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1. Properties of uranium compounds

.(1) 4.The analytical chemistry of uranium4" is particularly complicated and

interesting. This is due to the peculiar and extreme position of uranium

in the Periodic System of the elements. It is the heaviest naturally

occurring element (Z = 92) and, like all elements beyond bismuth (2 = 83),

is radioactive and, moreover, fissionable. In some of its properties it

behaves like a member of Group VI, following upon Cr, Mo and W, in other

respects, however, it behaves as a member of the series of elements 83

through 103, the actinide series, which parallels some properties of the

rare earth elements or lanthanides. The gaseous uranium atom has an

electron configuration 5 f^ 6 d 7 s^. In most chemical reactions, the

5 f electrons are involved in the bonding.

The prevalent state of U in solution is ü{VT) which is the only

stable state in contact with air, however, U(III) and U(IV) are also

relatively stable. U(V), although known, disproportionates in solution

to U(IV) + U(VI). The oxides and hydroxides of uranium are instable.

The stable cxydic form is U^O», a mixed oxide into which all other oxides

are transformed on heating.

The coordination number of uranium is 8, in the frequently en-

countered uranyl ion, 2 of these positions are occupied by oxygen atoms,

leaving 6 positions available.

With лапу anions, particularly the nitrate and the chloride, strong

anionic complexes are formed which extract into organic solvents (alkyl
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ketones, esters and ethers). This property which is practically confined

to the hexavalent species, is very useful in the separation of the ele-

ment. U (VI) chelates of oxine, dibenzoylmethane or acetylacetone are

also useful for this purpose, while U(IV) can be extracted as chelate

of cupferron or TIA (thenoyltrifluoroacetone).

Many uranium salts exhibit strong fluorescence (on irradiation váth
ultraviolet light). When irradiated with X-rays, characteristic fluor-
escent radiation is generated.

2. Analytical methods for uranium

above-described proper Lies are the basis for a large number of

techniques for the recognition, separation and determination of uranium.

Sane of them will be dealt with in detail in other lectures at this

training course. Here only a rather broad classification and evaluation

can be made, starting with non-destructive methods.

2.1 Badiometry

One of the most useful properties, analytically, of uranium is its
radioactivity and that of its daughter products. It is made use of
directly in uranium prospection which may be carried out initially by
aerial surveying, followed by car-borne or foot-borne radiation measure-
ments. In the laboratory, the method is also very useful. Alpha, beta,
or gamma radiation may be measured. Care has to be taken, however, to
distinguish uranium from other, naturally occurring radioactive elements
such as thorium or potassium. In garata radiation measurements this can
be done bysorting the gam» spectra by energy (2'3'5), the 2.62 MeV photo-
peak of Tl-208, a decay product in the thorium series, being particularly
useful to recognise (and correct for) any thorium contribution to the
count. Even in the absence of thorium or of significant amounts of
potassium (the '•*•»'< т^урлылг} of potassium to the spectrum is normally
snail, in spite of the high abundance of the element, due to the long
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half-life, 1.28x10 years and low abundance, 0.012%, of its only radio-

active isotope K-40) the quantity of uranium in a prospection sample

cannot easily by evaluated: the most prominent garata lines upon which

such an evaluation is normally based are not due to uranium itself but

to decay products of it, moreover, some are rather complex, carrying

contributions from more than one nuclide. (This may be sorted out some-

what by use of a high-resolution germanium detector, but only at a con-

siderable loss of sensitivity which makes the method useless at low

uranium concentrations). If the uranium in the sample is in equilibrium

with all its daughter products, it does not matter that an evaluation

of its concentration is based upon the measurement of the radiation fran

a daughter product; if, however» a disequilibrium exists (and this is

frequently the case due to weathering which causes fractionation of

chemically different species) such an evaluation requires knowledge of

the degree of disequilibrium. Without entering too deeply into details,

let it be sufficient to say that such knowledge may be obtained by

measuring the beta-gamma ratio, or the ratio of low-energy over high-energy

ganina radiation (both of which are different for uranium and for its

daughter products). The sensitivity of uranium determination by the latter

method depends upon the size of the sample taken and the counting

efficiency. Por a typical case, e.g. a 3 inch x 3 inch well type

sodium iodide detector, and the use of 15 g samples in which the daughter

products are within 30% to 200% of equilibrium with uranium, the sensi-

tivity is 20 ppm, with larger samples and detectors it may approach a

few ppm.

