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FOREWORD

The objective of this publication is to provide an up to date review of the
environmental behaviour of radium, including methods for analysis, assessment and
control. The need for a reference text on the subject was identified at an early stage
of the International Atomic Energy Agency's Co-ordinated Research Programme
(CRP) on radium behaviour in relation to uranium mining and milling wastes, which
began in 1976. There were two CRPs:

(1) The Source, Distribution, Movement and Deposition of Radium in Inland
Waterways and Aquifers (1976-1980; final report: IAEA-TECDOC-301,
published in 1984).

(2) The Environmental Migration of Radium and Other Contaminants Present in
Liquid and Solid Wastes from the Mining and Milling of Uranium (1981-1985;
final report: IAEA-TECDOC-370, published in 1986).

In particular, two CRPs were focused on radium migration in surface and
groundwater systems. A forerunner to the present publication was produced at the
end of the first CRP (IAEA-TECDOC-301). Although limited in scope and content,
the TECDOC attracted the interest of many workers in the field and, as a result of
this interest, it became the foundation for the present publication.

The present publication had its origin in 1984, towards the end of the second
CRP, and has been managed by a small Steering Committee (the members of the
Steering Committee and the Advisory Group, as well as the names of the referees,
are given in the List of Participants at the end of this report). It was decided that
contributors should not be restricted to the members of the CRP, but that partici-
pation should be invited from known experts in the field. This was seen to have the
advantages of ensuring a broader scope for the monograph, rather than being limited
entirely to the environmental problems of the uranium mining and milling industry,
and of drawing on a larger base of expertise. The Steering Committee reviewed texts
as they were received, nominated referees and, at the last (Advisory Group) meeting,
made a final review of referees' reports and decided on the acceptance of revised
texts.

This publication deals with the sources, properties, environmental behaviour
and the methods of analysis, control and assessment of 226Ra. It is an outgrowth of
Agency programmes directed towards the environmental problems involved in
uranium mining and milling. The emphasis in several of the sections reflects these
origins. For example, many of the contributions in Volume 2 of this report on
technologically enhanced sources of radium (Part 1), methods of control and
abatement (Part 2) and the impact on man (Part 3) are concerned with uranium
mining and milling. In Volume 1, coverage of the natural distribution (Part 2),
analytical methods (Part 3), environmental migration (Part 4) and biological uptake
(Part 5), is more general. It is likely that the reader will find the information needed



on the environmental behaviour of radium in this report, or will at least find

references to other, more appropriate, texts contained in it.

Throughout the period of preparation of this publication, the Agency has taken

the advice of the members of the Steering Committee. Their support is gratefully

acknowledged, in particular, A.R. Williams, P. Benes, R.J. Kirchmann and

G.M. Ritcey should be mentioned. The help provided by the referees in reviewing

and commenting on the draft contributions is also acknowledged. The project was

managed by IAEA staff members J. Molinari (from 1984-1985) and G. Linsley

(from 1985 until the present), of the Division of Nuclear Fuel Cycle and Waste

Management.

EDITORIAL NOTE

The papers have been edited by the editorial staff of the IAEA to the extent considered
necessary for the reader's assistance. The views expressed remain, however, the responsibility
of the named authors or participants. In addition, the views are not necessarily those of the
governments of the nominating Member States or of the nominating organizations.

Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.

The use of particular designations of countries or territories does not imply any judge-
ment by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be
construed as an endorsement or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA
to reproduce, translate or use material from sources already protected by copyrights.

Material prepared by authors who are in contractual relation with governments is
copyrighted by the IAEA, as publisher, only to the extent permitted by the appropriate national
regulations.
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Part 1

TECHNOLOGICALLY ENHANCED SOURCES
OF RADIUM





INTRODUCTION

Although the mining and processing of pitchblende and other ores to extract
radium as a commercial product no longer occur in the world, there are numerous
other activities that can contribute to an increase in the presence of radium in the
environment. Radium is a naturally occurring radionuclide, but the activities of man,
particularly the mining and processing of minerals, can substantially redistribute
radium in the environment, often transporting radium from deep within the Earth to
the surface. In addition, processing activities can greatly alter the chemical form of
radium, which may make it more readily available for uptake by plants, animals and
humans.

Industries involved in the extraction of uranium, phosphate, rare earths,
niobium, titanium, copper and coal remove many millions of tonnes of ores each
year. The concentrations of radium in these ores range from only a trace amount to
many thousands of bequerels per kilogram.

Ore processing methods are very variable, ranging from simple physical
separation of the ore constituents to treatment with powerful acids to dissolve the
materials. Consequently, the potential for contamination of the biosphere varies
significantly depending upon the source.

In this part of the volume, some of the principal sources of radium are
described. The individual chapters deal with uranium source wastes, uranium mill
tailings, phosphate products and wastes, monazite processing wastes and emissions
and wastes from coal mining and burning.





Chapter 1-1

THE CHEMISTRY OF 226Ra
IN THE URANIUM MILLING PROCESS

W.J. SNODGRASS
Beak Consultants Limited,

Mississauga, Ontario,
Canada

1. DESCRIPTION OF MINING AND MILLING FACILITIES

Uranium mining facilities are generally classified as underground or open pit
operations. If the ore bodies lie within the saturated groundwater zone, the pit or
underground operation must be dewatered prior to mining.

After broken ore is removed from the mine, it is transported to a crushing
operation, where it is broken into smaller pieces (Fig. 1) [1J. Crushing is followed
by grinding, where the crushed ore is ground to a relatively fine particle size (less
than 300 /mi) designed to optimize the efficiency of the uranium extraction process.
After grinding, uranium is extracted from the ore by leaching. The leaching circuit
is usually customized to a particular ore, but typically involves exposing the ore to
a sulphuric acid solution at 35-80°C under oxidizing conditions. Elevated pressures
may also be used in combination with the strongly oxidizing environment, particu-
larly for refractory ores. If the ore has a high carbonate content, alkaline leaching
may be preferred. Alkaline leaching uses a base, such as sodium car-
bonate/bicarbonate, as the leaching agent.

Following leaching is a liquid-solid separation/washing step. From this step,
the solids are transported to a tailings area, while the 'pregnant' solution undergoes
solvent extraction or ion exchange for uranium recovery. The pregnant strip liquor
from the solvent extraction unit or the eluate from the ion exchange units then under-
goes a precipitation step in which the uranium is recovered as either an ammonium
or a magnesium diuranate. The 'barren' solution is then recycled to the washing cir-
cuit or discharged into the tailings management area. The diuranate is then calcined,
dried and packaged as yellow cake.
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FIG. 1. Typical acid leaching circuit in uranium mills [1],
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2. OBSERVED LIQUID-SOLID DISTRIBUTION OF 226Ra IN URANIUM
MILLS

2.1. Mills using sulphuric acid leaching

Several studies have reported the concentrations of 226Ra in uranium milling
circuits. These data provide a means for understanding the dissolution and immobili-
zation processes taking place. Tsivoglou and O'Connell [2] and Seeley [3] reported
the 226Ra solid-solution distribution for some mills in the United States of America,
while Skeaff [4] examined the 226Ra distribution in a Canadian mill (Rio Algom).
Ring et al. [5] determined the distributions of 226Ra, 230Th and 210Pb in process and
waste streams in an Australian mill. The concentrations of 210Po in a few selected
streams were also measured. Tsivoglou and O'Connell [2] measured the 226Ra dis-
tribution for typical acid leach-RIP, acid leach-SX and alkaline leach processes in
the western and southwestern USA. For the acid leach-RIP process, 74% of the
226Ra was in the 'slimes' (less than 75 /xm) fraction, while for the acid leach-SX
mill, 82% of the 226Ra was in the slimes. They also found that less than 1 % of the
radium entering the mill left the mill in solution — in excess of 99 % of the radium
was contained on the discharged solids.

For Ambrosia Lake uranium tailings (in New Mexico, USA), Seeley [3] found
that 87% of the 226Ra was contained in the 27% of the material which was less than
44 nm (—325 mesh) in size. In another mill, 85% of the 226Ra was contained in the
less than 106 ^m (-150 mesh) size, which accounted for 20% of the leach residue.
However, there was no 'preferential' distribution of 226Ra with respect to size frac-
tion in crushed ore before leaching. That is, 226Ra was found equally in all size
fractions of the ore before leaching, but it was concentrated in the fine's fraction after
leaching. This shows that the redistribution of 226Ra occurred during leaching.

The data of Skeaff [4, 6], given in Table I and Figs 2(a) and 2(b), provide a
detailed account of the behaviour of 226Ra in the Rio Algom mill (in Ontario,
Canada) and, in particular, on a 'leaching tank-by-tank' basis. The mill used sul-
phuric acid leaching at approximately 55 °C for 36 h. The data indicate that 60% of
226Ra was in the 75 fim fraction before leaching, but that this increased to 80%
after the first tank and to 85% by the end of the leach circuit. Thus, it is clear that
226Ra is also dissolved from the finer grained fraction.

At the Nabarlek mill, owned by Queensland Mines Ltd (Australia), ore is
ground to 50 wt% less than 75 fim (-200 mesh) and leached at a slurry density of
45 wt% with sulphuric acid for 24 h at 40-45°C. The leaching pH is controlled at
1.8 in the first two tanks and then allowed to increase. Pyrolusite is used as an
oxidant. The tailings/raffinate slurry from the CCD washing circuit is neutralized
with lime to pH8.5 and then barium chloride is added to induce formation of a
radium-barium precipitate before discharge of the slurry to the mined-out pit [5].



