioactive material in thorium mill 

tailings is governed by the decay laws mentioned in Chapter 

2. The amount of activity in the thorium tailings is the 

result of the separation of radioactive members in the min

eral processing circuit and the duration of individual mill 

processes that govern the decay of chain members. 

Assumptions 

The two groups of assumptions in estimating the ' 

radioactivity from thorium mill tailings are based upon 

properties of the radioactive material and simplifications 

in simulating the mill process. Both major assumptions 

are examined in detail below. 

Radioactivity 

Secular Equilibrium. Thorium ore contains all the 

Th-232 decay chain members in specified equilibrium propor

tions. These amounts vary only with the thorium content of 

the ore. Ideal equilibrium is not constant because the 

53 
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amount of every radioactive substance is diminishing 

with time. However, equilibrium is assumed to account for 

each radionuclide amount at the initial mineral process. 

Thorium-232 Decay Chain. The Th-232 series has ten 

important decay members. After bismuth (Bi)-212, 64 percent 

of the atoms will transform into polonium (Po)-212 (half-life 

of 3.04 x 10"7 seconds) and 36 percent will transform into 

thalium (Tl)-208 (half-life of 3-1 minutes). Polonium-212, 

therefore, is unimportant in the Th-232 decay chain due 

to its extremely short half-life. Therefore, we can assume 

that all the atoms from Bi-212 transform into Tl-208. 

Actual Tailings Radiation. Activity is the number 

of atomic disintegrations occuring per second. All radio

active material has an activity because it is the product of 

the amount of radioactive material and its decay constant. 

The main assumption regarding the radiation in the thorium 

tailings is that it is based on the total tailings mass being 

considered as an ideal radiation emitter. In reality, the 

tailings are not a total emitter of radiation because the 

shielding effects of the tailings themselves prevent 

radiation from reaching the surface. In addition, if 

the tailings can be physically isolated from the environment 

(pipes, tanks, etc.) practically all the alpha and beta 

radiation would be contained. 
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Thorium Mill Process 

Batch Operations. In mineral processing there are 

two types of operations: batch and continuous. Continuous 

operations imply a constantly moving stream of material that 

is being changed. The batch operation involves a process 

acting completely upon an entire constituent for a specified 

time. Once the process is finished, the entire mass moves 

to the next operation. 

Both operations exist in any mill. Batch operations 

dominate the model thorium mill because they are easier to 

simulate the milling process and calculate the activity of 

the thorium daughters. Although the batch operation as

sumption is restrictive, it presents a conservative solu

tion to the calculation of activity. 

Optimum Process Control. Process control is an 

approach to increase operating efficiency. The objective of 

the process facility is to increase productivity by operating 

near some optimum condition. Numerous control systems have 

been developed for all milling functions to achieve optimum 

conditions. 

In this thesis, optimum process control is 

determined by introducing variables that arithmetically 

change the amount of material. There is no statistical 

recovery or extraction range that is considered. 
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Results of the Analysis 

The milling process for thorite ore has been 

discussed in Chapter The general mill scheme and 

metallurgical mass balance assumed in this thesis is 

presented by Post (1978). The author used a FORTRAN computer 

program that simulated the mill process and calculated the 

theoretical activity from each member of the thorium decay 

chain at specific locations of the mill circuit. The 

activity is calculated for one U.S. ton of 0.6, 0.52, 

and 0.4 weight percent thorium ore. 

In presenting Th-232 activities in a specific mill 

process, the activity of U-238 will also be included for 

comparison. Besides comparing the total activities at one 

process, the activity of the thorium gaseous member Radon 

(Rn)-220, and the uranium gaseous member Rn-222 will also 

be compared. 

Figure 4 illustrated the general mill circuit. 

The mill process is divided into five steps: 

1. Ore grinding, leaching and CCD thickeners. 

2. Solvent extraction. 

3. Filtration and cleaning of the recovered 

thorium. 
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4. Retention of wastes in the discharge thickener. 

5. Permanent empoundment of tailings in the 

environment. 

The activity of the thorium and uranium daughters 

are calculated at five points in the milling circuit: 

1. During the solvent extraction and salt 

stripping process. 

2. During transportation of waste liquid from 

the extraction process to the waste thickener. 

3. During the filtration of the final thorium 

product. 