2.2 Neutron activation analysis JNAA)

Another radicmetric method for uranium is neutron activation analysis

when an atom of its isotope 17-233 captures a neutron it is converted into

U-239 which, in turn, decays by beta emission with a half-life of 23.5

minutes to Np-239. In addition, some of the atoms of U-235, present at

a concentration of 0.72% of the total uranium, will undergo fission under

creation of several radioactive fission products. The U-239, the Np-239

(6).
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(with a half-life of 2.36 days) or any of the fission products may be
used to determine the quantity of uranium in the sample. This can be

calculated from the activation formula but is more often calculated by

simultaneous activation and subsequent measurement of a suitable uranium

reference sample.

2.3 Delayed neutron counting (EKC)

Мэга important still for prospection samples is an activation technique

in which so-called "delayed neutrons" are counted. These arise in the

thermal- neutron fission of U-235 in which neutron-rich intermediate fission-

nuclides are generated which boil off groups of neutrons with characteristic

half-lives. Une only element in nature which behaves similarly is thorium

(Th-232) which, however, is fissioned only by fast neutrons. In addition,

N-17 formed fron oxygen by fast neutrons decays by neutron emission. In

delayed neutron counting^'', then, a sample weighing, say, one gram is trans-

ferred into the irradiation position in the reactor by means of a pneumatic

tube system ("rabbit") irradiated and transferred back into position in front

of a neutron counter where it is counted after sane delay. The entire pro-

cedure takes a few minutes per sample and has a sensitivity of less than

1 ppn.

2.4 X-ray fluorescence analysis (XRF)

X-ray fluorescence analysis depends upon the interaction of the

electrons in atoms with X-rays: when an electron from an inner shell

around the nucleus is knocked out of the atan by an X-ray, the gap is

immediately filled by an electron from an outer shell, creating a new

gap which, in turn is filled from a higher shell and so on. Connected to

this movement of electrical charges inside the atom is the anission of

fluorescent radiation which is characteristic for the element as well as

for the electron shell concerned. The original x-radiation nay come from

an X-ray tube or may be produced by isotope excitation. The response

characteristic for the element under investigation may be sorted out by

means of a gonicneter (wave-length dispersive system) or a multichannel

analyzer (energy-dispersive system). Wave-lenght dispersive systems are

L_



1
- 5 -

usually expensive, energy-dispersive systems can be made cheaper, the
multichannel analyzer may even be replaced by a less costly instrument
and the entire system built into a portable apparatus.

Advantages of the X-ray fluorescence technique include its capa-

bility for a rapid throughput of samples (a measurement may only take

a few minutes) and the versatility of the technique which can be used also

to scan for and to determine other elements beside uranium. Hie sensi-

tivity, with modern apparatus, approaches that of radionetric methods.

A difficulty with XRF is its sensitivity to the composition of the sample

matrix. Elements other than uranium in the sample may absorb some of

the primary as well as of the fluorescent radiation, thus causing a

lowering of the signal (less frequently, elements may Increase that

radiation, causing enhancement). Of course, uranium itself may also

cause interference when present in higher concentrations, but this can

be taken care of in a calibration curve. To a certain extent this effect

can be corrected for by internal calibration, using admixtures or

measuring directly the weakening of the primary radiation. Another inter-

ference may arise from differences in grain size of sample and standard.

This, of course, can be controlled by proper grinding and sieving.

Let us now turn to methods involving some chemical treatment of the
samples.