TABLE I. Ra-226 IN ORE AND RESIDUE SOLIDS AT THE RIO ALGOM (SULPHURIC ACID LEACHING) MILL,

ONTARIO, CANADA [4, 6]

Location

Greater than 75

wt%

Less than 75 /im

Ra-226 Ra-226

Bq/g wt% Bq/g

Weighted
total

(Bq Ra-226/g)

Unscreened
cut

(Bq Ra-226/g)

2. Grinding circuit output

box 1 of 3
box 2 of 3
box 3 of 3

7. Neutral thickener U/F

8. Pachuca input

9. Pachuca output

10. Partial neutralization discharge

11. First cyclone O/F

12. Fifth cyclone U/F

14. Last CCD U/F

15. Tailings neutralization discharge

60.5
60.3
56.8

55.7

55.9

60.9

56.6

27.5

94.6

26.6

53.8

8.0
10.3
8.1

9.0

8.3

3.1

4.6

4.2

4.5

8.4

4.9

Overall

36.6
45.3
36.9

43.8

35.2

13.1

20.0

8.2

85.6

11.4

17.0

mill study

39.5
39.7
43.2

44.3

44.1

39.1

43.4

72.5

5.4

73.4

46.2

20.0
18.8
18.1

14.6

19.3

32.4

24.1

17.9

13.2

23.5

27.6

63.4
54.7
63.1

56.2

64.8

86.9

80.0

91.8

14.4

88.6

83.0

12.8
13.6
12.4

11.4

13.1

14.5

13.1

14.1

4.9

19.4

15.4

11.5
12.4
10.1

13.1

11.6

13.5

12.3

20.7

5.7

17.7

12.4

1n
w

o



Leaching pachuca study

Feed 57.4 8.5 41.6 42.6 16.1 58.4 11.8 12.0

Pachuca No. 1A 59.5 3.3 20.0 40.5 19.6 80.0 9.9 12.5 o

Pachuca No. 2A 59.7 3.5 23.4 40.3 17.0 76.6 8.9 12.2 2«

Pachuca No. 3A 53.8 3.0 16.3 46.2 17.8 83.7 9.8 13.5 jo

57.4

59.5

59.7

53.8

56.8

57.6

57.4

54.9

8.5

3.3

3.5

3.0

2.6

2.6

3.6

3.7

41.6

20.0

23.4

16.3

16.1

15.2

18.6

15.1

42.6

40.5

40.3

46.2

43.2

42.4

42.6

46.1

16.1

19.6

17.0

17.8

17.8

19.6

20.7

25.3

58.4

80.0

76.6

83.7

83.9

84.8

81.4

84.9

11.8

9.9

8.9

9.8

9.1

9.8

10.9

13.5

Pachuca No. 4A 56.8 2.6 16.1 43.2 17.8 83.9 9.1 13.8

Pachuca No. 6A 57.6 2.6 15.2 42.4 19.6 84.8 9.8 12.9

Pachuca No. 7A 57.4 3.6 18.6 42.6 20.7 81.4 10.9 15.7

Pachuca No. 8A 54.9 3.7 15.1 46.1 25.3 84.9 13.5 12.9
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Ore 13.3Bq/g
6.3 Bq/L

Mine water
6.7 Bq/L

( a )

flesh 1

H,SO,

stream
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FIG. 2. (a) Ra activity at various sampling locations at the Rio Algom mill. —: ore pulp;
: secondary solution and slurry flows. (Note: 226Ra analyses for the solids of the ore pulp

sampling locations are given in Table I.) (b) Distribution of226Ra in solids at the Rio Algom
mill. 2: grinding circuit output; 7: neutral thickener U/F; 8: pachuca input; 9: pachuca output;
10: partial neutralization discharge; 11: first cyclone OIF; 12: fifth cyclone U/F; 14: last CCD
U/F; J5: tailings neutralization discharge [4, 6].

Measured concentrations of radionuclides at various points in the Nabarlek
mill (Fig. 3(a)) are given in Tables II and III and plotted as a function of pH in
Fig. 3(b). The data on solids indicate that less than 2% of the uranium is left in the
solids and that residual 226Ra, 230Th and 210Pb activities in the neutralized tailings
are approximately at secular equilibrium with the ore. Only a small fraction of
226Ra was found in the leach liquor (0.01% of the total ore content). The higher
activity in the solution phase of the leaching tank feed compared with the solution
phase of the leaching tank discharge is attributed to a higher sulphate concentration
suppressing radium solubility.

The results of a laboratory study by Ring et al. [5] involving pH adjustment
of an acidic tailings slurry are also shown in Fig. 3(b) (labelled 'Laboratory Study').
There is generally good agreement between these results and the survey results,
although for a given pH the dissolved concentrations of 210Pb tend to be somewhat
higher in the mill. Both sets of data show that 226Ra increased significantly during
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10=

( b )

Th

FIG. 3. (a) Nabarlek mill flowsheet and locations of sample points, and (b) effect ofpH on
dissolved concentrations of 226Ra, 230Th and 2wPb.

lime treatment and that the 226Ra activity was higher in the final neutralization tank
than anywhere else in the mill. Ring et al. [5] suggest the following explanation: the
decrease in sulphate concentration occurred as calcium sulphate is precipitated,
allowing for dissolution of 'radium sulphate' held on the tailings due to the common
ion effect.

The data on solids indicate that 226Ra is redistributed onto the fines during
leaching. However, it is unclear whether all of the 226Ra is leached from the parent
uranium mineral, or whether a portion of it stays at the site of the residue parent ura-
nium mineral and is not brought into solution by sulphuric acid leaching. The
behaviour of parent and grandparent radionuclides, and the daughters of 226Ra,
provide some insight into this question — if all of the parent or daughter radionu-
clides are brought into solution, it is probable that an equivalent activity of 226Ra



TABLE II. DISSOLVED CONCENTRATIONS OF RADIONUCLIDES IN THE NABARLEK MILL CIRCUIT

Sample
No. Description pH

7.45

7.56

2.56

2.27

2.00

3.89

7.49

8.50

8.32

8.00

8.06

8.08

7.71

7.79

9.40

Sulphate
(g/L)

4.8

4.7

•-35.2

26.4

37.2 .

26.4

13.9

12.5

12.8

13.4

6.3

6.7

6.3

ND

0.2

U

12

NDa

223 000

89

25

51

0.4

0.2

ND

ND

0.7

ND

0.4

ND

1.2

Activity

Ra-226

17

69

25

27

28

89

210

266

40

48

10

2.7

0.9

2.6

1.3

(Bq/L)

Th-230

<0.4

11

52 200

33 600

42 400

6100

1.3

0.2

ND

ND

0.36

ND

1.3

ND

<0.4

Pb-210

<0.4

0.93

430

210

380

280

8.1

1.8

ND

ND

<0.5

ND

<0.5

ND

<0.4

1 Recycled process water (RPW)

2 Slurry feed to leach circuit

3 Slurry from No. 6 leach vessel

4 Tailings slurry from CCD circuit

5 Raffinate recycle to CCD circuit

6 Slurry from first stage neutralization

7 Slurry from second stage neutralization

8 Slurry from final stage neutralization

9 Tailings slurry after BaCl2 treatment

10 Effluent slurry at entry to pit

11 Decant water from pit

12 Pit decant water after BaCl2 treatment

13 O/F from pit water clarifier

14 U/F from pit water clarifier

15 Evaporation pond

os

ND: Not determined.
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TABLE III. RADIONUCLIDE CONTENT OF SOLIDS AT THE NABARLEK
MILL

Sample
No.

2

4

16

Description

Ore (2.83% U3O8)

Tailings

Yellow cake

U-238

298

5.3

NDa

Bq/g

Ra-226

314

330

0.5

Th-230

348

292

17

Pb-210

291

300

0.2

ND: not determined.

has been leached from the parent 238U mineral and then resorbed, either by adsorp-
tion or co-precipitation type mechanisms.

There are two data sets which permit comparison between 226Ra activity in
the leaching liquor and the activity of its parent and daughter [5, 7]. The 230Th
activity in the leaching liquor of the Nabarlek mill [5] was 18% of the total 230Th
activity originally in the ore, while the activity of the 210Pb in the liquor was 0.18%
and that of 210Po was 0.37%. The 230Th appears to be low compared with other
studies, which suggests that 35-85% of thorium is dissolved during leaching.
However, because laboratory measurements found that 62% of 230Th in the ore was
dissolved at pH1.3, Ring et al. [5] advanced the explanation that the relatively mild
leaching conditions during the survey (pH2.6 in the final leaching tank) was the prob-
able cause of the low percentage of mobilized 230Th.

Another set of data which characterized the activity of the 238U and 232Th
decay series nuclides was obtained from the leaching tanks of Rio Algom (Elliot
Lake, Ontario) over a one year period. The data from one survey are given in
Table IV; there is no clear change in radionuclide content as a function of the
increase in leaching time, as given by the tank number (where tanks 1-12 represent
12 tanks in series). The reason for the increase in 226Ra activity from tank 3 to
tank 5 is unknown. On the basis of secular equilibrium arguments for the uranium
mineral, approximately 50% of 230Th, 0.1-0.3% of 226Ra, 4% of 210Pb and 2% of
2!0Po are observed in solution when the activity of 238U in solution is used to define
the expected level of its daughters in solution. Using 232Th solution activity to
define an expected level of its daughters in solution, less than 10% of 228Ra, but
approximately 100% of 228Th are observed in these leaching solutions and in a
laboratory acid digestion experiment.



TABLE IV. ACTIVITY (IN Bq/L) OF RADIONUCLIDES IN THE LIQUID STREAM OF RIO ALGOM LEACHING
PACHUCAS (AFTER REF. [7])

Radionuclide

U-238 (mg/L)

Th-230 (Bq/L)

Ra-226 (Bq/L)

Pb-21O (Bq/L)

Po-210 (Bq/L)

Th-232 (Bq/L)

Ra-228 (Bq/L)

Th-228 (Bq/L)

Tank la

First"
analysis

2100

9820

2.66

926

438

1730

2980"

1950

Second"
analysis

1800a

13 230a

—

930

—

1950a

—

1940a

Tank 3a

2200

12 800

2.39

870

—

1560

2340

1550

February 1985

Tank5a

2800

13 480

26.3

950

—

1900

3490

2100

Tank7a

2100

12 850

25.7

750

—

1930

3330

2050

Tank lla

2100

13 500

23.6

600

—

1750

2810

1740

Tank 12a

1900

12 510

19

620

—

1760

2640

1940

a Sample was filtered immediately after sampling and diluted 1:10.
" First analysis for February 1985 tank 1 was made in early March 1985; the second analysis was made in early September 1985. The two

analyses are blind replicates.