4. In the waste thickener. 

5. In the tailings empoundment area. 

Ore Grinding, Leaching and Counter-Current Decantation 
Thickening 

The ore grinding, leaching and washing steps are 

grouped together because they have no effect on the total 

amount of radioactive material. The grinding step provides 

an initialization of radionuclide amounts based on secular 

equilibrium. Table 4 lists members of the thorium 

decay chain in the final grind slurry. After grinding, 

the slurry is leached with hot sulfuric acid. A portion 

of radioactive material remains undissolved due to leaching 

inefficiency. This undissolved thorium will remain with 

the gangue. 
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Table 4. Thorium Isotopes in the Final Grind Slurry.* 

Member Name Tons# (Kilograms) 

Th-232 5.000 X 

co 1 0
 

1—1 

(4.536) 

Ra-228 

1—1 0
 

co .
 

cm 

X 10-12 (2.087 X 1CT9) 

Ac-228 2.402 X 10-16 (2.179 X 1CT13 

Th-228 6.559 X 
co 1—

) 
1 0
 

j—1 

(5.950 X lO"10 

Ra-224 3.364 X 10-15 (3.052 X lO"12 

Rn-220 5.725 X 

o\ 1—1 1 0
 

1—1 

(5.194 X lO"16 

Po-216 1.629 X 10-21 (1.478 X 

oo 1—1 O
 

rH 

Pb-212 3.864 X 10-16 (3.505 X 10-13 

Bi-212 3.681 X 10-17 (3.339 X lO-1*1 

Tl-208 1.847 X 

od 1—1 1 0
 

1—1 

(1.676 X 10-15 

* 1 ton of 0.52 wt. % Thorium Ore. 

# U.S. Short Ton Equal to 2000 Pounds. 
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Once the leaching process is completed, the 

"pregnant" leached solution is separated from the 

undissolved gangue. The most common mechanical means of 

separation is by using CCD thickeners. The thickeners 

are placed in series; the underflow containing the undissolved 

gangue and the overflow the pregnant leach solution. 

The two flows transverse the series in opposite directions, 

hence the counter-current name. This action promotes 

effective washing of the gangue for dissolved radionuclides 

thereby increasing the concentration of thorium in solution. 

The underflow from the last CCD thickener is waste 

that proceeds to the discharge treatment thickener. It is 

composed mainly of undissolved gangue but contains small 

quantities of solid and liquid thorium. Table 5 lists the 

amount of each radionuclide in the underflow. The overflow 

from the first thickener contains the thorium daughters pas

sing to the extraction step. Table 6 lists the thorium 

daughters continuing to the extraction step. 

Prom this point, the Th-232 isotopes are no longer 

in secular equilibrium. The chain will now begin to decay 

according to the mathematical solution outlined in Chapter 

2. The activity depends upon the initial amount, the 

time duration of the process, and the radioactive properties 

of the members. 



Table 5. Thorium Isotopes In the Counter-Current 
Thickeners Underflow.* 

Member Name Tons# (Kilograms) 

Th-232 4.319 X 10"4 (3.918 X 10"1) 

Ra-228 2.080 X 10-12 (1.887 X 10~9) 

Ac-228 1.185 X ID"17 (1.075 X 10"14) 

Th-228 5.832 X lO-14 (5.291 X 10-11) 

Ra-224 3.041 X 10-15 (2.759 X 10"12) 

Rn-220 2.824 X 10-20 (2.562 X 10-17) 

Po-216 8.038 X 10"23 (7.292 X 10-20) 

Pb-212 1.906 X 10-17 (1.729 X 10"111) 

Bl-212 1.816 X 10-18 (1.647 X 10"15) 

Tl-208 9-113 X 10-20 (8.267 X 10-17) 

* 1 ton of 0.52 Wt. % Thorium Ore. 

