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Summary

Natural contents of uranium (U) and thorium (Th) in igneous rocks are in the
range 0.1-5 and 1-20 mg/kg respectively, depending on the type of rock. Felsic
rocks, such as granite, usually contain more U and Th than mafic rocks, such as
basalt and dunite.

Uranium contents in average soils are in the range of 1-4 mg/kg, and thorium
contents in the range of 2-12 mg/kg. Contents of U and Th in mineral soils
increase with clay content, due to adsorption at the surface of clay minerals and to
the higher U and Th contents of minerals in the clay fraction relative to contents
in coarser soil constituents.

Under oxidizing conditions uranium occurs in the soil solution at low pH as the
uranyl ion, OU,2*, or as hydrolysis products of this ion. At higher pH the uranyl
ion may form complexes with carbonate ions. These complexes may be relatively
mobile in soils and ground water, because of their negative charge.

Thorium occurs in the soil solution at low pH as the thorium ion, Th4*, or its
hydrolysis products. Above pH 4 the major species in solution will be Th(OH),2*.
However, at high pH thorium would be virtually absent in soil solutions, due to the
strongly decreasing solubility of thorium oxide, ThO,, with increasing pH.

Organic acids, such as acetic acid and oxalic acid, may form soluble complexes
with U and Th, and thus increase the solubility of these elements in soils.

The mobility of U and Th in soils will generally be limited, due to the formation
of sparingly soluble precipitates (e.g. phosphates, oxides) and adsorption to the soil
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matrix. Contents of U and Th in natural waters are in the range 0.1 to 10 pg/l. In
ground water higher contents may occur under conditions of low pH, low adsorp-
tion capacity and the absence of ionic species that form precipitates with U or Th.

Introduction

Thorium (Th) and uranium (U) are sources of nuclear power. Much of the internal
heat of the earth is attributed to nuclear transformation of uranium and thorium.
Thorium is about three times as abundant in the earth’s crust as uranium. Natural
uranium, slightly enriched with U-235, is used to fuel nuclear power reactors for
the generation of electricity. Thorium is not yet used on a large scale as a nuclear
fuel, but might be so in future, when thorium cycle converter reactors would be in
operation. There is probably more energy available for use from thorium in the
minerals of the earth’s crust than from both uranium and fossil fuels (Weast, 1973).
Although the use of nuclear fuel to generate electrical power is subject to discus-
sion, it may be expected that the world-wide capacity of nuclear power plants will
increase considerably during the next few decades.

Not only nuclear power plants, but also atmospheric releases from coal-fired
power plants could result in uranium and thorium enrichment of surrounding soils.
For example, uranium contents in fly ash (30 mg/kg) were enriched with respect to
slag (15 mg/kg), and higher than in average soil (1-4 mg/kg). The concentration of
thorium in slag (15 mg/kg) and fly ash (20 mg/kg) were slightly higher than in
average soil (2-12 mg/kg) (Klein et al., 1975).

A wide variety of industrial products contain radioactive nuclides that have been
deliberately incorporated to satisfy a specific purpose.

The main uses of uranium in consumer products are either as a pigment or in
applications making use of its high density. So-called ‘depleted’ uranium, i.e.
natural uranium with a U-235 content lowered to less than 0.2 %, is used in
inertial guiding devices, as shielding material, in photographic applications and in
analytical chemistry. For example, porcelains used in dentistry, optical lenses and
alloys may contain significant amounts of uranium. Compounds containing uranium
are also used in the chemical industry as catalysts.

Thorium has been used principally in the preparation of incandescent mantles
(Welsbach mantles) in electronic and electrical devices, such as gas-discharge lamps
and vacuum tubes. Thorium is further used in ceramics and glassware. Thorium is
an important alloying element in magnesium ,and it is used tot coat tungsten wire
in electronic equipment. Glasses containing thorium find application in lenses for
cameras and scientific instruments. Thorium dioxide is a catalyst in several
chemical processes.

The increasing uranium and thorium requirements of the nuclear industry, the
use of these elements in consumer products and as catalysts in industrial processes,
does create a waste disposal problem. Therefore, the behaviour of uranium and
thorium in soil-water systems might become of increasing importance in the near
future. The present review summarizes some data on the occurrence of uranium
and thorium in the earth’s crust and natural waters. The behaviour of uranium and

Neth. J. agric. Sci. 28 (1980) 41



K. HARMSEN AND F. A. M. DE HAAN

thorium in soil-water systems is discussed, with thermodynamic data obtained from
the literature.

Some definitions and physical data

Thorium, atomic number 90, and uranium, atomic number 92, occur only in radio-
active form. The number of disintegrations (or: nuclear transformations) occurring
in a given quantity of radioactive material per unit time is referred to as the
activity of that material.  The special unit of activity is the curie (Ci). One curie
equals 3.7 X 1010 disintegrations per second (abbr.: dps). The specific activity of
a given nuclide or compound is the total activity occurring per unit mass of that
nuclide or compound, expressed in Ci/kg.

Natural thorium (Th-nat) is a mixture of 232Th and 225Th in proportions that
produce an equal number of disintegrations per second. According to the radio-
logical definiton, 1 Ci of Th-nat corresponds to a quantity of 232Th and of 228Th
that each produce 3.7 X 1010 dps. Thorium-232 is a natural radionuclide that,
because of its extremely long half-life, has remained at the head of one of the
major series of natural radioisotopes. Thorium-228 is a daughter (i.e. decay pro-
duct) of thorium-232. It takes about 20 years'for 232Th to reach equilibrium with
its daughter products. The 232Th decay chain ends with lead-208, which is stable.

Natural uranium (U-nat) is a mixture of three natural radionuclides in the pro-
portions found in nature (see Table 1). The percentage by weight of 235U in natural
uranium varies by as much as 0.1 %, depending on the source. According to the
radiological definition, 1 Ci of U-nat corresponds to a quantity of 238U and of
234U that each yield 3.7 X 1010 dps, plus a quantity of 235U that yields 1.7 X 109
dps. Because of their extremely long half-lives, several isotopes of uranium are the
starting point of major series of natural radionuclides. Uranium-238 is at the head
of the uranium-radium series, which ends with the stable lead-206. Its daughter
elements include 234U. Uranium-235 is at the head of the uranium-actinium series,
which ends with the stable lead-207.