I
oo
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2.2. Mills using alkaline leaching

Alkaline leaching is the other major process currently in use for leaching ura-
nium. The process is typically used in place of acid leaching if there are substantial
amounts of base minerals in the ore which would cause excessive acid consumption.
The process involves exposure of the ore to a concentrated solution of sodium car-
bonate/bicarbonate at an elevated temperature (up to 90°C [8]). Sodium hydroxide
is used to precipitate uranium from carbonate leach liquors — CO2 is then used to
regenerate sodium bicarbonate from excess sodium hydroxide. The residence time
may be up to four days [8]. Few data were found by this author which characterized
the mobilization of 226Ra in alkaline leaching processes. However, on the basis of
the data of Langmuir and Riese [9], it is probable that a substantial portion of 226Ra
would be dissolved with the leaching of the parent uranium minerals and co-
precipitated with barium carbonate, calcium carbonate and lead carbonate.

3. EVALUATION OF 226Ra GEOCHEMISTRY IN URANIUM MILLS

Past work (e.g. Refs [4-7]) has established that 226Ra, 210Pb and 2I0Po essen-
tially remain in the solid phase in the leaching tanks of the mill, whereas significant
fractions of other radionuclides of the 238U chain (i.e. 238U and 230Th) are dissolved
by acid leaching. Using the chemical concept that (sulphuric) acid attack upon the
uranium minerals should break uranium and all of its daughters out of the parent
238U crystal structure, it might be expected that 226Ra would enter solution in
proportion to the amount of 238U dissolved from the uranium mineral. For radio-
nuclides in secular equilibrium, an equivalent radioactivity to that of the parent is
expected. One can question whether'the uranium is sufficiently attacked by acid
leaching to liberate 226Ra. However, the work of Skeaff [4] shows that the percent-
age of 226Ra in the less than 75 pm size fraction increases from 50 to 60% in the
raw ore to approximately 80% after the first leaching tank. Thus, it is clear that much
of the 226Ra has been dissolved and redistributed to the finer material. We can infer
that it must enter solution and then be 'resorbed' and/or precipitated onto the solids.

The most plausible possibilities for explaining this solid form of radium are
that it is either on the surface of the leached solids in a 'reversibly adsorbed' state,
or as a 'co-precipitate' with a metal sulphate precipitate. Solids from different parts
of the Rio Algom mill (leaching tanks, neutralization tanks) have been analysed
previously using scanning electron micrograph-X ray emission (SEM-XRE) tech-
niques [10, 11]. These studies demonstrate that small quantities of surface precipi-
tates are found on solids leaving the leaching tanks and that substantial additional
amounts of precipitates are found on solids leaving the neutralization tanks. The coat-
ings formed in the leaching tanks could either 'cover' reversibly adsorbed 226Ra,
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effectively cementing it to the surface, or could be the location of a precipitate con-
taining 226Ra as a co-precipitate. This SEM-XRE analysis showed that gypsum was
the major secondary precipitate. No crystals of barite or anglesite were identified.
The geometry of the bean suggested that barium sulphate precipitates must be quite
small (less than 1 (tm length scale on the surface of 0.5 mm diameter solids).

Previous laboratory work using chemical techniques has produced a confusing
picture of the geochemical controls on 226Ra behaviour; variables examined include
the liquid to solid ratio, concentration of cations and anions and other leaching agents
in solution, ionic size and charge of the cation and the surface area of the solid
[3, 12-20]. Recent work [21, 22] has systematically described all of these different
experimental variables and contains some observations concerning the effect of alter-
native chemical techniques on the leaching of 226Ra from mill solids, but does not
permit the drawing of general conclusions concerning which mechanism is
dominant. Another literature review [23] has suggested that dissolution of a
barium-radium sulphate co-precipitate may control much of the 226Ra found in
tailings.

Earlier work [10, 11] has suggested that 226Ra co-precipitation with barium
sulphate is the controlling host precipitate. This is based on evidence which included
the following:

(a) Of the several plausible metal sulphates or hydroxides (calcium, lead, iron,
barium) with which 226Ra may co-precipitate, barium is the only metal
which shows a consistent correlation with 226Ra in studies using KC1 and
ethylenediaminetetraacetic acid (EDTA) as the leaching agents on uranium mill
(leaching tank) solids and on 30 year old tailings.

(b) In one lysimeter where pyrite was completely consumed in the surface up to
10 cm, 80% of the 226Ra had leached from this section. This suggests that
when pyrite oxidation is complete such that sulphate concentrations in the pore
water are quite low, a sulphate mineral containing 226Ra will dissolve.

(c) The thermodynamics of 226Ra substitution into the crystal lattice of BaSO4 is
quite favourable because substitution does not substantially affect its lattice
parameters, owing to the similarity of the charge and ionic radius of barium
and 226Ra.

The problems associated with these measurements are that each washing agent does
not specifically dissolve barium sulphate and lead sulphate. In a more comprehensive
approach [7], washing agents (e.g. EDTA, KC1, FeCl3, CaCl2, BaCl2, HC1O4,
H2SO4 and HNO3) were applied simultaneously to leaching pachuca solids and vari-
ous tailings samples. The dissolution experiments showed that 226Ra dissolution was
best explained by barium dissolution; however, part of its dissolution was also
explained by lead dissolution in some samples.

In another dissolution study [24], distilled water washing of the leaching
pachuca solids was employed to take advantage of the two orders of magnitude
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difference in the solubility products of barite and anglesite. The results showed that
radium dissolution was correlated with barium dissolution during the first few leach
passes, followed by a transition zone to a leaching period in which 226Ra dissolution
was correlated with both barium and lead dissolution.

The presence of barite in the solids derived from uranium mills was confirmed
by two recent studies. In a secondary ion mass spectrometry (SIMS) study on the
heavy fraction concentrate of the ore, barite was identified in the uranium ore. In
a nuclear emulsion study on leaching tank solids and on tailings [25], locations of
high alpha activity were examined using SEM; small microcrystalline barium sul-
phate crystals which had precipitated on the surface of a silicate mineral were identi-
fied. The barite crystals were the likely sources of the alpha radiation (presumably
of 226Ra) and alpha emitting daughters (e.g. 210Po) and contained small quantities
of lead. No lead sulphate particles were identified.

Future work requires that more solid phase identification studies be conducted
and that a specific leaching agent for differentiating barite dissolution from anglesite
dissolution be used to prove, in an unambiguous fashion, the mineral which controls
226Ra dissolution from solids.

4. CONCEPTUAL MODEL OF MECHANISMS INVOLVED IN 226Ra
DEPOSITION AND SUBSEQUENT DISSOLUTION

The hypothesis described in this section is that a metal-sulphate co-precipitate
is the main solid form of 226Ra in tailings resulting from sulphuric acid milling and
that this co-precipitate is formed in the first several leaching tanks. The formation
process is kinetically controlled. A conceptual diagram of the hypothesis and of the
mechanisms involved in 226Ra deposition in the leaching tanks is shown in Fig. 4
and described below.

4.1. Leaching tank processes

The method by which formation of this co-precipitate occurs is sketched in
Fig. 4 and is as follows. In the leaching tanks a mixture of uranium and other
minerals is introduced into a sulphuric acid solution at elevated temperatures
(55-60°C). The acid (H+) attacks uranium containing minerals (e.g. UO2; see
Fig. 5), thorium containing minerals (e.g. 232Th in monazite), sand grains (SiO2;
see Fig. 5) and other solids. The acid attack on the uranium and thorium minerals
should liberate the same activity of 238U and its daughters and of 232Th and its
daughters, provided that (a) secular equilibrium exists in the parent mineral and
(b) adsorption or co-precipitation of the liberated radionuclides back onto the solids
does not occur. The actual activity of 238U liberated will normally differ from that
of 232Th depending upon their relative abundance and their dissolution kinetics.



20 SNODGRASS

/ 228R- ^228Ra(?) 228?£ '
\ Stable f
\ (208Pb)

/

/

b U
I 2ioP o i
\ Stable /
\ (206Pb) /

n

L
ThO;

Fluid film

F/G. 4. Conceptual diagram of the hypothesis and mechanisms involved in n6Ra deposition
in leaching tanks.

In typical process streams, about 95-98% of the uranium is brought into solu-
tion. Thus, it is difficult to see how a significant proportion of 226Ra, 210Pb and
210Po would remain in the residual uranium mineral. Accordingly, resorption,
defined as including reversible adsorption and co-precipitation, is the most plausible
explanation for the observations in Table IV.

It is hypothesized that the following steps are involved. Proton attack on the
uranium and thorium minerals releases the parent and daughter radionuclides into
solution. Proton attack also liberates stable lead from the 238U mineral, along with
barium, strontium and calcium, from other minerals containing them in trace
amounts. If conditions are appropriate, the metal ions and/or sulphate ion will adsorb
to a surface such as a silicate mineral surface. If the local geometry (on the order
of a few square angstroms) is appropriate, crystal growth will be initiated. Figure 4
suggests that barium sulphate growth on a silicate mineral surface with 226Ra co-
precipitation is the method for radium removal from solution and that strontium, cal-
cium and lead sulphate are also plausible metal sulphates for co-precipitating 226Ra
from solutions.

Figure 4 also suggests that 226Ra migrates from a uranium mineral located
within the fluid boundary layer around the silicate mineral to bulk solution and
thence to the co-precipitation site. In addition, barium may migrate within the fluid
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boundary layer or from bulk solution. Sulphate will generally migrate from bulk
solution. Barium may originate from minerals located only in the fluid boundary
layer because various mill solids of the order of 5 /im (e.g. aluminosilicates) and
smaller are attached (cemented) to host quartz solids. However, the most plausible
source of 226Ra and various other cations is bulk solution, which is supplied by the
dissolution of minerals such as uranium and thorium minerals ground to sizes of the
order of 20-100 /xm and larger. Because the thickness of fluid films (the laminar sub-
layer) which affect transport is expected to be approximately 10 pm in a turbulent
environment such as the leaching pachucas, transport from bulk solution and through
the fluid film to the nucleation site is the most probable process for radium
co-precipitation.

4.2. Overview of geochemical processes in tailings

The evolution of the tailings through time is presented as a conceptual model
in Fig. 5. The time history of the example is divided into four different phases:
(a) tailings characteristics upon placement and the mill processes which control these
characteristics; (b) tailings processes during gypsum dissolution, but before acidifi-
cation starts; (c) tailings processes during pyrite oxidation; and (d) tailings processes
after completion of pyrite oxidation in surface layers. The model assumes that there
is sufficient pyrite present to cause acid generation problems. If not, the influence
of acidification would need to be deleted from the model.