2.4 Fluorimetry

One of the most important methods for the determination of uranium at

ppm concentrations or below is fluorimetry* '. it is one of the oldest

methods used and many variations of it have been developed in tlie course

of time. Mast methods rely upon the fusion of the separated uranium

fraction of a sample with a flux consisting of a mixture of carbonates

and fluorides, the most camoa fluxes are (i) sodium carbonate, potassium

carbonate and sodium fluoride (9%), MP about 450°, or (ii) sodium fluoride

and lithium fluoride (2%), MP about 800°C. The method of Centanni (9 )
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further developed by Pakalns
 v
 ' uses flux (ii), after leaching of the

uranium frcm soil or rock samples with nitric, hydrofluoric and perchloric

acids and extraction of uranium into methylisobutyl ketone in the presence

of Ca-EDEA (to separate from quenchers), the method of Smith, and Lynch

uses flux (i) and relies upon dilution to diminish the influence of

quenchers. Veselsky
(
 ' has developed a rapid method in which a small

quantity of sample (a few hundred microgranmes) is fused directly with

flux (ii) and quenching corrected for by remelting with internal standard.

Мэге recently, a laser fluorimeter has been developed which avoids fusion.

However, the fluorescent agent used is based upon phosphate and is des-

troyed by acid (12) While results for water samples appear to be satis-

factory, acid leachates of soil, rock or sediment samples do not yet give

adequate results by this method.

2.5 Spectral photometry

For an accurate determination of uranium at concentrations of the

order of a few ppn up to several thousand ppn one tends to use a spectro-

photcmetric method. Many such methods have been used, sane of them,

like the use of hydrogen peroxide to produce uranyl peroxide (molar ab-

sorptivity up to 2000), or the measurement of the thiccyanate complex

(molar absorptivity near 4000) are of historical interest and seldom used

today.

Many elements interfere with these methods, they have to be removed,

e.g. by extraction of uranium. The classical extraction method for this

purpose relies on a tetrapropylanraonium nitrate-methyl isobutyl ketone-

acid deficient aluminium nitrate extraction system (the aluminium nitrate

acts as a salting out reagent), other methods use trioctylphosphine

oxide (TOPO) or tributyl phosphate (TBP). Frequently still, ethyl acetate

or diethyl ether may also be used. Separations may be assisted by ccm-

plexing agents such as Ш Г А or ЮТА to hold back certain interfering

elements in separations. Alternatively, ion exchange methods may be

used to achieve separation. A relatively old separation method, reported

by Kraus and Nelson in 1955 relies on the formation of anionic complexes
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of U (VI) in 4 - б М hydrochloric acid which are retained on a anion

exchanger (based on acid-resistant polystyrene) while the important

interfering elements (except iron III) are passed through the resin.

Subsequently, uranium is eluted with dilute acid.

И41
Kbrkisclv , about 10 years later, uses 0.6 M hydrochloric acid in

90% methyl glycol to elute iron II while U(VI) is retained. Stelow and

van der Walt, in a recent paper report the use of a similar sepa-

ration method, but replace the merhyl glycol by acetone.

Numerous reagents have been used to form coloured compounds with

uranium. An old method but of good sensitivity and still used in many

laboratories is the debenzoyl methane (EBM) method
(
 ', usually with

pyridine as the solvent (which also acts as a buffer). The absorptivity

of the resulting U(VI) chelate is about 20.000, a factor of ten higher than

the peroxide and still a factor five higher than the thiocyanate complex.

DBM may be replaced by reagents yielding products of equivalent or higher

molar absorptivity. The most important ones are those of the arsenazo

group, e.g. 3-(2^arsenophenylaao)-4,5-dihydroxy-2-7-naphthalenedisulfonic

acid, 1-(2-pyridylazo)-2 naphtol (PAN), or neothron with absorptivities

ranging to about 35.000. Arsenazo and neothoron complexes of U(VI) are

soluble in aqueous media, PAN-complexes in organic solvents.

tore modern still are reagents like arsenazo III (for U IV) with an

absorptivity of about 100.000 *
4
^, chlorophosphonazo II and bromo-PADftP

 (8
*

with molar absorptivities of 73.000 and 74.000, respectively). Using these

reagents and, some preconcentration of the uranium, sensitivities of less

than 10 ppn may be achieved, approaching the range of fluorimetric and

activation methods.