# U.S. Short Ton Equal to 2000 Pounds. 
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Table 6. Thorium Isotopes to the Extraction Step.* 

Member Name Tons# (Kilograms) 

Th-232 4.425 X 10-4 (4.014 X 10"1) 

Ra-228 2.209 X 10"13 (2.004 X 10-10 

AC-228 2.284 X 10-16 (2.072 X 10~13 

Th-228 5.976 X io'13 (5.421 X 10~10 

Ra-224 3.230 X id"16 (2.930 X 10"13 

Rn-220 5.443 X 10"19 (4.938 X 10-16 

Po-216 1.550 X 10"21 (1.406 X 

00 1—
1 

0
 

iH 

Pb-212 3.673 X 10-16 (3.332 X 

00 I—
1 

1 0
 

I—
1 

Bi-212 3-500 X 10-17 (3.175 X IO"1* 

Tl-208 1.756 X 10-18 (1.593 X 10'15 

* 1 ton of 0.52 Wt. % Thorium Ore. 

# U.S. Short Ton Equal to 2000 Pounds. 
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Extraction Process 

The thorium extraction process contains two steps: 

solvent extraction and salt stripping. Both steps were 

discussed in Chapter 3. The extraction process is selective, 

removing only the elements thorium and radium from the washed 

leach solution. The remaining members of the Th-232 decay 

chain are dispatched to the waste thickener and treated 

before discharge. In reality, the extraction process is 

a continuous one but it is simulated by the computer program, 

as a batch operation of specific duration. 

The first step is calculating the activity is deter

mining the time for efficient extraction. This duration is 

based upon the time to reach peak activity for the total mass. 

The activity of shorter-lived daughters peaks fairly quickly, 

an example being Bi-212, shown in Figure 7. Total activity 

for a 12 hour extraction is shown in Figure 9. Evaluating 

these results, an extraction time of four hours was chosen. 

As mentioned in the previous section, the Th-232 

daughters entering the extraction process are no longer in 

secular equilibrium. Therefore, each member attempts to 

reach equilibrium and decay according to the natural decay 

laws. Figure 10 shows the total activity from all the 

members of the Th-232 and U-238 decay chain during the 

extraction process. Figure 11 shows a comparison between 

Rn-220 and Rn-222 activity during the same period. 
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Fig. 7. Activity of Bismuth-212 During the Extraction 
Process. (0.52 Wt. % Thorium Ore). 
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Transportation of Liquid Waste from the Extraction Process 

The extraction process does not precipitate all the 

thorium and radium that is in solution. The liquid waste 

from the extraction process contains some daughters in 

secular equilibrium proportions. Upon removal of the long-

lived parent, however, the decay of radionuclides is ac

celerated and radiation emissions increase. 

The transport of waste from the extraction process 

to the waste thickener is achieved through pipelines. The 

actual time the liquid will be in the system is about twenty 

minutes. This duration is based upon the peak total activity 

as shown in Figure 11. The initial rise in activity is due 

to the immediate increase in polonium (Po)-2l6 activity as 

shown in Figure 12. 

Figure 13 shows the total activity curve for various 

thorium and uranium concentrations. Figure 14 shows the 

activity levels for Rn-222 and Rn-220 during the waste 

transport step. 

Thorium and Radium Radioactivity In the Filtration Process 

The thorium and radium isotopes that are selectively 

removed in the extraction process are Th-232, Ra-226 (5.57 

yr. half-life), Th-235 (1.91 yr. half-life) and Ra-224 
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Fig. 10. Activity of Radon-222 and Radon-220 During the 
Extraction Process. (0.52 Wt. % Thorium Ore). 
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Process. (0.52 Wt. % Thorium Ore). 
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(3.64 days half-life). These half-lives are long compared 

to the twenty minute process duration. 

Figure 15 shows the activity level of the thoria 

product if left to decay for six hours. Because only the 

long half-life members are initially present in this step, 

a net growth in activity is seen. A twenty minute duration 

time is chosen for the filtration process to contain this 

initial increase of activity. 

The cleaning and filtration of the thorium and 

radium material is a hazardous process in the thorium mill. 

There is a high chance of subjecting workers to inhalation 

of the pure thoria product. The total activity of the 

thoria concentrate during this step is shown in Figure 16. 

Comparison of Rn-222 and Rn-220 is shown in Figure 17. 

Although the activities are much less than for previous 

processes, it will steadily increase due to the presence 

of isotopes with long half-lives. 

Waste Thickener Radioactivity 

The waste thickener treats the waste from the thorium 

mill before it is discharged into the taiiings area. The 

three components of the waste are the underflow gangue from 

the CCD thickeners, the liquid waste from the extraction 

process, and the filtrate from the filtration step. 