Table 1 summarizes some physical data and maximum permissible concentra-
tions in water (MPC,) for uranium and thorium. The average abundances of the

Table 1. Some physical data and MPCy, values for U and Th.

Abundance Half life Specific MPC,, 168
(% wiw) (years) activity
(uCi/g) (uCi/ml) (mg/1)

Th-232 100 1.40 x 1010 0.11 2 x 1073 1.8 x 102
Th-228 1.37 x 1078 1.913 8.3 x 108 7 x 1075 9 x 1078
Th-nat (100) - (0.11) 1 x 103 0.9 x 102
U-238 992746 4,468 x 109 0.34 6 x 10 18
U-235 0.720 7.04 x 108 2.2 4 x 1075 18
U-234 0.0054 2.44 x 105 6.3 x 108 4 x 1075 6 x 1073
U-nat (100) - 0.34) 6 x 106 18
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nuclides in naturally occurring U and Th, and the half-lives of the nuclides are
taken from the ‘Chart of the nuclides’ (Walker et al., 1977).

The average abundance of 228Th in Th-nat is calculated from the half-life of
228Th and the radiological definition of Th-nat. The relation:

dN/dt = kN

expresses that the decrease in the number of radioactive nuclei, i.e. the number of
disintegrations, per unit time (dN/dt) is proportional (k) to the number of radio-
active nuclei present at time t (N). From this relation it follows that the specific
activity of a nuclide may be calculated from:

spec. act. = (In2/T%) X (N, /at.wt.) X (106/3.7 X 1019) ,.Ci/g,

where T# is the half-life (in seconds) and at.wt. the atomic weight (g) of the nuclide
considered, In2 is the natural logarithm of 2, and N,, is the Avogadro constant.
The specific activities of Th-nat and U-nat cannot be calculated in this way, but
they can be derived from the specific activities of the nuclides that make up the
natural elements. For example, 1 «Ci U-nat corresponds to 1 uCi 238U (= 2.94 g)
plus 1 pCi 234U (= 1.6 X 107 g) plus 0.046 uCi 235U (= 0.02 g), such that 1uCi
U-nat corresponds to a mass of 2.96 g, and thus the specific activity equals 0.34
uCi/g. It may be noted, however, that on the basis of the abundance of the nuclides
in natural uranium a different result would be obtained. Natural uranium would
then have a specific activity of: 0.992746x0.34 + 0.72X1072X2.2 4+ 0.54X
1074% 6.3 X 103 = 0.69 uCi/g. Since the MPC,, values in Table 1 are based on the
radiological definitions of Th-nat and U-nat, only the specific activities derived
from those definitions are given in Table 1.

The maximum permissible concentrations of radionuclides in water, MPC 168,
given in Table 1, apply to the nuclides in soluble form, and are based on occu-
pational, continuous exposure (168 hours per week). Values for non-occupational
exposure are a factor 10 lower. The MPC,, values are based on the recommenda-
tions of the International Commission on Radiological Protection (ICRP). Values
for Th are based on radiological toxicity (ICRP, 1959) and for U on chemical
toxicity (ICRP, 1964). From the MPC,, values in Table 1 it may be derived that for
U-nat a concentration,of 8 X 1076 mol/l would be the maximum permissible con-
centration for soluble compounds and for continuous, non-occupational exposure,
whereas for Th-nat this value is about 5 times higher: 4 X 105 mol/l.

Natural occurrence of uranium and thorium

Occurrence in the earth’s crust

Table 2 summarizes the occurrence of U and Th in the earth’s crust. Both elements
appear to be more abundant in felsic igneous rock (granite) than in mafic materials.
Among the sedimentary rocks, shales tend to have higher U and Th contents than
sandstone and limestone. This probably reflects the higher U and Th contents of
the minerals in the clay fraction, relative to minerals in coarser fractions or to
carbonates. Therefore, it may be expected that in uncontaminated mineral soils U
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Table 2. Abundance of uranium and thorium in the earth’s crust.

Uranium Thorium Reference?
(ng/g) (ng/g)
Lithosphere
average 34 8-12 4, 7
Igneous Rock
felsic granitic 3-5 10-20 1, 2, 4, 5
intermediate 2-3 7-10 1, 2,5
magic, basaltic 1 3-6 1, 2, 4,5
Sedimentary Rock
shales 34 11-12 1, 4, 5
sandstone 0.5-1.5 2-3 1, 4
limestone, carbonate 2-2.5 1.5-2 1, 4
rock phosphate 30-300 5-25 3
Soil
average 12 6 1, 4, 6
typical range 1-4 2-12 1

1 Generalized from: Unscear, 1977 (1); Osburn, 1975 (2); Menzel, 1968 (3); Klement, 1965 (4);
Vinogradov, 1959 (5); Baranov & Morozova, 1971 (6); and Mitchell, 1955 (7).

and Th mainly occur in the clay fraction of the soils. In soils contaminated by U or
Th this tendency might even be more pronounced, due to the higher adsorption
capacity of the minerals in the clay fraction relative to coarser fractions.

In the lithosphere the Th/U ratio is close to 3 (Klement, 1965), whereas in soils
this ratio ranges from 2.5-5 (Unscear, 1977; Vinogradov, 1959; Talibudeen, 1964;
Baranov & Morozova, 1971). Deviating Th/U ratios in soils form an indication
for enrichment or leaching of one of the two elements.

Phosphate deposits usually contain relatively high concentrations of the naturally
occurring radionuclides of the 238U series. Uranium is found in phosphate rock
and in monazite sands, and can be recovered commercially from these sources. The
dispersal of mining wastes in the environment, and the use of phosphate fertilizers
in agriculture are possible sources of uranium (and thorium) enrichment in soils.