2.6 Gravimetry and Tfolumetry

Gcavimetry and volumetry are among the most, accurate methods in the

determination of uranium but they can only be used at somewhat higher

concentrations of the element and they require, same as spectrophoto-

metry, prior isolation of uranium from any elements which would interfere

with the determination, tost gravimetric methods end with U^Og which is

the only stable oxidic weighing form of the element. Organic compounds

П
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of uranium and many inorganic salts nay be converted into U,Og on pro-
longed heating. Uranium can be precipitated with carbonate-free armonía
(in the presence of carbonate a soluble complex is formed!), with hydrogen
peroxide, oxalic acid, cupferron, 8-hydroxyqainoline and with many other
precipitante. However, none of these methods is specific for uranium
and they are rarely used in its determination nowadays.

№>re important are the volumetric methods which, although also rather

old, are still used because of their relative speed and high accuracy.

Various titrimetric methods are possible, such as oxidimetric titration

of U(IV) to U(VI), reductcmetric titration of U(VI) to U(IV), complex

titration with Ш Е А and precipitation titration with cupferron or ferro-

cyanide. The most frequently used of these is the oxidimetric titration,

using potassium dichromate as titrant(17) Since uranium after dissolution

and separation is usually present as U(VI) it has to be reduced quanti-

tatively to U (IV) prior to titration. Ihis may be done with zinc

amalgams (90 - 99%) or with lead. If zinc amalgam is used (Jones re-

ductor) , the reduction proceeds partly to U(III) which has to be re-

oxidised to the tetravalent state prior to titration (e.g. by bubbling

air through the solution. However, certain ions, s"~h as Cr, Ni, Nb

and Cu may catalyse oxidation to the hexavalent state, unless conditions

are carefully controlled). These difficulties are avoided when the lead

reductor with its lower ionization potential is used which gives

stoichianetrie reduction to U(IV). Alternatively, electrolytic reduction

with electrcmetric indication of the end-point may be used. When re-

duction is ccnplete, titration is started, using diphenylamine sulfonic

acid or an other suitable substance as an indicator, or determining the

end-point potentianetrically (e.g. in automatic titrations). A reference

method, developed in the US,uses a weighed excess of solid potassium

dichranate and back-titration with Fe(II) solution. Many variations of

these procedures are possible and under perfect conditions a precision

of 0.01% standard deviation can be achieved.

Titrants other than dichranate may be used but they have little to

reccnmend them. Cerium(IV) is less specific, due to its higher oxidation

potential. Its one advantage is a sharper end-point, using ferroin as
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Indicator, hence a lower blank. Iron (III) is of seme advantage, avoiding
the need for the separation of iron from uranium in the sample solution.
Potassium permanganate has been used in the old days but involves
titration of hot solutions and is itself relatively instable.

Of more interest as a precision method which avoids the need for
any standardization is cculanetric titration. In this method, the titrant
is electrolytically generated cerium(IV) or bromine and the quantity of
electrical current consumed in its production is measured.

Reduction methods are used less frequently, requiring strong reductants

such as Cr(II) or Ti(III) that are neither stable nor selective. Cue

version of it which has found acceptance is the direct coulanetric re-

duction of U(VI) at a mercury cathode in 0.5 M H2SO4.

Precipitation methods have no particular advantage, since they are

not specific. For certain special purposes, cupferron, ferrccyanide and

8-hydroxyquinoline have been used, in sane cases with backtitration of

excess precipitant.

2.7 Other methods

Various other methods have been and are still used in uranium analysis.
They include X-ray absorption (XFA), polarography and emission spectros-
ccpy (ES). Of those, XR& is mainly useful at concentrations above 100 ppm.
ES, normally, has a similar limitation, however, better sensitivity can
be achieved when an enhancing agent such as lead chloride is employed or
when the mineral sample is converted into a bead before arcing. In the
latter case a sensitivity of a few ppm is claimed, but accuracy at low
concentrations is doubtful. Polarography with a dropping mercury electrode
is very suitabla for uranium, preceding in steps from U(VI) through all
the valencies down to U(III) and finally to zero valency as amalgam.
Numerous media have been used including inorganic ones like 0.5 M H2SO4,
0.5 M H3PO4, or 5 M HC1 as well as organic ones, increasing selecti-

vity. Selectivity can also be increased by reduction or canplexing
methods depending upon the nature of interfering ions. However, when many
diverse ions are present, and especially when uranium is the minor con-
stituent, special techniques or preliminary separations have to be used.
With pure uranium samples, very good sensitivity, down to 10 M uranium
can be achieved.
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3. Selection of a suitable method

None of the methods described is suitable under all conditions.
Far the accurate assay of uranium concentrate, other methods will be
applicable than for health physics monitoring or for low-level uranium
determinations in geochemical surveys. The selection of the most
appropriate methods depends on many parameters: on the purpose of the
analysis, the nature of the analyfce,- the concentration of uranium in
it, the presence and concentration of other elements in the matrix, on
the instruments available?, the accuracy required and on many other details.