When milled solids leave the mill (time, T{), they are coated with three differ-
ent forms of precipitates (or layers). These precipitates are formed in the leaching
pachucas, the partial neutralization tank (if used) and the final neutralization tank.
In the leaching pachucas, uranium, thorium, 226Ra and 210Pb are leached along with
various metal sulphides (e.g. iron sulphide, copper sulphide, nickel arsenosulphide).
The reduced metals are oxidized and metal sulphates precipitate. The formation of
the Ba(Ra)SO4 precipitate is shown as occurring as part of the first, innermost
layer.

Ra2+ forms RaSO4 complexes [9, 13, 26, 27] and is rapidly incorporated
into a BaSO4(s) structure. For solution concentrations of 4 Bq/L of 226Ra and
1 mg/L of Ba2+, the ratio of 226Ra to barium is approximately 10"6. Accordingly,
in such solutions, the number density of 226Ra incorporated into the BaSO4(.$) lattice
is so small that significant effects upon crystal growth of BaSO4(i) due to 226Ra
incorporation are unlikely. Because the molecular sizes of Ra2+ and Ba2+ are quite
similar, significant effects upon crystal growth would occur only when the molar
ratio of 226Ra/Ba2+ is much larger.

Thorium species released in the leaching pachucas are expected to be carried
through the mill until the final neutralization tank. Thus, they are expected to be in
the outer layer. 210Pb will form sulphate complexes and co-precipitate with
PbSO4(.y) in the leaching pachucas. The concentration of PbSO4 complexes may
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increase as the leaching liquor flows into the neutralization tanks because the concen-
tration of SO4" ions increases relative to the decrease of the concentration of HSO4
ions as the pH is raised. A (Ca,Pb)SO4 co-precipitate may also form. Some thorium
is expected to precipitate or adsorb in the partial neutralization tank because of the
increase of pH from less than 1 to approximately 2 (see data in Ref. [5]). Most of
the thorium species are postulated to precipitate in the neutralization tanks as
hydroxides.

All precipitates can be conceptualized as forming in successive layers. They
are, in fact, fairly porous structures with interwoven rods, dendrites and polygons.
Pore spaces are readily discernible from SEM pictures of tailings. The total layer
is only a few micrometres thick. If the precipitates do not dissolve in the tailings pile,
they significantly increase the tailings particulate surface area compared with the
surface area of the host quartz solids. Furthermore, because of the incomplete cover-
ing of the quartz solids, the layers have irregular thicknesses (from nil to substantial
thickness). The precipitates coat individual small particles (e.g. aluminosilicate
plates) and help 'cement' these small particles to the larger, coarser quartz solids
formed by the milling of the mined silica-ore solids. Disposal of the neutralization
tank slurry to the tailings pond/pile allows the agglomeration of small, less dense
particles to settle out separately from larger, denser quartz tailings.

The radium distribution in the host barium sulphate is also expected to be
layered. While it is possible that 226Ra would be uniformly distributed throughout
the host crystal, it is doubtful because of the rapid kinetics of precipitation. This is
often described in the field of co-precipitation chemistry as the 'onion ring'. In the
analogy, successive rings of barium sulphate are precipitated with different densities
of 226Ra in each ring. The ring character is caused by the kinetics of precipitation.
The distribution of 226Ra in the solid is described by the lambda [28] kinetic distri-
bution coefficient.

On placement in the tailings pile, available data suggest that the leaching water
remains basic for a period of time. The main constituent of dissolved solids during
this period (time T2, Fig. 5) is gypsum. The dissolution of gypsum should give a pH
of about 7. Because the observed pH is often higher, residual buffering from mill
added lime influences the pH. The possible sources of 226Ra in pore water are 226Ra
enmeshed within the gypsum formed in the neutralization tanks, and barite. Thorium
species in pore water are controlled by Th(OH)4 solids originally formed in the final
neutralization tank; their concentration remains at low levels until the pH decreases
sufficiently to initiate the dissolution of thorium hydroxide.

Pyrite grains are exposed to dissolved oxygen and to organisms in the film
water covering the solids. Pyrite grains may be bare because final neutralization
precipitates did not cover their surface, or they may become bare as a result of gyp-
sum dissolution (time r3, Fig. 5). Atmospheric oxygen penetrating to various
depths of the unsaturated zone between rainfall events is the main source of oxygen
in the tailings water. Biofilms containing T. ferrooxidans develop. The actual origins
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of such bacteria are not clear, but microbiological work [10, 29] demonstrates that
pyrite oxidizers develop both in tailings fresh from the mill and in old tailings which
are dried and then leached.

As pyrite oxidation develops, the pH starts to decrease. The pH is maintained
in the 5-7 range as the pyrite oxidizer community develops and as residual buffering
minerals are consumed. As the pH decreases, the concentration of sulphate increases
and minimizes the dissolution of gypsum. This sequence maintains the presence of
gypsum in the solid phase of the unsaturated zone until the completion of pyrite oxi-
dation. The precise source of 226Ra in solution results from dissolution of residual
gypsum, oxidation of residual uranium minerals and equilibrium exchange of the
barium sulphate with solution. Some 226Ra may also be derived from adsorbed
phases, though adsorption probably constitutes a small portion of 226Ra released at
pH2 and lower due to competition for adsorption sites between 226Ra and the hydro-
gen ion.

When pyrite oxidation is nearly complete, the pore water sulphate concentra-
tion will decrease because the rate of sulphate production decreases. This allows the
host crystal containing 226Ra on the silicate mineral particles to begin to dissolve
due to the low sulphate concentration in the pore water (time TA, Fig. 5). This
occurs at the top of the tailings. In one lysimeter experiment [10], 80% of 226Ra
dissolved over 1.5 years in the top 10 cm of tailings, but the 226Ra appears to have
reprecipitated in the lower depths of the tailings because little of the mass of 226Ra
left the tailings. Reprecipitation is thus probable. It is suggested that local variations
in deeper zones of the tailings provide large enough concentrations of sulphate in the
pore water deeper in the tailings to prevent continuous dissolution of BaSO^s) and
to cause precipitation of barium and 226Ra migrating from the upper zones.
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1. INTRODUCTION

For more than a quarter of a century, tailings and waste rock resulting from
uranium mining and milling operations have been deposited in impoundment areas
throughout the world. Estimates for the world are: Australia, 17X106 t; Canada,
140xl06 t; others, 70X106 t; South Africa, 1300X106 t; and the United States of
America, 230 x 106 t. During that period, both a public and technical awareness of
the possible consequences of the long term disposal of such materials has resulted.
Essentially, the only real difference between these tailings and those deposited by the
usual base metal or other metal mining operations is the presence of radioactive con-
stituents in the tailings. However, the presence of the radionuclides has resulted in
considerable investigations into the design and construction of tailings disposal facili-
ties, the disposal methods, the monitoring of the area during operation, revegetation
monitoring and maintenance at close out.

During the life of the mining operation, and after the plant ceases production,
the tailings and waste rock that have been deposited in the impoundment area are
constantly subjected to weathering. The weathering process is governed by precipita-
tion (often acid rain), sun, temperature and humidity changes of drying out, flood-
ing, snow, freezing and thawing, together with the effect due to the presence of
bacteria. The resulting chemical interactions occurring over time cause many
changes in the chemical and physical characteristics of the tailings. While the
mine/mill complex is operating the weathering and resulting seepage from a tailings
area will be related not only to the mineralogy of the tailings, but also to the particu-
lar solution chemistry of the process and the resulting waste liquors that are disposed
of in the tailings.

Upon close out, the weathering process, although unchanged externally, may
be considerably different within the tailings area. The interaction of the minerals
with the flow of the solution may cause quite different types of precipitation, sorption
and redissolution as the solution passes through and out of the tailings. The results
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TABLE I. COMPARISONS OF CLIMATE IN THREE URANIUM PRODUCING
AREAS

Location

Australia

Canada

USA

Region

Alligator Rivers,
northern Australia

Northern Ontario

Grants,
New Mexico

Rainfall

Monsoon
1-6 m/a (between
mid-Oct. and mid-Apr.);
dry rest of year

80 cm/a;
frozen and snow
4.5 months/a

20 cm/a;
very low water table

Evaporation

2.5 m/a

55 cm/a

150 cm/a

may be increased or decreased porosity and permeability, increased or decreased dis-
solution of potential contaminants in the water as it leaves the tailings as seepage or
runoff and enters the surrounding environment. The rate of leaching of the radio-
nuclides and other contaminants will change with time and be dependent upon the
hydrogeochemistry of the tailings, surrounding rock, unconsolidated sediments and
the integrity of the tailings' retaining structure. The geographical location of the tail-
ings will be a factor in the weathering process. In Table I a comparison of three
uranium mining areas in Australia, Canada and the USA is given, demonstrating the
wide differences in precipitation and evaporation which will have a significant bear-
ing on weathering.

2. CHARACTERIZATION OF URANIUM TAILINGS

If tailings weathering and contaminant migration are to be fully appreciated,
then the factors that affect the chemical and physical properties of the tailings must
be considered. These properties in the tailings will be related to the original ore
mineralogy, together with the chemical and physical processes that were used in the
milling operation to extract the uranium.

The grade of uranium contained in the ore may range from 0.02 to 10% or
more, existing as various minerals and associated with considerable and varying
gangue (waste) composition. Following leaching, and after most of the uranium has
been removed and recovered, the residual uranium and other radionuclides and other
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constituents present potential problems of seepage from the tailings. The radioactiv-
ity of the tailings, as produced by present technology, is directly proportional to the
original uranium grade, and the majority of the radionuclides remain in the residue
as the only radionuclide removed in the process is the uranium product.

The properties of tailings range widely and even tailings of the same type may
possess different mineralogy and therefore different physical-chemical characteris-
tics. There are, however, some characteristics which are quite similar. These include
per cent clay material, water retention, bulk density, pH, content of organic matter
and total nitrogen. In Table II [1], the average characteristics of settled tailings as
a result of a survey of 43 mine waste sites are given.