The waste thickener clarifies the mill slurry by di

rect metal precipitation and sedimentation. Clarified waste 
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water is decanted from the top of the thickener and directed 

back to the grinding step. The thickened slurry is collected 

at the base of the conical thickener and transported to the 

tailings pond. The mineral industry has provided many 

thickener designs to achieve efficient operation and handling 

of almost any quantity and quality of waste. The thorium 

mill would incorporate one to two thickeners to handle the 

waste and reclaim water. 

An important aspect of the thickener step is the 

settling time of the suspended particles in the slurry. 

This factor can be computed by knowing the qualities of the 

slurry, input and output constraints, and the amount of 

mechanical agitation available by the thickener. The peak 

activity of the members is used as a basis for estimating 

the retention time in the thickener. Figure 18 shows a 

total activity curve for a retention time of four days. 

There is a marked decrease of activity occuring after the 

second day. Therefore, a retention time of two days is used 

in this study. 

Figure 19 shows the total activity of thorium and 

uranium isotopes in the waste thickener. Figure 20 compares 

the activity of Rn-222 and Rn-220 during retention. 

Tailings Radioactivity 

The projected life of the thorium mine and mill is 

, twenty years. The tailings are the responsibility of the 
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raining company for at least this time. Once the tailings 

are discharged into the tailings pond, water and wind pol

lution must be controlled. 

Figure 21 shows the total member activity from one 

U.S. ton of ore which has been processed and deposited in 

the tailings pond for a period of twenty years. Figure 22 

compares the activity of Rn-220 and Rn-222 for the same 

time period. 

Discussion of Results 

The thorium isotopes in the ore that enter the mill 

are in secular equilibrium. The amount of each member is 

therefore determined by the initial precentage of Th-232 in 

the ore and radioactivity decay coefficient of each isotope. 

Radioactivity of Thorium Isotopes in the Mill 

The leaching process separates the thorium members 

into an undissolved fraction and a dissolved fraction. 

During wash of the leach slurry in the CCD thickeners, these 

two fractions separate and equilibrium is broken. The CCD 

thickeners reduce the total amount of each member in the 

leach liquor by 0.004 percent. 

The solvent extraction step is the first process 

that calculates the new activity of each member. This 

batch operation, lasting for hours, does not detect 

appreciable changes in activity for the longer-lived 
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daughters. Thorium-232, being the parent, will always ex

hibit a decrease in activity. The members, Ra-228 through 

Ra-224 show activity growth owing to shorter half-lives. 

The shorter the half-life of the Isotope, the greater the 

rate of activity. 

The next two members, Rn-220 and Po-2l6, have 

extremely short half-lives (55.6 seconds and 0.15 seconds 

respectively) and exhibit a high initial activity followed 

by a moderate Increase of activity. The initial peak is 

due to the decay of short-lived members remaining from the 

grinding and leaching steps. 

Except for Tl-208, the remaining members of the 

decay chain show increases in activity. The decrease in 

activity of Tl-208 after only one hour is attributed to its 

short half-life (3.05 minutes). It is also from the fact 

that it has not received enough atoms from members to make 

up the atoms lost in decay. Thalium-208 expends most of 

its initial equilibrium atoms very quickly, as Rn-220 does; 

but unlike Rn-220, the members before Tl-208 do not have 

sufficient quantities to supply it with a constant flow of 

atoms. Therefore, Tl-208 exhibits a reduction in atoms and 

a decrease in activity. 

Total activity in the solvent extraction step shows 

an initial rapid increase followed by a slower increase 

after thirty minutes. This is due primarily to the decay 

of the short-lived daughters. 
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The extraction process divides the thorium daughters 

into two distinct groups; one fraction continues through 

the filtration and cleaning steps to become the final thoria 

product and the other stream is combined with the wastes 

from the washing step and discharged to the tailings. The 

proportion of thorium members that accompany each stream are 

different and the activity traits are the results of this 

separation. 

The extraction process selectively precipitates 

all thorium and radium isotopes from the leach solution. 

The efficiency in.which this is accomplished is 99-8 percent. 