In general, in prospection work where many samples containing low

levels of uranium have to be measured, most emphasis will be placed on

a) sensitivity,

b) simplicity and low cost,

c) ccmpatability with existing facilities.

accuracy, precision and reliability of the analysis of each individual

sample will be less in^ortant although certain minimum specifications

for these parameters will still have to be met.

Let us consider the particular case of geochemical surveys(18)

Uranium is a relatively mobile element. When its compounds in.
mineral deposits are exposed to air, water and carbon dioxide, uranium
may be mobilized in significant quantities and transported with the
water, in true solution or as suspended particles, moving downstreams in
channels and rivulets. By changes in the chemical environment along
its path, sane of the dissolved element is precipitated out again or it
may become adsorbed on surfaces and sediment particles. Alternating
solubilization and fixation processes create a linework of tracks
stretching out from a central location and capable of being followed back
to that location, if suitable methods are enployed, in this way leading
to the discovery of uranium deposits.

L

~I
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In geochemical exploration, traverses are made either along main

streams, or along roads and footpaths, occasionally also across country,

and samples are taken at intervals averaging perhaps half a kilometer.

Samples mainly consist of active stream sediments (that is material which

a stream is actively transporting) taken from the center of channels,

drainages and rivulets cut by these traverses.

MDSt secondary minerals of the ore elanent tend to be more friable

than their host rocks and are readily broken down to finer sizes. The

-80 mesh (-0.177 mm) fraction of these sediments which includes silt and

clay portions is the most suitable in the search for anomalous values of

uranium. This -80 mesh fraction is also very convenient from the point of

sample handling since it does not require any sample preparation other than

sieving before chemical analysis.

The samples, when they are brought to the laboratory, may contain in

addition to mineralized, sedimentad and adsorbed uranium, indicative of

near-by ore bodies, also some tightly bound native uranium in a clay or

silicate matrix. The concentration of uranium in either form may be quite

small with background levels ranging from a few tenth of a ppn up to one

or two ppn. The number of samples taken during geochanical surveys is

considerable. A method to deal with these samples must satisfy the

following requirements:

(i) First of all it should be capable of determining transported

uranium separately from native uranium in which we are less

interested. The higher the background of native uranium in these

samples is and the more of it we find in our analysis, the lower

becomes our sensitivity for the detection of the transported

uranium, the quantity of which we really want to know.

(ii) The sensitivity which we are after must be at least 1 ppra and

most laboratories doing this type of work try to get down to

0.1 ppn.

(iii) Furthermore, since the number of samples taken in geochemical

prospecting is likely to be rather large and it is not wise to

economize on this number, the method selected for their ana-

lysis must be rapid and reasonably cheap.
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Requirements of accuracy and reliability are less stringent since a

large number of similar samples are handled at the laboratory and no

conclusions are ever based on the analysis of a single one of them. In

the range of 1 - 10 ppm a standard deviation of + 30% can be tolerated

and an outlier rate not exceeding 20% is normally considered acceptable

in this work.

The majority of the usual methods for uranium will fall short of one

or the other of these requirements. Many are simply not sensitive enough:

this is true of most spectral-photometric methods, although you will hear

of sane гапагкаЫу sensitive ones. XRF-methods, likewise, work best at

concentrations of at least 10, better 100 ppm and often suffer frcm matrix

effects. Radicmetry, with the usual instrumentation and for a sample size

of 10 - 20 g will be limited to samples containing rather more than 20 ppm

and not too much thorium.