Associated minerals may include sulphides and various quantities of vanadium,
molybdenum, copper, nickel, cobalt, zirconium, thorium, rare earths, arsenic,
antimony, selenium and others. Other minerals which are often present include sili-
ceous quartz, carbonates, feldspar and micas. In addition, lime may have been added
to neutralize the effluents before discharge; therefore gypsum and metal hydroxide
precipitates will also be present in the tailings discharge, as well as SO|, NOj, NH3

and dissolved metals.
In many of the uranium ores there may be appreciable quantities of sulphides.

This is often the case in waste rock from many operations. These sulphides can
constitute the greatest single problem in tailings management. Sulphides are readily
oxidized in the weathering process, by oxygen in the air or water, and also by iron
oxidizing bacteria. The oxidation product is sulphuric acid, which then becomes a
leaching medium in the tailings and results in considerable chemical processes
occurring within the tailings with an increase in the weathering process over time.
The migration of radionuclides and other contaminants is thus seriously affected by
the initial presence of the sulphides and the subsequent conversion to acid.

Physically, the tailings have a specific gravity of about 2.5 and are a mixture
of coarse and very fine sand (plus chemical precipitates if the effluents were neutral-
ized prior to discharge). Depending upon the original ore and the process, precipi-
tates and clays and fines, the porosity and permeability will also vary. The tailings
are discharged into the tailings basin at a slurry density of 25-45% solids if the usual
discharge method is used. Thickened discharge, at about 70%, has also been used.
While the mill is in operation the tailings are in a wet condition and the tailings settle
out in the disposal pond into coarse and fine fractions. The fine fractions can account
for about one third to one half of the total solids discharged and are of 75 yua size
or less. Since most of the radioactivity is associated with the fine fractions, it is
important that sufficient settling time is permitted in the receiving pond, otherwise
the fines will pass onto the next pond or into the environment.

Fine tailings, on drying out in the tailings area, will shrink and crack. This
fraction is often less susceptible to wind erosion than coarse tailings because of their
water sorption characteristics. Naturally fine tailings are also difficult to dewater.
The coarse tailings, in some mining operations, are used as backfill underground.
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TABLE II. CHARACTERISTICS OF TAILINGS [1]

Property Mean Range No.

Particle size distribution

< 2 mm
Sand
Silt
Clay

Moisture retention

0.1 bar(%)
0.3 bar (%)
15 bar

Available water
storage capacity (%)

Bulk density (g/cm3)

Particle density (g/cm3)

pH, water

Cation exchange
capacity (meq/100 g)a

Organic matter (%)

Electrical conductivity
(mmho/cm)

Available elements

P (ppm)
K (ppm)
Ca (ppm)
Mg (ppm)

95
51
43

7

22
18
4

16

1.5

2.91

6.2

2.63

2

2

10
63

11 930
230

2 0 - 100
1 - 9 7
0 - 9 6
0-40

0-55
0-55
0-20

0-35

0.2-3.1

0.01 - 4.29

1.8 -9.4

0.19-46.5

0.02 - 25

0.1 -22 .4

1 -400
1 -564

40 - 52 480
15 - 1328

148
196
195
183

138
216
215

128

191

310

224

206

224

138

271
84
84
84
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TABLE II. (cont.)

Property

Total analysis

N(%)
S(%)
Fe (%)
Al (%)
Ca (%)
Mg (%)
Na (%)
K(%)
Mn (%)
Si (%)
Cd (ppm)
Cr (ppm)
Co (ppm)
Mo (ppm)
Ni (ppm)
Pb (ppm)
Ti (ppm)
Zn (ppm)
Cu (ppm)

Mean

0.013
4.02

15.5
2.8
1.7
1.2
0.5
0.7
0.2

22
38

1000
1140

70
96

340
2500
510
130

Range

0.001 - 0.166
0.01 - 38.87

0.4 - 56.81
0.1 - 8.1

0.01 - 10.95
0.04 - 5.0
0.01 - 2.9
0.04 - 3.32
0.01 - 4.0

4 - 3 7
2 - 2 8 0

70 - 7000
100 - 9999
10 - 800
10 - 546

0.3 - 2810
200 - 10 000

1 -5000
1 -750

No.

170
237
202

61
162
164
61

137
167
134
115
31
39
28

132
139
44

149
164

meq: milliequivalent.

Tailings with a sulphide content may eventually have a pH of 1.5-3.5 and such
acidity will seriously impede, if not destroy, any attempts by vegetation to grow.
During periods of hot weather and drying conditions, upward capillary action in the
tailings results in efflorescence salts on the surface and just below the surface.

Some typical analyses of some sulphide bearing uranium tailings are given in
Table III. (Waste rock analyses vary considerably from mine to mine worldwide, but
many waste rocks contain pyrite.) The range in type and composition of these waste
materials indicates the magnitude of the problem of tailings disposal, the effects of
weathering and the subsequent migration of contaminants. Because the weathering
process is a continuing phenomenon, changes in chemistry and mineralogy with time
will affect the rate and composition of the migrating solution. Chemical analysis of



TABLE IH. CHEMICAL COMPOSITION OF TAILINGS IN ONTARIO AND SASKATCHEWAN

Ra-226 (Bq/g)

Total iron (%)

Total sulphur (%)

Sulphate sulphur (%)

Calcium (%)

Uranium (%)

Thorium (%)

Nickel (%)

Arsenic (%)

Total carbon (%)

Quirke Mine,
Elliot Lake,

Ontario

8.1

2.73

3.33

1.00

1.24

0.0095

0.033

—

—

—

Nordic Mine,
Elliot Lake,
after 20 years
of weathering

4.0

5.26

6.50

0.48

0.19

0.005

0.006

—

—

—

Panel Mine,
Elliot Lake,

Ontario

7.4

3.34

4.07

1.35

0.87

0.006

0.022

—

—

—

Madawaska Mine,
Bancroft,
Ontario

7.6

4.29

1.95

1.96

6.29

0.0026

0.037

—

—

—

Rabbit Lake,
Saskatchewan

33.9

2.36

2.38

2.33

2.33

0.013

0.001

0.02

0.14

0.21

Key Lake,
Saskatchewan

40.4

1.11

1.28

1.26

2.23

0.0041

0.0008

0.60

0.34

0.17

2
o
><

Note: A dash indicates that the composition was not determined.
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TABLE IV. CHEMICAL ANALYSIS OF WATER IN ACIDIC URANIUM

TAILINGS IMPOUNDMENTS (IN mg/L, EXCEPT WHERE NOTED OTHER-

WISE) [2]

Parameter

pH
TDS

so4
Cl

Fe
Mn
Al
K
Na
Ca
Mg
Si
NH4

NO3 as N

As
B
Ba
Cd
Cr (total)
Cu
F
Hg
Mo
Ni
Pb
Se
Zn

Ra-226 (Bq/g)
Pb-210 (Bq/g)
Th-230 (Bq/g)
U-natb (Bq/g)
U-natb (mg/L)

West Gas
Hills,

Wyoming

1.9
15 000
11 650

317

942
30

273
—

288
661
326
196
782
—

1.5
—

0.01
0.8

—
—
—
—

1.0
4.1

—
1.9

12.1

43
618

3700
300
—

Highland
Mill,

Wyoming

1.8
18 200 ixmho
12 850

97

2200
64

578
—

330
484
650
233
—
16

3.5
—
—

0.1
3.0
3.0

—
—

< 5.0
2.6

< 1.0
< 1.0

7.8

489
83

8400
359

84.8

NRC
GEISa

2.0
35 000
30 000

300

1000
500

2000
—

200
500
—
—

500
—

0.2
—
—

0.2
—
50
5
0.07

100
—

7
20
80

9.2
9.2

3333
126
—

Site,
Wyoming

1.8
14 600

9200
1700

500
170
205

90
1400
500
370
—

0.5
2.9

53
0.2
0.08
0.13
0.81
0.8

21
0.03
0.14
1.6

—
95

1.6

13
7.4

—
—
38.2

Nordic Mill,
Ontario

2.7
12 200
21 700

7

6030
1.2

933
174

12
380
98
51
—

< 10

—
—
—
—
49
11

—
—

5.0
4.0

—
5.0

5.2
63
0.70

—
5.1

Drinking
water limits

6.5 - 8.5
500
250
250

0.3
0.05
—
—
—
—
—
—
—

10

0.05
—
—
1.0
0.05
1.0

1.4 - 2.4
0.002
—

0.05
0.01
5.0

0.11
3.7

74
1111

0.2

United States Nuclear Regulatory Commission, Generic Environmental Impact Statement.
1 Natural uranium.
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some uranium tailings water are given in Table IV [2]. A predictive migration model
for each tailings site could eventually result, given sufficient scientific data and infor-
mation on the tailings process.

3. WEATHERING AND OXIDATION OF SULPHIDES, ACID DRAINAGE
AND PREVENTION

In many uranium mines around the world, the presence of sulphides in the tail-
ings and waste rock constitutes perhaps the greatest single potential environmental
problem. Once oxidation of the sulphide mineral begins, exothermic reactions pro-
vide heat for the catalysation of the oxidation reaction and cause the formation of
products that may be environmentally deleterious. These products can include hydro-
gen sulphide, partially oxidized oxyanions, such as thiosulphate and polythionates,
iron sulphate in solution, elemental sulphur, various jarosite compounds, sulphuric
acid, and heavy metals associated with uranium mineralization. Naturally, if acid
sulphates are produced, any radium that is in solution will be almost completely
precipitated. Thus, the migration of radionuclides through the tailings may be
impeded by the production of acid and therefore the rate of radium release to the
environment will be severely decreased.

There are four methods by which sulphides may be oxidized:

(a) Chemical;
(b) Electrochemical;
(c) Bacterial;
(d) A combination of chemical, electrochemical and bacterial.

Sulphides vary in their mineralogy composition and considerable variation can
be expected in different ore bodies and in different zones in the same ore body. Thus,
the reactivity, or tendency, of a sulphide mineral to oxidize is a complex function
of mineral composition. These variables may include, among others, the:

(i) Type of sulphide mineral present;
(ii) Number of sulphide minerals present;

(iii) Concentration of sulphide minerals present;
(iv) Type of non-sulphide minerals present;
(v) Immediate environment (wet, dry, bacteria, etc.).