Unprecipitated members of the chain are uneffected and remain 

in solution. Therefore the stream advancing to the filtra

tion and cleaning steps contains only thorium and radium 

isotopes ; of which the shortest lived daughter is Ra-224 

(3.64 days). The extraction wastes contain only a small 

percentage of thorium and radium so it is essentially 

composed of the shorter lived daughters (longest lived 

member is Pb-212 at 10.6 hour half-life). 

Twenty minutes are assumed necessary to transport the 

waste from the extraction process to the waste thickener. The 

short time period will have little effect on the activities 

of the longer lived daughters. Examination of the first four 

members show only a gradual increase. The activity of Rn-220 

is essentially constant for this time period and is in 
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equilibrium with the long-lived isotope Ra-224. The next 

member in the chain, Po-2l6, decays very rapidly due to the 

loss of transformed atoms from Rn-220. Its decay contributes 

atoms to the next member Pb-212, which also peaks quickly 

and attains a constant level after five minutes. Because 

the half-life of Pb-212 is 10 hours it retains the decayed 

atoms from Po-2l6. The remaining members, Bi-212 and Tl-208 

exhibit increases in activity due to the steadily decaying 

Pb-212 member. 

Overall, the total activity in the transport step 

increases exponentially, with a sudden increase in the 

initial minute. This increase is due to the immediate peak 

of Po-216. 

These changes in activity of various members represents 

a reorder of atoms throughout the chain. Short-lived, 

daughters decay, transform and accumulate into longer lived 

members. This reshuffling of atoms results in partial 

equilibriums between successive daughters. 

The extraction product that enters the filtration 

steps is composed of only thorium and radium members. 

Consequently, the presence of other members is due to 

transformations. For this reason, the activities of the 

short-lived members are several orders of magnitude less 

than any previous step. 
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The twenty minutes for the filtration step has 

little effect upon the activity of the longer lived members. 

Radium-228 remains essentially at the same level of activity 

through the process. Thorium-228 and Ra-224 also maintain 

a constant activity. The decay of Rn-224 causes a rapid 

increase in activity of Rn-220 within the first few minutes, 

but its activity levels and approaches that of Ra-224. 

Due to the short half-life of Rn-220 its flux of 

atoms is soon transformed to the next member, Po-2l6, which 

attains equilibrium with Rn-220 due to its own very short 

half-life. The remaining three members exhibit gradual 

activity increases due to the decay of atoms from Po-2l6. 

The activity peaks of the three last members, Pb-212, 

Bi-212 and Tl-208 are noticeably staggered, indicative of 

the transformation process. The activity of all three 

increase by an order of magnitude within the twenty minutes. 

Having the longest half-life, Pb-212 exhibits linear 

increases whereas the others have distinct exponential 

growths. 

The total activity exhibits a rapid increase within 

the first few minutes of the process, then reverts to 

a gradual increase. The initial peak is due to transforma

tion of atoms supplied from the large quantities of thorium 

and radium from the extraction process. 
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The waste thickener is the last treatment step of 

radioactive material before discharge into the environment. 

There are three sources of radioactive waste in the milling 

process: underflow from the CCD thickeners, composed of 

undissolved Th-232 radionuclides and radium-barium chloride 

that has been precipitated from solution, liquid waste from 

the extraction process, composed of short-lived daughters, 

and filtrate from cleaning and filtration steps. 

Table 7 shows the percentage of each member that is 

contributed to the waste from each milling process. Much of 

the thorium that is discharged is from unleached material. 

The large percentage of radium waste in the CCD thickener 

underflow is due to direct precipitation of radium from the 

leach solution by the addition of barium chloride. The bulk 

of short-lived daughter waste is derived from the discarded 

extraction liquid. The overall extraction efficiency for 

the entire thorium process is about 91 percent. 

The waste thickener is a retention stage for treat

ment of the waste slurry before it is discharged to the 

tailings area. In the thickener, the slurry is thickened 

to about 50-60 percent solids. Chemicals and floccants 

are added to induce metal compound precipitation, leaving 

clear water to be decanted from the thickener surface and 

recycled. 
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Table 7. Percentage of Thorium Isotopes In the Waste 
Thickener From Each Mill Process. 