The latter two methods, moreover, unless preceded by seme separation

work (which is not usually undertaken since it would destroy their main

advantage which is simplicity) would determine total uranium without

providing an opportunity to discriminate between the transported and the

native fraction. Neutron activation analysis which could be sensitive

enough, in particular when delayed neutrons are counted as activation pro-

ducts, also does not permit such a discrimination. Most developing

countries, moreover, in which uranium prospection is undertaken, do not

have a reactor (which is the only source of neutrons polific enough to

provide the necessary sensitivity to delayed neutron techniques).

We stand a better chance with fluorimetry and I shall discuss this

a little more. Fluorimetry is remarkably sensitive for uranium, and it

requires some simple processing in the course of which transported and

native uranium can be easily separated. This processing consists of a

leaching process which will take out, as nearly as possible, all of the

mineralized, adsorbed or sedimeated uranium of a sample without attacking

the native uranium which remains inside the protective silicate layers

which are not destroyed during the process. The leaching technique has

to be selected bearing in mind the general nature of the samples' to which



- 13 -

it is applied: in most cases leaching with a hot mixture of mineral acids

will be suitable to extract the easily mobilized fraction of uranium.

In addition to uranium, other elements sane of which may quench

fluorescence in the subsequent determination of uranium, will be present

in the leachate. Hi certain fluorimetric techniques, uranium is separated

from these elements by a solvent extraction step from a salted solution.

However, this requires adjustment of sample acidity and salt concentration

and subsequent removal of the organic solvent used in the extraction, all

of which operations add considerably to the time required for analysis and

therefore to its cost.

The problem can be dealt with in most cases in a simpler way, viz. by

reducing the concentration of quenchers in the sample solution by addition

of a large volume of dilute nitric acid and by using a larger quantity of

flux mixture than is usually employed.

This method, which has been used by Smith and Lynch in the

Geological Survey of Canada and subsequently, with some modifications, at

several project laboratories serving the Agency's geochemical exploration

projects in certain Mariber Countries, has a sensitivity of 0.2 ppm and

allows the handling of a fair number of samples per day by a laboratory

technician at reasonable cost» Accuracy and reliability are within the

limits mentioned earlier.

The analysis of samples produced by exploration drilling presents a

different problem. Here, normally the presence of a uranium anomaly and

possibly of a uranium ore body has already been established and drilling

is carried out to determine its three-dimensional distribution. Sensitivity

is no longer of paramount importance, samples containing less than a ppm,

or even a few ppm, are of no interest. Those containing higher concen-

trations, on the other hand, must be detected with good reliability and

the uranium in than determined with reasonable accuracy. The individual

sample, due to the high cost of its collection is much more valuable than

a geochemical sample so that more analytical effort may be spent on it.

However, the number of samples to be analysed may still be considerable and

not all of them are equally valuable. There is an obvious need in this

case for a rapid screening method to separate the samples which contain

interesting quantities of uranium from those which do not. The simplest
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method which can be used for this purpose is a radioactivity measurement

and, in particular, garata spectrometry. Alpha or beta measurements can,

in principle, also be used, garnna spectrometry, however, has the advantage

of providing also an opportunity to distinguish uranium from thorium

which often accompanies uranium in deposits and to determine uranium also

when it is not in equilibrium with its daughter products. Direct gamma

spectrometry of individual uranium photopeaks, however, is not practicable

for uranium ores: they are of low abundance and suffer from interference

by peaks due to other nuclides in the chain, such as radium. To resolve

these peaks is not possible with the high efficiency sodium iodide detectors

commonly employed to determine uranium in prospection samples. High re-

solution germanium detectors, on the other hand, do not have the necessary

efficiency to measure uranium in ores in reasonable counting time unless

it is present in relatively high concentrations (from 0.1% upwards).

A more convenient distinction of uranium f ran its daughters is based

on differences in predominant gamma energies without, however, relying on

any single photopeaks: uranium ganna rays and those of its inmediata

daughters are mainly found in the low-energy region of the spectrum, they

are all of low abundance and highly converted so that they are measured

only with low efficiency. As a matter of fact, the most useful uranium

ganma rays originate not from U-238 but from U-235. Notwithstanding its

low abundance (0.7%), the lower half life and the high relative gamma

emission lead to a significant contribution of this nuclide to.the lower

energy range of the spectrum.