According to Flann and Lukaszewski [3], the reactivity of sulphide minerals
is shown, in diminishing order, in Table V. The presence of two or more sulphides
in an ore can also significantly increase the rates of reactivity.

The oxidation of sulphide minerals is exothermic. It has been reported from
Brunswick Mining, in Canada, that if the backfill material contained greater than
25% iron sulphides, then localized heating occurred in the stopes [4]. Pyrite wastes
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TABLE V. THE REACTIVITY OF SULPHIDE
MINERALS [3]

Pyrrhotite
Pyrrhotite-pyrite
Pyrrhotite-arsenopyrite
Arsenopyrite
Pyrite
Chalcopyrite
Sphalerite
Galena
Chalcocite

Reactivity

and waste rock have shown high temperatures, as noted with Rum Jungle waste
rock [5].

The nature of the gangue mineral present in the tailings will have an effect on
the reactivity of the sulphides. The presence of magnesium and calcium containing
minerals tends to enhance the formation of ferrous and ferric sulphate, which will
increase the rate of oxidation [6].

The oxidation process is usually accelerated by the alternate wetting and drying
of sulphides in the tailings. The oxidation products are dissolved by the wetting, thus
exposing a fresh surface for further oxidation to take place [7].

To assist the oxidation of the sulphides, there are certain physical factors which
must be present:

(1) Sulphide grain size and surface area,
(2) Porosity and permeability of the tailings.

The oxidation of pyrite can be described by the following reactions:

FeS2 + 7/2 O2 + H2O - 2SOi" + Fe2 + + 2H+ (1)

2Fe2+ + 1/2 O2 + 2H+ - 2Fe3+ + H2O (2)

2Fe3+ + 3H2O - Fe(OH)3 + 3H+ (3)

Secondary reactions will then take place between ferrous sulphate, sulphuric
acid, clays, shales sandstone and the minerals, such as limestone. Acid mine
drainage thus consists of a solution of mixed salts of sulphates. Equations (2) and
(3) represent the oxidation of ferrous to ferric iron and the subsequent precipitation
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of ferric hydroxide. This is the familiar red colour in acid streams. For fine grained
pyrite, the reaction in Eq. (1) is a function of the following:

(a) Oxygen concentration,
(b) Temperature,
(c) Degree of surface saturation by water,
(d) pH of the solution in contact with the pyrite.

The condition at the pyrite surface controls the rate of oxidation.

(e) The Fe2 + produced can then be subjected to further microbial action by iron
oxidizing bacteria, such as Thiobacillus ferrooxidans (step 2 above) [8]. A
cycle is thus formed in which Fe3 + formed by microbial action reacts with
pyrite:

FeS2 + Fe2(SO4)3 - 3FeSO4 + 2S° (4)

Acid mine water from underground mining operations commonly has Eh
values between +0.08 V and -0.04 V, with corresponding pH values of 3.95 and
5.41, and are typical in the presence of pyritic material [9]. In the presence of large
amounts of Fe2 + at deep levels, the Eh and pH values were measured at +0.55 V
and pH3.5, respectively. Open pit operations have higher Eh values because of the
exposure to air.

It has been reported that chalcopyrite and pyrite, at a depth of 600-700 ft in
Arizona, oxidize and produce a temperature increase [10].' Pyritic material in tail-
ings produced acid water after two years [11] and oxidation has occurred at depths
of at least 5 ft [12] and 15 m in waste rock in Rum Jungle [5]. The transport of the
oxidation product is by flowing groundwater or the intermittent percolation of rain
water down through the overburden. The intermittent flow will cause surges of acidic
water, leaving the area to migrate throughout the tailings bed and chemically react
with the surfaces of the minerals present. The depth is not as important as the ability
to transport oxygen. Waste rock dumps have been examined in Australia in which
the temperature gradients and oxygen transport have been measured as affecting
pyrite oxidation [13, 14].

While the oxidation of sulphides by air and water is reasonably understood,
the oxidation due to biogeochemical processes is still not entirely clear. Chemical
reactions can be catalysed by microorganisms such as bacteria [8, 15, 16]. Numerous
reports have documented that T. ferrooxidans contributes to the leaching of uranium
and other ores [7, 8, 17-21]. The catalysis is rapid and effective. At an acidic pH,
the rate of oxidation of ferrous to ferric iron was shown to be one million times faster
in the presence of T. ferrooxidans, as compared with the chemical reaction rate [22].
A comprehensive review of bacterial leaching has been published by Brierley [8].

1 1 ft = 0.3048 m.
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The oxidation of sulphides in the tailings and the conversion to sulphuric acid
is enhanced in the presence of certain bacteria, such as the genus Thiobacillus, the
common species in the tailings being T. thiooxidans and T. ferrooxidans. Some
strains are quite resistant to acidic conditions and have been found to be active even
at pHO [9]. The acid tolerance is usually pH 1.5-5.2. All reduced sulphur compounds
are oxidized virtually to completion if present, such as S2~, S°, S2, O2~ and
S4O|~, by most of the thiobacilli. The bacteria oxidize ferrous iron to ferric and if
the mine water is being transported by pipeline, the iron precipitate occurring within
the line may eventually clog the pipes. The deposits on particles within a tailings bed,
the oxidation products of the pyrite oxidation, are hydrates of FeSO4, usually
FeSO4-7H2O [9]. As dilution by water proceeds, the Fe11 salts are converted to
Fe(H)3 -(H2O)^, which is deposited within the tailings or in receiving stream beds
external to the tailings impoundment area.

The equations for the reactions in the presence of bacteria and oxygen are as
follows:

• Pyrite conversion to ferrous sulphate; (5)
• In the presence of T. ferrooxidans, the ferrous sulphate is oxidized to (6)

ferric sulphate;

• The Fe m then oxidizes pyrite as rapidly as it is formed:

2Fe3+ + FeS2 - 3Fe2+ + 2S° (7)

• The sulphide is then oxidized by the ferric ion:

S2~ + Fe2(SO4)3 - SOI" + 2FeSO4 + S° (8)

or by oxygen, and the S° produced in Eq. (7) is converted to SO4 by T. thiooxidans
and T. ferrooxidans:

2S° + 3O2 + 2H2O - 2S0f- + 4H + (9)

Sulphate reducing bacteria can also be present and their reaction on sulphates
produces H2S. It has been stated that H2S is also oxidized by T. thiooxidans [9].
There appear to be various opinions, however, over whether this organism is capable
of oxidizing H2S. One author claims that oxidation to H2SO4 can occur if the media
are incubated in air containing 200 ppm H2S [23]:

1/2 O2 + H2S - S° + H2O (10)

3/2 O2 + H2O + S° T- thio°xida™+ S O 2 - + 2H+ (11)
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TABLE VI. SUMMARY OF THE CHARACTERISTICS OF THE ENERGY
YIELDING CHEMICAL OXIDATIONS BY TWO THIOBACILLI IMPORTANT
IN THE FORMATION OF ACID MINE WATER [9]

Organism
Cell

dimensions
Source of energy

Relative rate of
reaction for

species indicated

T. thiooxidans 1 X 0.5 /xm
pH range: = 0-6

H2S -2. SO?' + H+ Slow

* S° - SO?" + H + Very rapid

^ S4O|" SO?" + H+ Slower than S°

s2of-
FeS2

T. ferrooxidans 0.8 - 1 X * Fe2

pH range: 2-4.5 0.4 - 0.7 iim

s° -
s2o|-

FeS2

• <i? s o

- H 2 +

soV

SO?" +

•+ SO?"

^ S ° 4

- F e 3 +

r + H
+

+ ?

H +

+ H +

• SO?"

+ SO?" + H +

Pyrite = 0, marcasite >
'sulphur balls'

Very rapid

Slow

Faster than with S° only

Slower than with S°,
rate = 0 if acclimated
to Fe2+ first

Marcasite > pyrite >
sulphur balls

Sulphur is the main source of energy for T. thiooxidans. At low concentrations
of thiosulphate, the conversion to sulphate is accomplished without an intermediate
product being formed. At high concentrations of greater than 1 % S2O3", a small
amount of S4OI" is formed as an intermediate, although the rate of acid formation
is slower as compared with the reaction with S°:

S2O3
2- + 2O2 + H2O -

2H+ + 1/2 O2 + 2S2Of

2H

H2O

(12)

(13)

When T. ferrooxidans and T. thiooxidans are present with pyrite, the rate of
oxidation is the same as achieved with T. ferrooxidans alone, indicating that
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T. thiooxidans does not oxidize sulphides. In Table VI some of the oxidation reac-
tions resulting from the reactions of these organisms are given [9].

An example of the oxidation of the sulphides in tailings is the study carried out
by the Australian Atomic Energy Commission on the abandoned uranium mine site
of Rum Jungle in the Northern Territory [13, 14, 24, 25]. The objectives were to
determine the size of microbial species involved in the leaching mechanism within
the tailings and correlate the data with such factors as duration and climatic condi-
tions. The White's Overburden Dump is composed of carbonaceous slates, graphitic
schists, phosphates, sulphates and sulphides. The principal sulphide is FeS2, but
other sulphides present are CuFeS2, Cu2S, CuS and PbS.

There was no clear pattern in the change of the bacterial populations with the
sampling point. The initial studies indicated a large and diverse bacterial population.
In some samples there were populations of sulphur oxidizing Thiobacillus 10-100
times higher than T. ferrooxidans. The levels of acidophilic sulphur oxidizing bac-
teria were high during the wet season and negligible during the dry period. Subse-
quent sampling and analysis showed that the sulphur oxidizing Thiobacillus
population was high during the wet season and negligible during the dry period. No
T. thiooxidans bacteria (acidophilic sulphur oxidizing) were found. High pH sulphur
oxidizing bacteria were also isolated from the base of the dump during the dry
season.