The average concentrations of U and Th in phosphate fertilizers are of the same
order as in rock phosphate (see Table 2). It follows that the Th contents of phos-
phate fertilizers are of the same order as in average soils, or slightly higher, whereas
U contents are a factor 100 higher. If 100 kg P,Oj, containing 100 mg U/kg P,Os,
is applied per hectare per year, this would result in an addition of 10 g U per ha
per year. Ifr all U would accumulate in the top 20 cm of the soil, this would result
in a yearly uranium enrichment of 3 g U/kg soil (bulk density 1.5 g/cm3). Hence
it would take 3 centuries of phosphate fertilization to increase the uranium content
of the soil by 1 mg/kg.

Occurrence in natural waters
The uranium content of natural waters generally is in the range 0.1-10 g/l (Brits
& Smit, 1977). From the data in Table 3 it follows that higher contents may occur,
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Table 3. Occurrence of uranium in natural waters.

Type of water; location Range (ug/1) Reference

Ground water

West-Australia 40-200 Deutscher & Mann (1977)
Darmstadt, FRG 3.4-123 Burba et al. (1978)
Kansas, USA 623 Hathaway & James (1975)
South-Africa 7.4-8.5 Brits & Smit (1977)

USA < 0.1-120 Scott & Barker (1962)
Helsinki, Finl, 10-148702 Kahlos & Asikainen (1973)
Surface water

Austria 0.1-5% Korkisch & Go6dl (1974)
Odenwald, FRG 0.4-12.0* Burba et al. (1978)
Colorado, USA 0.08-5.27 Fleischer & Delany (1976)
Alaska, USA 0.02-1.6 Gladney et al. (1976)

New Mexico, USA 2.0-24 Gladney et al. (1976)
Netherlands 0.65-0.895 Van der Sloot (1976, 1979)
Sea water

South-Africa 2.96-3.20 Brits & Smit (1977)

Drake Pass., Jap. 2.7-3.5 Sugimura et al. (1964)
Netherlands 2.64-3.37 Van der Sloot (1976)
World average 3 Goldberg (1975)

1 Median values of 509 samples devided over 10 geotectic regions were in the range: 02--2.2
ug/l.

2 The distribution of the samples (33) over 4 classes of uranium concentrations was as follows
(concentrations in mg/l): < 0.1 (17), 0.1-1.0 (8), 1.0-10 (7), > 10 (1).

3 Most of the samples (more than 100) were in the range 0.1-1.5 pg/l, only 16 samples were
in the range 1-5 ug/l.

4 Rhine: 1.7 pg/l; Neckar: 1.5 ug/l; Main: 1.8 sg/l.

5 Rhine.

in particular in ground water. The available data suggest that the uranium contents
of surface waters vary within rather narrow limits, possibly as a result of adsorption
to bottom sediments or due to the formation of precipitates (e.g. phosphiateis).
Unlike in surface waters, extreme conditions may well occur in ground water. For
example, the high uranium contents in ground water of Helsinki (Kahlos & Asikai-
nen, 1973) could be due to the presence of uranium ores in the granitic subsoil,
combined with a low adsorption capacity of the surrounding rock materials, a low
pH and the absence of anions in the ground water that may form precipitates with
uranium ions.

Comparatively little information seems to be available with respect to thorium
in natural waters. From the data in Table 4 and from the expected chemical
behaviour of thorium in aqueous solutions, it may be expected that thorium con-
tents of natural waters are in the same range as uranium contents (0.1-10 ng/1) or
slightly lower. The thorium content in sea water is probably low due to the high
pH (== 8) and the absence of appreciable amounts of organic complexing agents in
sea water.
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Table 4. Occurrence of thorium in natural waters.

Type of water; location Range (ug/1) Reference

Ground water

Nussdorf, Austria 0.4-0.5 Korkisch & Dimitriades (1973)
Austria 1.24-2.90t Korkisch & Dimitriades (1973)
Surface water

Austria 1.24-2.90! Korkisch & Dimitriades (1973)
Sea water

World average 0.05 Goldberg (1975)

1 No significant differences between ground water and surface water (57 samples).

Moffet & Tellier (1978) investigated the leaching of U, Th and other radioactive
nuclides from uranium tailings in an abandoned mining area near Elliot Lake,
Canada. They concluded that about 95 % of the estimated original thorium content
(170 mg/kg) and about 50 % of the uranium content (36 mg/kg) of the uranium
tailings surface had leached out within 20 years. The pH of the shallow ground
water varied with location. The acidity of the ground water was directly related to
the weathering of pyrite in the surface layers of the tailings. Uranium concentra-
tions ranged from 0.05-0.50 mg/l at high pH and from 2-40 mg/l at low pH.
Thorium was virtually absent in water samples with. a high pH, whereas at low pH
concentrations up to 38 mg/l were recorded. These data show that under extreme
conditions (e.g. uranium tailings, low pH) high contents of U and Th may occur
in natural waters.

Chemical equilibria

Solubility relationships in soils

The solubility of uranium and thorium in soil largely determines their mobility in
the environment and their availability to plants, and thus plays a major role in
assessing the environmental hazard posed by the occurrence of uranium and
thorium in soils. The solubility of U and Th in soils depends on pH, redox poten-
tial, texture and mineral composition of the solid phase, concentrations of inorganic
compounds in the soil solution, amount and type of organic compounds in soil and
the soil solution, competitive interactions between heavy metals, soil temperature,
moisture content and microbial activity.