The spectrum of thorium-230, radium-226 or radon-222 and their

daughters is almost entirely due to the two nuclides lead-214 (radium B)

arid bismuth-214 (radium C) and ranges from 0.24 up to 2.44 MeV, with many

important lines at medium and high energies. Нэпе of the nuclides

following upon radium С makes any significant contribution.

This provides in essence, the basis of a simple radiometric method,

to determine, in a single measurement, the uranium content of an ore, its

degree of equilibrium- with its daughters and the quantity of thorium

present with it (if any). The spectrum is separated into different

(20)
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energy regions", one frcm 50 to 270 keV, one between 270 and 2450 keV,

the third frcm 2450 to 2800 keV. The contents of each "region" can be

separately integrated and fed to a sealer. The input fran uranium itself

and its immediate daughters will be almost exclusively into Region I,

while thorium-230, radium and its daughters will feed both Regions I and

II. The purpose of Region III which is centered on the photopeak of

thorium С at 2.6 MeV serves for the recognition of thorium-232 and for

the estimation of its contribution to the other two energy regions.

The ratio of the count rate in Region I over that in Region II is

a direct function of equilibrium and can be used to determine that para-

meter. Under certain experimental conditions, the ratio is of the order

of 10.0 for chemically purified uranium fran which radium has been removed.

For ores in which uranium is in equilibrium with its daughters it is 1.00,

for radium in the absence of uranium 0.70. Most ores exhibit ratios

between 1.5 (corresponding to 30% of equilibrium of daughters with uranium)

and 0.85 (corresponding to 220% of equilibrium).

With the aid of suitable reference materials a calibration curve

can be established which,for any given ratio of energy regions (and

corresponding degree of equilibrium) allows the uranium content of a

sample to be determined from proportionality factors. . The range of main

usefulness is the middle part of this curve ranging frcm 30% to about

200% of equilibrium. Beck samples containing less radium than 30% are

rare, perhaps because they are difficult to find by radiometric methods,

those containing more than 200% of radium are found more frequently, but

in this region the calibration curve is rather flat and the determination

lacks accuracy.

The method does not depend much on the type of disequilibrium. Since

most: of the daughter radiations cane from radium В and frcm radium С while

thorium-23C and radium-226 contribute very little and radon-222 not at all,

the effect on the gatuna spectrum is nearly the same, no matter whether

fractionation has occurred between uranium and radium, thorium or radon.

Even losses of radon after sampling (e.g. on grinding) do not lead

to wrong uranium values, since the method automatically compensates for

them. They could lead, however, to a wrong estimation of the degree of
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equilibrium existing in the investigated rock in nature unless time is
allowed for radon again to grew into the sample prior to the measurement.

For the range of equilibria discussed previously the method has a
sensitivity of 20 ppn and a precision, at 0.01% concentration of uranium
of 2 - 5%, depending on the concentration of thorium or potassium in a
sample. Potassium at ordinary levels of a few percent does not cause
trouble.

Thorium, due to the much higher radiation intensity of the msnbers of

its decay series, causes more interference. As long as its concentration

is smaller than or comparable to that of uranium, this interference can be

calculated and corrected for with sufficient accuracy, based on the

measurement in Region III. For ores much higher in thorium than in

uranium, however, the necessary corrections and the erros involved in

them are relatively large and may lead to an estimation of uranium/

daughter equilibrium sufficiently erroneous to invalidate the method.

Based on several years of experience with this method, the coutlier rate

is about 10%. Since other methods of uranium determinations in rocks

such as fluorimetry or, X-ray fluorescence have similar outlier rates, the

radicmetric method compares well with them. It is a rapid method and needs

no other preparation than a coarse breaking of the sample. The measure-

ment itself is completed in 10 minutes, some additional time is needed

for the daily re-establishment of the calibration curve and for the

necessary calculations.
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A, INSTRUMENTAL METHODS

RADICMETRY

NEUTRON ACTIVATION ANALYSIS

DELAYED NEUTRON MEASUREMENT

X-RAY FLUORESCENCE ANALYSIS

X-RAY ABSORPTION MEASUREMENT

EMISSION SPECTROGRAPHY



RADIOPCTRY

DETECTION OF URANIUM: AERIAL SURVEYS : Y

DETAILED FOLLOW-UF:Y/ RN-EMANCMETRY

DISTINCTION FRCM TH/ К

DETERMINATION OF EQUILIBRIUM: <v't». ел, Y/Y

DETECTORS; NAI GE/LI 6E FOR Y

GM OR PROP. COUNTERS FOR 0 (AND a. IN SOME CASES)

FRACTIONATION UVTH



NEUTRON ACTIVATION ANALYSIS

~l

238„,_ „, 239 239Np 239
2,36 d Pu

S
0.6 c£ ffa.