In addition, anerobic sulphate reducing bacteria, Desulfovibrio, were isolated.
These bacteria frequently occur in waterlogged soil and react with sulphate to
produce sulphide [15]. They were found at the base of the dump in areas deficient
in oxygen. However, the population of the anerobic bacteria was not large enough
to have a significant effect in the presence of large amounts of oxygen and the large
population of T. ferrooxidans. The pH of the soil ranged from 2.77 to 5.97.
Throughout the tailings, acidophidic, heterotrophic bacteria (bacteria tolerating high
acid concentrations and which use organic compounds for cellular carbons and
energy) were found to occur and the autotrophic (cellular carbons by fixation of
CO2) and sulphur oxidizing bacteria were particularly prevalent in the wet season.
Subsequent rehabilitation on the waste dump, using clay followed by a soil and vege-
tation cover, showed decreased oxygen penetration, reduced oxidation at depth and
decreased temperature [25].

Bacteria capable of growing at temperatures of 75-80°C and at pH values of
2 to 3 were isolated by Brierley [26] from an acid hot spring in Yellowstone National
Park, Wyoming, USA. These thermophilic microbes were characterized [27] and
found to oxidize reduced iron and sulphur in a process similar to thiobacilli, but
requiring a temperature of 45-70°C and the addition of 0.02% yeast extract [28].
The organism is a strain of Sulfolobus acidocaldarius described earlier by Brock
et al. [29]. Norris and Parrott [30], in their investigations, concluded that iron and
sulphur oxidizing strains of Sulfolobus possessed the characteristics and tolerances
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required for consideration as alternatives to T. ferrooxidans in the extraction of
metals from sulphide concentrates.

Thiobacillus ferrooxidans requires nitrogen, phosphorus, sulphate and mag-
nesium for growth. These constituents would normally be found in the tailings as a
result of the leaching process. Ammonia ions would also probably be available as
a nitrogen source.

The previous discussion has attempted to show the importance of sulphides in
tailings and the resulting impact on the environment by production of sulphuric acid.
Acid generation is a major problem, not only for contaminated streams with respect
to acidity and dissolved metals, but also because it makes the reclamation of tailings
areas expensive. Grass and tree rooting is impossible without expensive additions of
limestone, fertilizer and ground cover or topsoil. Therefore, if acid production can
be prevented or decreased, considerable cost savings to a mine/mill operation would
result.

A review of the effect of phosphate and bacteriocide addition has recently been
reported [31]. The presence of phosphate was found to inhibit the oxidation of pyrite.
This was noted in agricultural soil and coal spoils. The mechanism was claimed to
be the conversion, by phosphate, of the iron sulphide to calcium sulphate and ferrous
phosphate (Fe3(PO4)2). The ferrous phosphate precipitate provides a coating around
the sulphide mineral grains. The general equations of the reaction are shown below:

Iron sulphide oxidation:

FeS2 + 7/2 O2 + H2O - Fe2+ + 2SO|' + 2H +

Phosphate added to system:

3Fe2+ + 2PO|~ - Fe3(PO4)2

and/or:

2H2SO4 + Ca3(PO4)2 - CaHPO4 + H3PO4 + 2CaSO4

which prevents:

Fe2 + + 1/4 O2 + H + - Fe3 + + 1/2 H2O

Fe3 + + 3H2O - Fe(OH)3 + 3H +

FeS2 + 2Fe3+ - 3Fe2+ + 2S°

The possible use of silicates in treating sulphide tailings has also been reported
in the review [31]. Treatment of coal mine tailings with sodium silicate was effective
in minimizing acid mine drainage. However, the surface gels are not stable to
extreme temperatures and so they would not be applicable to surface tailings
treatment.
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Other inhibitors that can be used for reducing acid drainage are neutral or
alkaline siliceous ore materials, e.g. fly ash, blast furnace slag, Portland cement and
cement kiln dust. The Fen i species becomes insoluble in the presence of the above
materials. Thus, the ferric ion is a key oxidant for pyrite.

The presence of bacteria was shown earlier to be a major contributor to the
oxidation of sulphide. Various bacteriocides can be used to prevent oxidation. One
apparently successful bacteriocide is reported to be sodium lauryl sulphate [31],
which can be incorporated into slow release matrices. It is really a surfactant that
inhibits the attachment of the bacteria to the pyritic surface. A slow release of about
five years is postulated. However, the work was performed on coal tailings and
agricultural soil low in sulphides compared with the sulphide concentrations found
in many mill tailings. Periodic application in order to maintain its effectiveness may
make it excessively expensive.

Although the oxidation of sulphides to sulphates and sulphuric acid results in
solubilization of radium and other constituents in the tailings solids, radium mobility
will be decreased with the production of SO|~. Therefore, the overall impact of
sulphide oxidation on radium is small. Radium migration is dealt with later in this
chapter.

4. BARIUM-RADIUM SULPHATE PRECIPITATE

Although most of the 226Ra in tailings effluents is in the solids fraction, 1-5%
nevertheless remains in solution. In Canada, as the tailings solution passes through
a series of decant ponds, the effluent is finally treated with barium chloride to co-
precipitate barium-radium sulphate (Ba(Ra)SO4). Because the precipitate is very
fine, it requires a long settling time of many days. Flocculants such as ferric chloride
are used to assist sedimentation, although in some plants sand filters are used to
remove the fine radium precipitate prior to discharge of the treated aqueous
solution [32].

In Canada, the backwash from the sand filter which contains the Ba(Ra)SO4

precipitate is permitted to be returned to the tailings impoundment area [32]. This
procedure is permissible if the applicant can show that there will be no adverse
impact. However, the possibility of detrimental effects may be slow in appearing.

There have been several differences in statements with respect to the role
played by Ba(Ra)SO4 if placed back onto the tailings [33, 34]. Lysimeter tests were
carried out in Canada by the Wastewater Treatment Centre, in which the sludge was
placed on the tailings and water passed through the material. The results indicated
the potential for increased levels of radium, thorium and other metals migrating
through the tailings (though the quantity and location of the sludge in the tests would
not represent a tailings area) [33]. Tests by IEC Consultants in Canada indicated no
adverse effects due to such a practice [34]. Levels of radium in the effluent were
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FIG. 2. Release of sulphide, n6Ra and Ba2+ from Ba(Ra)SO4 by Desulfovibrio vulgaris

(~ -: release of ions in the inoculated culture; : release of Ra in the uninocu-
lated control [35]).

stated to decrease, the sludge was as stable as the radium in the tailings; the sludge
adsorbed solubilized radium from the tailings; and the sludge did not appear to affect
the solubilization of uranium or thorium.

Research at the Canada Centre for Mineral and Energy Technology
(CANMET) has indicated that the Ba(Ra)SO4 precipitate can be degraded by such
reducing bacteria as Desulfovibrio. McCready et al. [35] have investigated the chem-
ical, physical and biological stability of Ba(Ra)SO4 precipitate [35]. In a series of
tests at three levels of SO4~ iori concentrations, varying pH and temperature, the
results (Fig. 1) showed the following:

Increased presence of SO4 decreased the 226Ra release at 50°C, but at 25°C
there was a trend for increased release with increased pH.
Ba2+ release at 5°C was SO4

+ and pH dependent, with the maximum release
at pH8.0 and at a concentration of 800 ppm SO4. An increase in the tempera-
ture resulted in a decrease in barium release for all SO4 concentrations.
The release of S2~ from the Ba(Ra)SO4 precipitate increases with increasing
dissolved SO4 concentration, with pH6 being the area of maximum release.

(a)

(b)

(c)
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In the presence of the anerobic bacterium Desulfovibrio vulgaris, the sulphate
anion of the precipitate was reduced to H2S, resulting in the release of up to
2.4 Bq/L 226Ra and 5 mg/L Ba2+ (Fig. 2). The initial rate of metabolism was
rapid, compared with the sterile medium, which showed no evolution of sulphide
after 16 days, and released 1.6 Bq/L 226Ra and only about 0.5 mg/L Ba2+. Thus,
given the optimum conditions of pH, temperature and SO|~ concentration, or the
presence of anerobic bacteria, the Ba(Ra)SO4 precipitate can be metabolized. The
result is the release of 226Ra, Ba2+ and H2S. In the Province of Ontario, Canada,
the guidelines for Ba2+ and 226Ra, respectively, are 1 ppm and 0.11 Bq/L. The
result of biological degradation of the precipitates is a solution considerably higher,
which could be a cause for concern in the long term management of abandoned
tailings.

5. INFLUENCES OF HYDROLOGY AND GEOLOGY

Because of the variety of hydrogeological and climatic factors existing in an
area, each tailings site and the selection of the optimum disposal option must be
independently evaluated. To a limited extent, geological, hydrological and geochem-
ical variables can be selected and modified, either by process selection or in the tail-
ings management. For example, the amount of water remaining with the solid
tailings can affect the quality and quantity of the seepage from the tailings into local
groundwater. Therefore, by utilizing dewatering techniques in the mill and discharg-
ing tailings containing less water, or by recycling and treating tailings decant water,
the environmental impact from subsequent weathering will be minimized.

The impact on groundwater of tailings effluent seepage can be severe with
respect to potable water in the area of the site. In the USA it was reported that
groundwater that might be contaminated by selenium, sulphate, manganese and iron
would limit use of the groundwater as a potable supply in a belt 2000 m wide [36].
The physical nature of the tailings with respect to permeability was stated to be
significant in such situations. The increase in the vertical permeability causes
increased seepage and advancement of the contaminant [36]. The subsoil characteris-
tics, as well as the presence and amount of clays in the tailings, are of importance
as regards permeability and sorption characteristics. A high water table in the tailings
impoundment will mean a longer retention time for the weathering-leaching process
to proceed. Therefore, the seepage quality can be worse, particularly if sulphides are
present. It is well known that the sulphides are oxidized by various bacteria, such
as T. ferrooxidans, to produce sulphuric acid. Tests on drill core samples in Canada
have revealed the existence of high populations of such bacteria at the water table
[37, 38]. According to Mrost and Lloyd, the bacterial activity is present at a depth
of 3 m in tailings examined in South Africa [39]. Therefore, the higher the water
table, in the presence of bacteria, the longer the leaching time available under acid
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conditions, resulting in greater acid drainage and increased amounts of constituents
leached. The interaction of surface water with the tailings also involves geochemical
factors as weathering proceeds, resulting in subsequent sorption on clays and sedi-
ments, precipitation and redissolution as migration proceeds downward through the
tailings.