Transport of U and Th in soil-water systems occurs mainly in dissolved or sus-
pended form, by diffusion or mass flow. Processes that may play a role in the
removal of U and Th from the soil solution include incorporation in biological
systems coagulation of suspended matter, precipitation or coprecipitation, adsorp-
tion, and solid state diffusion. Adsorption of free metal ions, hydrolysis products
or complexed species may be caused by electrostatic attraction, London-van der
Waals interactions, hydrogen bonding, coordinate bonding or chemical bonding
(Harmsen, 1977).
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In the following sections the attention will be focussed on the influence of pH
and redox potential on the solubility of oxides of U and Th, on the role played by
hydrolysis, and on complex formation with carbonate species and some other
ligands. It has to be emphasized, however, that solid phases only provide an
ultimate control over the activities of their constituent ions (Lindsay, 1972). Pro-
cesses such as adsorption of complexed and uncomplexed species may be of more
importance under a variety of conditions. Also, the kinetics of precipitation and
dissolution are not considered in the present paper, although they may be of con-
siderable importance. Some minerals attain equilibrium within hours, others require
years, or may never reach equilibrium. Many solid phases in soils occur in dif-
ferent particle sizes and in different forms, ranging from amorphous to crystalline,
and differ in composition (e.g. lattice substitutions) and in the degree of hydration.
Therefore the true values of the thermodynamic constants of solid phases in soils
may differ significantly from those given in the literature, which usually pertain to
pure crystalline phases. Finally it may be noted that solubility products are based
on the activities of uncomplexed ionic species in solution. Total concentrations
of U and Th in solution will be higher, due to the presence of complexed species,
including hydrolysis products, and the existence of activity coefficients smaller than
unity.

Solubility of oxides

The oxides of uranium are very complex: different oxidation states, crystalline
modifications and hydration states occur simultaneously, and stoichiometric for-
mulas must be considered as ideal compositions (Cotton & Wilkinson, 1972).
Therefore the values of the thermodynamic constants are difficult to assess, and
also the solubilities differ markedly. For example, UO; is readily soluble, whereas
the solubility of UO3 - H,O is rather poor. The activity of UOy2* in equilibrium
with UQ, follows from the relationship:

log(UOy2+) = 14.3 — 2pH (1)

where parentheses denote the activity of the ionic species in solution, and the
activity of UOg2* in equilibrium with UO3 - HyO follows from:

log (UO,2*) = 5.2 — 2pH )

(averaged from: Robie et al., 1978; Pourbaix, 1963; Garrels & Christ, 1965; Smith
& Martell, 1976). Hence the predicted activities of UOy2* differ a factor 109,
aprpoximately, and UO; would be unstable in soils: it would transform to
UO; - H,O, or dissolve and UO,2+ ions would then be adsorbed or form pre-
cipitates with other ionic species in solution.

In Figs 1, 2, 4 and 5, it is assumed that UO3 . HyO controls the aqueous, activity
of UO,2* in soils. It has to be emphasized that uranium concentrations in soil
solution may be lower than those calculated on the basis of the solubility product
of UO4 - H,0O at a given pH, as a result of adsorption, occlusion in Fe or Mn
oxides, solid state diffusion, or precipitation, e.g. as phosphates. However, if the
activity of UO42* in soil solution would rise above the equilibrium value predicted
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by Eq. 2, UO; - H,O would precipitate from solution. Hence, uranium oxides do
provide an ultimate control over the solubility of uranium in soils. Concentrations
of total uranium in soil solution may be higher, however, than calculated activities,
due to activity corrections and complex formation, including hydrolysis.

The activity of Th4* in aqueous solution in equilibrium with thorium dioxide
may be estimated from the relationship:

log(Th4+) = 7 — 4pH 3)

(averaged from Robie et al., 1978; Garrels & Christ, 1965; Smith & Martell, 1976).
Hence, ThO, is rather insoluble, comparable with for example Fe,O; (hematite)
under oxidizing conditions.

Redox equilibria

Under oxidizing conditions uranium occurs in the hexavalent oxidation state. In
aqueous solutions the uranyl ion, UO,2*, which behaves as a divalent heavy metal
ion, is formed. Under strongly reducing conditions uranium occurs in the tetra-
valent oxidation state. In aqueous solutions the major species is then the UOHS3+
ion. The transition from the hexavalent to the tetravalent oxidation state in aqueous
solution may thus be expressed by the following redox reaction:

UO,2*+ 4 2e~ + 3H* Z UOHS3* -+ H,0 €))
Hence, under equilibrium conditions the following relationship would hold:
logK® = log{(UOH3+)/(UO,2*)} + 2pe + 3pH 5)

where K° denotes the equilibrium constant for reaction (4) and pe is the negative
logarithm of the relative electron activity.

Although aqueous solutions do not contain free electrons (or free protons), pe
may be used as a measure for the electron activity in aqueous solutions (Stumm &
Morgan, 1970). Oxidizing conditions are characterized by low electron activities
(high positive values of pe) and reducing conditions correspond to high electron
activities (small positive, or negative values of pe). In this paper the more common-
ly used redox potental, E, will be used as a measure for the redox conditions of a
system. The redox potential is related to pe by:

E = (2.3RT/F)pe (6)

where R is the Gas Constant, T the absolute temperature (K), and Fthe Faraday
Constant. The numerical value of the expression (2.3RT/F) at 25 °C equals
0.059 V.

The standard redox potential, E°, is related to the equilibrium constant, K°, by:

E° = (2.3RT/nF)logK® @)
where n denotes the number of electrons transferred in the redox reaction. Hence,
Eq. 5 may be written as:

E = E° —0.089pH + 0.030log{(UO,2*)/(UOH3*)} 8)
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The E° value in Eq. 8 is about 0.299 V (Pourbaix, 1963). If the activities of the
two uranium species in solution are equal to each other, Eq. 8 reduces to:

E = 0.299 — 0.089pH ©)]

This relationship is plotted in Fig. 1 as line 1. Hence, above the broken line in
Fig. 1 the major species in aqueous solution is UO,2*, and below that line this is
UOH3+.

The dots and dashes in Fig. 1 indicate the upper and lower limits of the stability
of water. Under oxidizing conditions water may be oxidized according to:

2H,0 — Oy(g) + 4H* + 4e- (10)

where (g) denotes the gas phase. If equilibrium exists between water and oxygen gas,
Eq. 10 determines a redox potential according to:
E = E° — 0.059pH + 0.015l0gP(O,) (11)

where P(O,) denotes the partial oxygen pressure.