Leaching CCD Thickener 
Underflow Extraction Filtration 

Th-232 85.5 10.0 1.6 2.9 

Ra-228 4.4 95-5 <0.1 <0.1 

Ac-228 3.9 0.1 95.2 < 0.001 

Th-228 85.6 9.6 2.0 2.9 

Ra-224 4.4 95.5 <0.1 <0.1 

Rn-220 3.6 0.8 95.6 <0.1 

Po-216 3.6 0.8 95-6 <0.1 

Pb-212 3.9 0.9 95.2 <0.01 

Bi-212 2.0 0.5 97.5 <0.001 

Tl-208 1.2 0.3 98.5 <0.001 

4 
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The mineral processing Industry manufactures many 

types and sizes of thickeners to handle almost any kind of 

industrial slurry. Factors that control the type of 

thickener are slurry qualities, flow rates, thickener space 

and separation rates. Separation rates are dependent upon 

the amount of thickener surface needed to handle the slurry 

input. 

The waste thickener represents a recollection of 

Th-232 daughters after certain members have been deleted 

from the initial amount. The summing of radionuclides from 

the three distinct waste streams produces an activity that 

is different from the activities in the individual streams. 

The degree that the activity differs depends on the nature 

and amount of the radionuclides. 

The activity of Th-232 from the filtration and 

extraction streams is increased by the addition of material 

from the undissolved ore from the leaching process. Radium-

228, which is generally increasing, also shows an increase 

of activity due to the addition. A similar increase occurs 

to Ra-224, Th-228 and Ac-228 which receive transformed 

Ra-228 atoms. 

The total activity of thorium isotopes in the waste 

thickener increases proportionally with the addition of 

material from each waste stream. Because a large percentage 

of new material is thorium or radium isotopes, which have 

very long half-lives as compared to the two day thickener 
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time, the activity trend is identical to that observed 

in the extraction waste. The activity in the thickener 

waste is double that of the extraction waste. 

Radioactivity of the Thorium Tailings in the Environment 

The immediate decay of short-lived isotopes and the 

trend toward member equilibrium occurs during the waste 

thickener retention period. The activities of short-lived 

daughters, Rn-220 through Tl-208, peak within the first 

day and then begin to attain equilibrium. 

The activity of Th-232 isotopes in the tailings 

area are more a function of the longer-lived members than 

the shorter-lived ones. The long-lived members, particularly 

Th-232, Ra-228 and Th-228, influence the activity trend of 

the entire chain. 

Radium-228, having the second longest half-life in 

the chain, increases only slightly due to the steady decay 

of Th-232. Its own decay to Ac-228 and subsequently to 

Th-228 is fairly fast. 

Thorium-228, which has a half-life of 1.91 years, 

is the principal long term supplier of atomic material to 

the remaining members. Because the half-lives of the 

remaining daughters are relatively short compared to 
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Th-228, the resulting activities are a function of the 

presence of Th-228. Consequently, all activities from 

Th-228 to Tl-208 have the same trend, a rapid increase to 

about 4.5 years followed by a gradual decrease. 

Comparison of Uranium-238 and Thorlum-232 
Radioactivity for Identical Mill Processes 

A major limitation in assessing U-238 activity is 

that the computer simulation of the milling process can 

only accommodate ten members. Therefore, the U-238 decay 

chain shown in Figure 23, that is used in the analysis 

concludes with Bi-2l4. The comparison of activity between 

U-238 and Th-232 is therefore conservative. But the 

comparison can be regarded as a lower bound limit of total 

U-238 activity which is useful in evaluating maximum 

activity locations in the mill. The actual activity rate 

would be higher by adding the remaining daughters. 

The activity of gaseous Rn-222 in the U-238 decay 

chain is theoretically correct because it occurs before the 

omitted daughters. Its inclusion in the chain is important 

from two standpoints: it provides a comparison with the 

Th-232 gaseous daughter, Rn-220, and, its activity can be 

compared with actual field measurements. 
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As already mentioned, a complete comparison between 

the activity rates of U-238 and Th-232 is impossible. 

Upon examination of the amount of total activity, however, 

the activity of U-238 is almost twice that of Th-232 in 

almost every mill process. If the remaining U-238 daughters 

had been included in the analysis, the U-238 activity may 

have' exceeded the Th-232 activity by an order of magnitude. 

The difference in activity between the two series 

is due to the different characteristics of the members in 

each chain. The half-lives of the daughters in the U-238 

decay chain are many orders of magnitude greater than those 

of Th-232 daughters. Therefore, for the same activity 

level initiated by the original parent, the quantity of 

atoms for each member in the U-238 series will be greater 

than the Th-232 series. 