3.7 x 1010A

- . " 0.69**,

S in c/g; | i n n cnf 2s~1; 6* in barns

23! range of fission products
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DELAYED NEUTRON COUNTING

235,
• • • т* II • • i

n

Range of FP's with
delayed anlsslon
of neutrons

I
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X-RAY FLUORESCENCE ANALYSIS

BRAGG'S EQUATION: n * = 2<a sin

d = known constant
of crystal

/9 (measured) = f (Д)

A = characteristic for
element

WAVELENGTH DISPERSIVE SYSTEM: % i s MEASURED WITH

GONIOMETER.

ENERGY DISPERSIVE SYSTEM:

EXCITATION:

RADIATION ENERGY IS MEASURED

WITH X-RAY SPECTROMETER

(MULTICHANNEL ANALYZER).

X-RAY OR ISOTOPE SOURCE.

1 : L. .
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PETHQDS OF U DETERMINATION

В, WET-CHEMICAL METHODS

FUUORIMETRY

SPECTROPHOTCMETRY

VOLUMETRY

GRAVIMETRY

ELECTROCHEMICAL METHODS

Р О Т Е Ш С М Е Ш С TITRATION
COULCMETRY
POLARCGRAPHY

L .
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RJUORIFETRY

MOBILE URANIUM: leaching: HNO 3, HCI

TOTAL URANIU'1: Destruction of matrix.
SÍO2 + 3H2F2 » 2H2O + H2SiP6
HNO3, H2F2, HCIO4

Fluxes: (i) N a ^ + K2CO3 + NaF

(ii) NaF + LiF (Centanni)
1O

Quenching:

a) Renoval:

Sensitivity: 1O"1Ol
Sub-pun for solids, ppb for water

Mi, Ni, Cr, etc.

extraction of U with МШК, ТВР,
ether, ethyl acetate

b) Dilution

INTERNAL CALIBRATION

DIRECT FUOURIMETRY

LASER FLUORIMETRY

i ~i



SPECTRDPHOTO№TPY

LAMBERT-BEER I = I
o
e

PEROXIDE

THIOCYANATE

DEM
ARSENAZO

PAN
NEOTHORONE

BRCMO-PAWP

CHLOROPHOSPHONAZO III.

ARSENAZO III

- aod

a = molar absorptivity =
characteristic for colour
reagent
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3850
20000

YELLOW

AT 375 ny

20000 - 35000 600 m/i REGION

70000

100000

PRIOR SEPARATION NECESSARY. E.G. TETRAPROPYLAMMONIUM
NITRATE - MIBK - ACID DEFICIENT ALUMINIUM NITRATE EX-
TRACTION (WITH DBM METHOD) •
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GRAVIfETRY

PRECIPITATION AS BASIC OXID > U5O3

AS PEROXIDE UO4.2H2O
AS OXALATE (U IV ONLY)

AS CUPFERRATE

AS 8-HYDROXYQUINOLATE
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VOLUfBW

QXIDIMETRIC:

U(IV) то UCVD w. ̂ ¿ 0 7 AND DIPHENYLAMINE INDICATOR
w. CE(IV) AND FERROIN INDICATOR
w. FE(III) AND POTENTICMETRIC END POINT
W. CCULCMETRICALLY GENERATED OXIDANT

(BROMINE OR CERIUM)

w. КОД
REDUCTOMETRIC:

U(VI) то U(IV) w. CR(II)

w. Ti(III)
W. COULOMETRIC METHODS

PRECIPITATION TITRATION:

W, CUPFERRON/ FERROCYANIDE/ ETC.

COMPLEXCMETRIC TLTRATION:

W. EDTA AND OTHERS
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