The upper limit of water stability may be defined as the equilibrium between
water and oxygen gas at 1 atmosphere pressure. Hence, the upper limit of water
stability follows from:

E = 1.228 — 0.059pH (12)

This relation is plotted in Fig. 1, line (a). Under reducing conditions water may be
reduced according to:

2H,0 + 2e~ Z Ha(g) + 20H- (13)
or:

2H* + 2e~ Z H,(g)

The standard redox potential for this reaction is zero, by convention. The lower

.,
.,

1 o]
s ]
5 ]
g 0
35
Q \i
> e ~~
8 o -\.\.\@\\ U0y (s)
& VoK (ag) B
- 05+ TN . . . .
IREIY Fig. 1. Redox diagram for the uranium-oxide
system. Dissolved (aq) and solid (s) species are
+—_ — . . H H
3 4 5 6 7 6 & 10 1 indicated. Numbers and letters are explained in
pH—> the text.
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limit of water stability may be defined as the equilibrium between water and hy-
drogen gas at 1 atmosphere pressure. Hence, the lower limit of water stability,
follows from:

E = 0.000 — 0.059pH (14)

This relation is plotted in Fig. 1 as line b.

The thin solid lines in Fig. 1 indicate equilibrium between a solid phase and an
aqueous species. Line (2) in Fig. 1 represents equilibrium between UO,2* and
UOj; - H,O at high redox potential, at an aqueous concentration of 10-9 mol/l,
according to:

UO,2* + 2H,O0 Z UO; - H,O 4 2H* (15)
which yields the relationship:

pH = 6.99 (16)
At lower E, line 2 represents equilibrium between UO,2* and UO,, according to:

UO, Z UO,2* + 2e” 17

which yields the relationship
E = -0.045 (18

At still lower E, line 2 in Fig. 1 represents equilibrium between UOH3* and UQO,,
according to:

UOHS3* + H,0 Z UO, + 3H* (19)
which yields the relationship:
pH = 3.88 20)

For reasons of consistency all E° values in Eqs 16, 18 and 20 are taken from
Pourbaix (1963). Line 2’ in Fig. 1 represents the same equilibria as line 2, but for
an aqueous activity of uranium ions of 106 mol/l.

The thick solid line in Fig. 1, line 3, represents equilibrium between two solid
phases according to:

UO,(s) + H,0 Z UO; - HyO(s) + 2HY + 2e- @1
This yields the following relationship for the redox potential:

E = 0.368 — 0.059pH 22)
where it is assumed that the activities of the two solid phases are equal to each
Ot}i(:rf.ollows from Fig. 1 that UO,(s) is less soluble than UOz - H,O under reducing
conditions. Therefore, upon lowering the redox potential the solubility of aqueous

uranium species would decrease if these oxides were controlling the solubility.
Moreover, the trivalent UOHS3* ions would strongly be adsorbed by negatively
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charged surfaces in soils, which would contribute to a decrease of the mobility of
uranium in soils upon lowering the redox potential.

Thorium occurs only in the tetravalent oxidation state under pH-E conditions
occurring in soils. Unlike for U#*, the major species in aqueous solution would
here be the second hydrolysis product, Th(OH),2* (see also Fig. 3).

Hydrolysis

The solubility of both uranium oxides and thorium oxides is increased by the
formation of hydrolysis products (Cotton & Wilkinson, 1972) i.e. the amount of
uranium in solution at high redox potential in a pure HyO-UOj3 - H,O system
would be higher than estimated from Fig. 1, due to the formation of hydrolysis
products such as UOy(OH)* and (UO,)5(OH);*. The hydrolysis of a heavy metal
ion in solution may be described as the transfer of a proton from a water molecule
in the inner hydration sheath to a surrounding water molecule. For example, for
thorium the first hydrolysis reaction may be written as:

Th(H,0),4* + H,0 Z Th(H,0), _(OH)3* + H;0* (23)
where n denotes the number of water molecules in the inner hydration sheath, i.e.

coordinated with the Th4* ion.
Eq. 23 may be written alternatively:

Th4* + H,O = ThOH3* + H* 249

where the hydration sheath of Th4* is not considered explicitly. The hydrolysis
reaction may also be described as complex formation between a metal ion (e.g.
Th4* and one or more ligands (OH-); see for example Smith & Martell (1976).

Under oxidizing conditions the following reactions involving uranyl ions are of
importance:

U0,2* + 2H,0 Z UO; - HyO(s) + 2H* (25)
UO,2* + H,O0 Z UO,OH* + H* 26)
2U0,2* 4+ 2H,0 Z (UO,),(OH),2* + 2H* 27
3U00,2* 4+ 5H,0 Z (UO,)3(OH)5* + 5H* (28)
reactions 25 to 28 yield the following set of equilibrium relationships:
log(UO,2*) = 5.6 — 2pH (29)
log(UO,OH*) = log(UO,2*) 4+ pH — 5.8 (30)
1og((UO,)o(OH),2+) = 2log(U0,2+) + 2pH — 5.6 (31
log((UOy)3(OH)5%) = 3log(U0,2+) + SpH — 15.6 32)

where all logK° data are taken from Smith & Martell (1976), and refer to 25 °C
and zero ionic strength. It follows from Eqs 30 to 32 that the amount of hydrolysis
products in solution depends upon both the activity of UO,2* and pH. Assuming
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that the aqueous activity of UO,2* is uniquely determined by the solubility of
UO; - Hy0, according to Eq. 29, it follows that Eqs 30 to 32 simplify to:

log(UO,OH") = -0.2 — pH 33)
1og((UO2),(OH),2%) = 5.6 — 2pH 34)
log((UO,)3(OH)5%) = 1.2 —pH (35)

Eqs 29 and 33 to 35 are plotted in Fig. 2.