An important consideration in examining the U-238 

and Th-232 mill processes is the quantity of their respective 

gaseous members, Rn-222 and Rn-220. In all but the 

filtration process, the activity of Rn-222 gas exceeds that 

of Rn-220 by greater than a factor of two. In addition, 

the steady activity of Rn-222 is indicative of its very 

long half-life (3.8 days as compared to Rn-220 53-6 second 

half-life). This is important when examining the activity 

of each member for shorter processes. 
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The activity of Rn-222 in the extraction process, 

extraction waste transport, and waste thickener stage 

increases gradually. Rn-220, on the other hand, increases 

rapidly at first, then decreases. This difference is due to 

the disintegration characteristics of previous members. 

For Rn-222, the decaying member is Ra-226 which has a 

half-life of 1620 years longer than Rn-220's counterpart, 

Ra-224, which has a half-life of only 3.6*1 days. 

In the filtration process, Rn-220 exhibits a 

greater activity than Rn-222 by an order of magnitude. 

This is caused by the respective decay of Ra-224 and Ra-226 

since initially there is no radon gas in the filtration 

process. In the thorium mill, Ra-224 can decay appreciably 

within the filtration time interval and immediately trans

form to Rn-220. But because Ra-226 has a much longer half-

life as compared to the filtration process time, it cannot 

transform as readily. Therefore, more Rn-220 atoms are 

generated in the thorium filtration process than Rn-222 

atoms in the uranium filtration process. 

Therefore, in the processes having very short 

durations, the activity rate of Rn-220 is much greater 

than Rn-222. For processes with extremely long durations 

(tailings in environment), Rn-222 has a greater activity. 
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A comparison of Rn-222 radioactivity from field 

measurements of tailings ponds and that calculated from this 

investigation is helpful to affirm the theoretical results 

from the model thorium mill. Numerous authors have cited 

data related to Rn-222 and Ra-226 levels in tailings 

material. Borrowman and Brooks (1975) reviewed the chemical 

leaching of uranium tailings to remove radium. Their in

vestigation measured about 700 picocviries of radium per gram 

of solid tailings. Pry (1975), in reviewing radiation 

hazards in uranium mines and mills, estimated the Ra-226 

level in tailings to be 300 picocuries per gram. Haywood 

and others (1977) measured Ra-226 concentrations in tailings 

and found that 100 to 300 picocuries per gram were common. 

Radium-226 levels calculated from the computer 

program are about 250 picocuries per gram of tailings. 

Radon-222 levels are calculated to be also about 250 pico

curies per gram. These amounts are calculated immediately 

after discharge from the waste thickener. Radon-222 con

centrations increase to over 500 picocuries per gram after 

nine months in the tailings pond. 



CHAPTER 5 

CONCLUSIONS 

1. Ideal mill process durations of extraction time 

of four hours, filtration time of twenty minutes and waste 

thickener time of two days were estimated based on peak 

activity of the radioactive elements in the particular 

process. 

2. Much of the thorium that is disposed in the 

tailings pond is from undissolved ore. 

3. The presence and activity of the remaining 

isotopes in the tailings is dependent upon the solvent 

extraction efficiency. 

4. The solvent extraction process separates the 

radioactive waste into two distinct streams: the liquid 

extraction waste that contains the bulk of short-lived 

daughters and the filtration waste that contains only 

long-lived daughters. 

5. The total activity of radioactive material in 

the tailings pond, increases for four to five years, then 

decreases. 

6. Assuming identical ore concentrations and 

milling schemes, the total activity of milled ore for a 

uranium mill is about twice that for the thorium mill. 
96 
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7. For a uranium mill, the Rn-222 activity is 

greater than thorium mill's Rn-220 activity in the extraction 

process, transport of liquid extraction waste, waste 

thickener, and in the tailings. 

8. The Rn-222 concentration in the filtration 

process is less than the Rn-220 concentration due to the 

rapid decay of Ra-226 in the thorium mill. 

9. Radon-222 and Ra-226 activity in uranium 

tailings calculated by the computer simulation program is 

about 300-500 picocuries per gram. This is comparable 

to actual field measurements from uranium tailings piles. 
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