It has to be emphasized that uncertainty exists with respect to the exact values
of the hydrolysis constants and the solubility of UO; - HyO. Therefore, Fig. 2
shows trends rather than exact relationships. It can be seen, however, that hydro-
lysis contributes significantly to the solubility of uranium in H,O-UOj; - HyO
systems. At pH 5 and higher the major species in solution will be (UO,)3(OH);5*.

The following reactions are of major importance in determining the solubility of
thorium in HyO-ThO, systems:

Th4* + 2H,0 2 ThO(s) + 4H* (36)
Th4* + H,O = ThOH3* + H* 37)
Th#* + 2H,0 Z Th(OH),2* + 2H* (38)
2Th#* + 2H,0 Z Thy(OH),6* +2H* (39)

Assuming that the aqueous activity of Th4* is uniquely determined by ThO,(s),
according to reaction (36), the following set of equilibrium relationships is obtained:

log(Th**) = 6.3 — 4pH (40)
log(ThOH3*) = 3.1 — 3pH (41)
log(Th(OH),2%) = —0.6 — 2pH (a2)
log(Thy(OH),6+) = 6.5 — 6pH (43)

where all logK® data are taken from Smith & Martell (1976), and refer to 25 °C

log activity —

Fig. 2. Activities of UO22* and its hydrolysis pro-
ducts in aqueous solution in equilibrium with
UOs - H20 under oxidizing conditions.
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Fig. 3. Activities of Th*" and its hydrolysis products in aqueous solution in equilibrium with
ThOs.

and zero ionic strength. The relationships 40 to 43 are plotted in Fig. 3. It follows
from Fig. 3 that at pH 4 and higher Th(OH),2* is the major species in solution.

Figs 2 and 3 show that hydrolysis of aqueous species may increase the solubility
of uranium and thorium oxides significantly. Both U and Th do form polynuclear
hydrolysis products, such as (UQOs)o(OH)s2*, (UOy)3(OH)5*, (UO.)3(OH),2+,
Thy(OH),8*, Thy(OH)g8*, and Thg(OH),59*. Hydrolysis products of heavy metal
ions are often selectively adsorbed at oxide surfaces in soils (James & Healy, 1972;
Harmsen, 1977) and therefore it may be expected that hydrolysis products, in
particular the higher charged species, contribute relatively little to the mobility of
the metals in soils at near neutral or higher pH.

In general, the formation of polynuclear hydrolysis products, in particular the
higher charged species, becomes of importance only at high pH or high metal ion
concentrations in solution. It may be noted, however, that locally occurring higher
concentrations, such as close to adsorbing surfaces, and the selective adsorption of
hydrolysis products, would favour the formation of hydrolysis products, i.e. adsorp-
tion would tend to catalyse the hydrolysis reaction.

Carbonate equilibria

The formation of uranyl-carbonate complexes may significantly increase the sol-
ubility of uranium in natural waters, in particular at pH 6 to 7 or higher, and at
high partial CO, pressures. An important aspect of these uranyl-carbonate com-
plexes is that they have negative charges and therefore it may be expected that they
will be rather mobile in soils, which usually have a small capacity, if any, to adsorb
anions. Not considering hydrolysis, the following reactions are of importance in
the CO,-H,0O-UO; - HyO system:

UO,2+ + 2H,0 Z UO, - H,O + 2H* (44)
2C04(g) + 4H,0 + UO0,2* Z UOy(CO3)5(H0)02 + 4H* (45)
3C05(g) + 3H,0 + UO,2+ Z UO,(CO;)34 + 6H* (46)
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Uranyl carbonate, UO,CO5(s), would be too soluble to persist in the presence of
UOj; - Hy,O(s). Using thermodynamic data listed by Garrels & Christ (1965) the
following set of equilibrium relationships may be derived from Eqs (44)—(46):

log(UO,2+) = 5.85 — 2pH 47
10g(UO5(CO3)5(H,0),27) = -22.6 + 4pH + log(UO.2*) + 1logP(CO,)  (48)
log(UO,(CO3)347) = -37.0 + 6pH + log(UO0,2*) + 3logP(CO,) (49)

It follows from Eqs 48 and 49 that the formation of uranyl-carbonate complexes
is favoured by high pH, high uranyl ion activities and high partial CO, pressures.
The activities of uranyl and of uranyl-carbonate complexes are plotted in Fig. 4,
where it is assumed that the activity of UO,2* is uniquely determined by the
solubility of UO; - H,O, according to Eq. 47. It can be seen that, depending on
the partial CO, pressure, at pH higher than 6 (3 % v/v CO,) or 7 (0.03 % v/v
COy) uranyl-carbonate complexes are the major species in solution.

The uranium content of sea water may be estimated, assuming that UO,(CO3),
(H;0),2" is the major species and that equilibrium exists with respect to UO3 - H,O.
For pH=8.0 and Py, = 30.4 Pa (= 0.3 mbar) it follows from Eqs 47 and 48
that 1log(UO,(CO,),(H,0),>) = -7.8, which corresponds to 3.7 ug U/I, if the
activity coefficient of UOy(CO3)2(H20),2" is taken to be unity. Since the latter
coefficient will be smaller than unity in sea water (ionic strength 0.7), it follows
that the actual uranium content of sea water (3 ug U/1) is slightly overestimated,
but the estimated value is still close enough to suggest that indeed UOo(COj3)s
(H;0),2- is the major species in sea water and that UO5 - H,O is the solid phase
determining uranium solubility in sea water. For comparison, when the thorium
content of sea water is estimated in a similar way, assuming that equilibrium exists
with respect to ThO, and that Th(OH),2* is the major species in solution, the
actual Th content of sea water (5 X 10-8 g Th/l) is underestimated by a factor 107,
This would suggest that sea water is strongly supersaturated with respect to ThO,,
or that strong complex formation, possibly including polynuclear hydrolysis pro-
ducts, takes place.

7 Suozicos .
2 Fig. 4. Activities of uranyl and uranyl-carbonate
complexes in aqueous solution for the CO2-H20-
UOs3 - H2O system, not considering hydrolysis of
uranyl ions.

Dotted lines indicate the total activity of aqueous
uranium species at 0.03 % (v/v) COz (#®e@e) and at

PH —> 3 % (v/v) COz (0000).

log activity —s.
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The CO,-H,O-UO; - Hy,O system is not adequately described unless both
hydrolysis and complex formation with carbonates are considered. Therefore, in
Fig. 5 the total activity of all aqueous uranium species is plotted for the CO,-H,O-
UO; - HyO system, considering both hydrolysis and complex formation with car-
bonates. From Fig. 5 it can be seen that slightly acid ground water (pH 5) may
easily contain up to 15 mg U/l (see Table 3: ground water of Helsinki). It can also
be seen from Fig. 5 that carbonate-rich waters are good solvents for uranium
(Vinogradov, 1959; Garrels & Christ, 1965).

In soils CO; contents in the gas phase may rise up to 1-10 % (v/v) or even
higher, as a result of biological activity. If the CO, pressure in the top soil is
higher than at depth, uranium could dissolve in the top soil, leach downwards and
precipitate again at depth, because of the lower CO, pressures. This illustrates
that upon assessing the solubility and the mobility of uranium in soil the local con-
ditions of pH and P(CO,) have to be taken into account.

Phosphate equilibria

The solubility of uranium in soil and natural waters may be limited by the presence
of phosphates (Vinogradov, 1959). A considerable part of total dissolved phos-
phate in soils may be present as organic phosphates. Only part of the phosphate is
present as ortho-phosphate: H;PO,, H,PO,~, HPO,2- and PO,43-. Ortho-phos-
phates may form complexes with cations such as Ca2*, Mg2* of Fe3* (Stumm &
Morgan, 1970). The uncomplexed (or free) ortho-phosphates which generally make
up only a minor fraction of total dissolved phosphate in soils, may play an im-
portant role in determining the solubility of uranium in soils, since both HPO,2~
and PO,3~ may form precipitates with UO,2*. In the range of phosphate concen-
trations commonly encountered in soils, 1075 to 10-7 mol/l (Beek, 1979),
UO,HPO, is too soluble to persist in the presence of UO3; - H,O. However,
(UO,)5(PO,4), may play an important role in determining uranium solubility in
soils, notably at low pH and high phosphate concentrations. Fig. 6 shows that
UO; « H,O would not persist in a soil at an ortho-phosphate level of 10-7 mol/1 at
pH below 7. At an ortho-phosphate level of 10-5 mol/l UO3 - H,O would dissolve
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at pH values lower than 8. Hence uranium phosphate would determine UQ,2+
activities in solution at pH below 7 to 8. At higher pH values, uranium trioxide
would determine UO,2* solubility and uranium phosphate would dissolve. This is
mainly because the PO,3~ activity increases strongly with increasing pH, if the
total P concentration is kept constant. Since phosphates generally occur in soils
(fertilizers) and surface waters (detergents), they. may play a part in determining
the solubility of uranium, in particular under near neutral or slightly acidic con-
ditions.

The effect of hydrolysis and complex formation with carbonates on the solubility
of uranium in aqueous solutions containing free ortho-phosphates is shown in
Figs 7 and 8. At a low ortho-phosphate concentration (10-7 mol/l; Fig. 7) the total
concentration of aqueous uranium in the pH range of 5 to 9 would be fairly
constant between 10-8 and 10-7 mol/l. The major ionic species in solution between
pH 6 and 8.5 would be (UO,)3(OH);*. At higher ortho-phosphate concentrations
(1075 mol/l; Fig. 8) the total concentration of aqueous uranium is lower, and the
major ionic species between pH 6 and 7.5 would be UO,OH* rather than
(UO,)3(OH)5*. Figs 7 and 8, together with Fig. 2, illustrate the pronounced in-
fluence of the activity of UOy2* on hydrolysis in aqueous solution.
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'
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Fig. 7. Activities of uranium species
in aqueous solution at a free ortho-
TS W)y om) phosphate concentration of 1077 mol/1
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—uo, OH* (0.03 % v/v). The activity of total
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Fig. 7 shows that the solubility of U at pH 7 would be about 10-8-5 mol/! (i.e. of
the order of 1 ug/l) in the presence of a free ortho-phosphate concentration of 1075
mol/l. Therefore, the existence of uranium phosphates could explain the occurrence
of uranium concentrations of the order of 0.1-10 ng/l' in sediment-water systems.
The actual free ortho-phosphate concentrations required to maintain aqueous
uranium concentrations of the order of 1 ng/l may be higher than 10-5 mol/l,
since the effect of other ligands (e.g. organic acids) on the solubility of uranium
has not been considered in Figs 7 and 8. It may be concluded that although
uranium phosphates could control uranium solubility in a number of cases, in
general the free ortho-phosphate concentrations will not be high enough to main-
tain uranium concentrations of the order of 1 ug/l.

Other ligands

The actinides, U and Th among them, form complexes with halogens and with
most oxo anions, such as NO3~, SO,2-, ClO,~, PO,3~, HPO,2~ and CO;2~ (Cotton
& Wilkinson, 1972).

For uranium, complexes with silicic acid may be of importance too. Silicic acid
generally occurs in mineral soils, at concentrations of about 1073 mol/l (Wilding
et al.,, 1977). The following reactions describe the dissolution of amorphous silica
(50), the dissociation of silicic acid (51), and the complex formation with uranyl
(52):

SiO,, (amorphous) Z Si(OH), (50)
Si(OH); Z Si(OH);0~ + H* 51
UO,2+ + Si(OH)30- Z UO,Si(OH);0* (52)

These reactions yield the following set of equilibrium relationships (Smith & Mar-
tell, 1976):

log(Si(OH),) = —2.8 (53)
log(Si(OH);0°) = 9.5 + log(Si(OH),) + pH (54)
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log(UO,Si(OH)30%) — 1log(U0,2%) = 7.5 + log(Si(OH);07) (55)
Inserting Eqs 53 and 54 in Eq. 53, the latter simplifies to:
1og(UO,Si(OH);0%) — log(UO,2*) = -4.8 + pH (56)

From Eq. 56 it follows that at pH 7 the uranium-silicate complex dominates UQy2*
by a factor of about 100. It has to be borne in mind, however, that at pH 7 most
aqueous uranium will be present as hydrolysis products, such as (UO,)3;(OH)5*,
rather than as UO,2*. Assuming that equilibrium exists with respect to UO3 - HyO
and amorphous SiO,, according to Eqs 29 and 53, respectively, it follows from
Eqs 32 and 56 that:

1og(UO,Si(OH);0%) — log((UO,)5(OH);*) = 0.4 (57)

Therefore, when they are expressed in moles of U per litre, it follows that approxi-
mately equal amounts of U in solution are present as complexes with silicate and
as hydrolysis products.

Uranium and thorium may form stable complexes with carboxylic acids as well
(Martell & Smith, 1977). Owing to the omnipresence of carboxylic groups in soils,
in soil organic matter as well as in humic and fulvic acids, it seems worth-while to
pay some attention to complex formation with simple carboxylic acids, such as
acetic acid and oxalic acid, in order to assess the effect of complex formation with
organic acids on the solubility of uranium and thorium in soils. Acetic acid,
CH,;COOH, is an example of a simple monocarboxylic acid, which may serve to
illustrate the affinity of uranium and thorium to the carboxylic group. Uranyl and
thorium ions form complexes with acetate ions rather than with acetic acid, but at
near neutral and higher pH nearly all of the carboxylic acids occur in dissociated
form, such that the acetic acid concentration is approximately equal to the acetate
concentration at pH 6 and higher. In order to simplify the notation, UOy2* is
denoted by M2*, Th4* by M4* and CH;COO- by L, in Figs 9 and 10.

Fig. 9 shows that at an acetate concentration of 10-3 mol/l most uranium in
solution occurs in positively charged form, whereas at 10-2 mol/l and higher, most
species in solution are uncharged or negatively charged. In particular the negatively
charged species, UO,(CH3;COOQ);~, may be expected to be rather mobile in soil
systems. In most soils concentrations of moncarboxylic acids will not be as high as

Uranium

Y
3
N Fig. 9. Fractional occurrence of uranyl ion
N and uranyl-acetate complexes in aqueous
T, solution, as a function of acetate concen-
tration.
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10-2 mol/l, but under extreme conditions, such as in or near sanitary landfills,
concentrations of 102 mol/l may easily be reached.

Fig. 10 shows that thorium forms even more stable complexes with acetate. It
has to be borne in mind, however, that the major uranium and thorium species in
aqueous solution in the pH range of interest are not the simple UO,2* and Th4*
ions, but rather hydrolysis products of these ions. Therefore, the effect of mono-
carboxylic acids on the solubility of U and Th in soils cannot simply be derived
from Figs. 9 and 10. It may be expected, however, that complex organic acids, such
as humic and fulvic acids, do increase the solubility of U and Th in soils. It may
be noted that these complex organic acids, which contain several functional groups
per molecule, may form stronger complexes with U and Th than monocarboxylic
acids. For example, uranium and thorium form stronger complexes with dicar-
boxylic acids (oxalic acid, malonic acid) and tricarboxylic acids (citric acid) than
with moncarboxylic acids. In particular, thorium forms very stable complexes with
oxalic acid, HOOC-COOH. At a concentration of free oxalate of 10~8 mol/l (i.e.
less than 1 pg/1) thorium complexes of the form ThC,0,42" and Th(C,0,),°, would
dominate Th4* by a factor of about 10, whereas at an oxalate concentration of
1076 mol/1 this factor would be about 105, At pH 6, the major thorium species
in solution, Th(OH),2*, would also dominate Th4* by a factor of about 105.
Therefore, at pH 6 and a free oxalate concentration of 1076 mol/l, approximately
equal amounts of Th in solution would be present as organic complex and as
hydrolysis products.

Adsorption

Although little information seems to be available about adsorption of U and Th in
soils, it may be expected that positively charged uranium and thorium compounds
will be strongly adsorbed in soils. Like for other heavy metals, the adsorption will
be strongest in the low concentration range (Harmsen, 1977) and will be favoured
by a high pH. It has been proposed (James & Healy, 1972) that hydrolysed species
rather than simple heavy metal ions are adsorbed on oxide surfaces. This would
in part explain the strong pH dependence of adsorption of heavy metals in soils,
since both hydrolysis and the charge of oxide surfaces depend on pH. The fact
that uranium and thorium do occur to a large extent in hydrolyzed form in soil-

Thorium

1004

Fig. 10. Fractional occurrence of thorium
ion and thorium-acetate complexes in
aqueous solution as a function of acetate
iog (L7} —> concentration.
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water systems, together with the high affinity of actinides to oxo-anion groups, in
particular the high affinity of U to the silanol group, and the high affinity to
carboxylic-acid groups, make it very likely that U and Th will be strongly adsorbed
in soils, by both organic and mineral soil constituents.

Uranium concentrations in natural waters are generally in the range 0.1-10 pg/l.
Fig. 5 shows that the solubility of uranium in equilibrium with UOjz - HyO is
higher by a factor 102-103. This implies that UO3; - H,O cannot be the solid phase
determining uranium solubility in water-sediment systems. Precipitation of uranium
phosphates could explain the lower solubility of uranium in some cases, but the
general occurrence of uranium contents in the range 0.1-10 xg/l would point to a
control mechanism such as adsorption to Fe and Mn oxides (Jenne, 1968), to silica
and silicates, or to organic matter. Although adsorption of positively charged
uranium species would increase with pH, thus lowering the aqueous concentrations
of uranium, the relative amount of uncharged and negatively charged uranium
species (carbonates, carboxylic acids), which would not be adsorbed, or to a lesser
extent, would also increase with pH. These opposing tendencies could explain the
fact that uranium contents in natural waters seem to be quite constant over a range
of pH values.
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