At the Elliot Lake Nordic tailings deposit in Canada, the early investigations
of the hydrogeochemistry identified the presence of two distinct groups of pore water
[40]. One was highly acidic with a total dissolved solids (TDS) concentration ranging
from 10 000 to 30 000 mg/L, and a low acidity water with a TDS of 5000-7000
mg/L. The high acidity water contained heavy metals, particularly 1000-6000 mg/L
of iron and 2i0Pb, 232Th and 228Th. The 226Ra varied throughout the tailings, at
0.48-5.18 Bq/L.

Work by Blair et al. in Canada on Nordic tailings showed that the pore water
just below the water table had a low pH, as well as low SO2." and iron concentra-
tions [41]. The low pH pore water was indicative of the shallow tailings losing their
capability (loss of calcite) to neutralize acid resulting from pyrite oxidation. Also,
the decrease in SO2" and iron concentrations was considered to be due to the
decreased pyrite oxidation resulting from the coating of the pyrite grains with iron
hydroxide. As the acid, from the pyrite oxidation in the uppermost layers, moves
downward and across the bed the acid is consumed by calcite present in the tailings.
The precipitation of gypsum also removes some radium as a co-precipitate, but the
absence of SO2" ions also helps to solubilize more radium from the tailings
surfaces.

Investigations of the plume from the tailings showed that the SO2" had moved
more than 300 m, while the low pH water with 226Ra had travelled only 5 m. By
calculation, the 226Ra was advancing at 0.5% the rate of the groundwater velocity.

The measurements of pore water and other analyses in the water were accom-
plished using piezometers placed down in the tailings at various depths. Water sam-
ples were collected for radionuclide and other contaminant analyses. The following
geochemical measurements were conducted: electrical conductivity, pH, Eh,
alkalinity and ferrous iron. In addition, chemical analyses were performed for Ca,
Na, Mg, Pb, Zn, Ni, Co, FeT, Fe2 + , Mn, Cu and Al. The water table was found
to vary across the tailings area, but generally it was less than 2 m from the surface.
The moderately acidic water ranging in pH from 3 to 5 was common, while a pH
range of 1 to 3 was detected in a few locations (the rain water pH was 3.75) [42].
The pore water at shallow depth after rain had pH levels of 2.25 to 3.7. The electrical
conductivity measurements showed considerable variation with respect to depth as
well as location on the site. Iron and sulphate account for most of the dissolved ionic
species, which is also shown in the conductivity measurements. The trend was for
gradually increasing conductivity values below the water table up to a peak and then
a sharp decrease. The data are shown in Fig. 3. The high electrical conductivity is
caused by the release of Fe2+ and SO2". The low pH is caused by the release of
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FIG. 3. Hydrochemical profiles of iron and SO4 and electrical conductance at selected sites
on Nordic main tailings [42].

H + ions of the water and this results in large increases in the concentration of such
metals as Pb, Ni, Co and Zn. The data also showed that there was no evident differ-
ence in the decrease of acidity in areas where vegetation had grown over a period
of a few years. There was evidence of a decrease in pyrite content near the surface
and an accumulation of organic decay from the grass and plants. These suggested
that over time, with the decrease in pyrite and an increase in the organic layers, the
oxygen flux into the tailings might be decreased to the point where pyrite oxidation
would be stopped.
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According to Blackport and Cherry [43], the groundwater flux out of the West
Arm Nordic tailings in Canada occurs through several pathways: (a) downward
through the peat layer into the aquifer; (b) downward from the tailings directly into
the aquifer; (c) downward and/or horizontal into the bedrock; (d) horizontal through
the tailings dams; and (e) surface runoff across the tailings dam. The flux into the
tailings occurs by (i) upward flow through the eastern portion of the tailings; (ii) dis-
charge from the bedrock or surface runoff along the edge of the tailings; (iii) dis-
charge through the main Nordic tailings into the West Arm; and (iv) recharge by
precipitation directly onto the tailings.

The geochemical processes within the tailings are complex and an understand-
ing of the mechanism is essential if the minimum costs to provide minimum environ-
mental impact due to weathering over extended time periods are to be realized. The
geochemical processes are dynamic and, while some contaminants are being
solubilized, others are being removed by sorption or precipitation on the solid
products. As was mentioned earlier, the presence of calcite can impede or retard the
movement of the acid front, as well as precipitate iron or other metals present. The
geochemical precipitation is reversible, and changes in pH will solubilize the precipi-
tates [44]. Figure 4 shows the precipitation data for several metals that are removed
from solution by precipitation as the pH in the tailings pore water changes [44].
Radionuclides may also be co-precipitated with the metals. The pH can be decreased,
as was noted earlier, by the oxidation of sulphides, or perhaps by the hydrolysis of
metals from solution, such as the oxidation of ferrous to ferric iron and the resultant
precipitation of ferric hydroxide. Also, a similar reaction occurs with the aluminium
ion, or with the aluminium ion and silica to form aluminosilicate precipitates, and
the liberation of the hydrogen ion.



TABLE Vn. SUMMARY OF PLAUSIBLE GEOCHEMICAL PROCESSES PERTAINING TO THE MAJOR DISSOLVED
CONSTITUENTS AND THE INTERACTION BETWEEN THE LIQUID AND SOLID PHASES IN THE NEUTRALIZATION
ZONE [45]

Process Reaction Comments

Calcite dissolution CaCO3 + H + - HCO3

(incongruent)

Calcite dissolution CaCO3 + Fe2+ - FeCO3 + Ca2+

(congruent)

Siderite dissolution FeCO3 + H + - Fe2 + + HCO3~"

Gypsum precipitation Ca2+ + SO|~ + 2H2O — CaSO4-2H2O

Iron hydroxide Fe2+ + !4O2 + 2'/2H2O - Fe(OH)3 + 2H +

precipitation
Aluminium hydroxide Al3+ + 3H2O - A1(OH)3 + 3H +

precipitation
Aluminosilicate 2A13+ + H2O + 2H4Si04 - Al2Si2O5(OH)4 + 6H +

precipitation

Alunite precipitation K+ + 3A13+ + 2SO^~ + 6H2O - KA13(SO4)2(OH)6 + 6H +

Amorphous silica H4Si04 — SiO2(am) + 2H2O
precipitation

Cation exchange H+ + M [solid] — M + + H [solid]

Dolomite dissolution may also
occur

Siderite does not occur in
aerobic zones

Causes acid neutralization after the
disappearance of calcite

Calcium provided from calcite
dissolution and cation exchange

Limited, owing to availability of
oxygen below the water table

Gibbsite or amorphous aluminium
hydroxide

Formation of halloysite or similar
mineral

Solubility constraint at lower pH

Solubility depends on iron content

H + competes for exchange sites with
major cations, such as K, Na, Ca, Mg

I
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TABLE VIII. SUBREGIONS OF TAILINGS PLUME MIGRATION [45]

Subregion pH Description

Inner core 3.5 No calcite present

Fe(OH)3 3.5 Fe(OH)3 precipitation

A1(OH)3 5.0 A1(OH)3 precipitation

Siderite 5.2 Siderite precipitation

Calcite 5.6 No calcite dissolution

The presence of calcite will result in an increase in the pH and, if sulphate is
present, the precipitation of gypsum. Some radium will precipitate with the gypsum.
The reaction of calcite with ferrous iron precipitates siderite, which may then react
with the acidic plume to consume acid. This results in the dissolution of ferrous iron
and the eventual raising of the pH [44].

There are many geochemical processes apparently occurring within the tailings
and these processes may be the reason why measurements have indicated that there
has been very little radionuclide contaminant advancing more than a short distance
from the tailings. The geochemical data accumulated from 1979 to 1984 at the Nor-
dic site in the Elliot Lake area of Canada has been assessed, together with the data
recently recorded [45]. Table VII presents a summary of geochemical processes per-
taining to the major dissolved constituents and the interaction between the liquid
phase and the neutralization zone. A conceptual model was subsequently developed
which divided the migration plume of tailings water into four regions [45]. These
are characterized by the pH values and the precipitation or dissolution of certain
minerals and are given in Table VIII.

The data suggest a change in the chemistry occurring within the tailings
impoundment with time and distance, thereby affecting the quality of the migrating
front. The velocity of the plume movement was stated to decrease with increasing
distance away from the tailings. At the tailings dam the velocity was 440 m/a, com-
pared with 130 m/a 25 m away and 30 m/a at a 100 m distance from the tailings.

A comparison of the major characteristics of tailings and subtailings soil is
shown in Table IX [46, 47]. Figure 5 [46, 47] shows the generalized characteristics
and interrelationships in the tailings, the atmosphere-tailings interface, and the soil-
tailings interface. Tables X and XI summarize the characteristics of the tailings and
soil and their interface, and relate the characteristics to the summary [46, 47].
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TABLE IX. DOMINANT CONDITIONS AND PROCESSES AT THE
TAILINGS-ATMOSPHERE INTERFACE [46, 47]

Environmental condition

Heat from isolation:
capillary forces

Hygroscopic and delinquescent
salts on the surface or in the
upper part of the tailings

Addition of meteoric water from
snow melt or heavy rainfall
which may result either in (A)
dilution of interstitial water in
tailings, or (B) dissolution of
more electrolytes

Processes

(1) Precipitation of soluble salts; two
major types: (a) sulphates and
(b) sulphates with chlorides.

(2) Precipitation of oxides, hydroxides and
occasionally of carbonates. Volume
increase and cementation of pore space
upon precipitation. Selective concentra-
tion of major and trace components.

(1) Retention of water.
(2) Obtaining moisture from air and preci-

pitation and maintenance of saturated
conditions.

(3) Increased tendency to move water from
any substances of less salinity: desic-
cating effect.

If (A), flocculation of colloidal precipitates:
possibility of translocation of particulate
materials.

If (B), dispersal of colloidal material:
plugging of pore space resulting in
increased runoff and easier erosion of
surface.

Note: These environmental conditions and processes operate regardless of whether natural
or engineered cover material was applied. Volume increase and periodic buildup of pore
pressure tend to disrupt cover material as has been experienced in connection with various
applied covers and dykes.



CHAPTER 1-2 51

S

I
1
I

.§.
5

1

1
I



52 RITCEY

TABLE X. DOMINANT CONDITIONS AND PROCESSES AT THE BASE OF
TAILINGS WITH A SUBTAILINGS SOIL INTERFACE [46, 47]

Environmental conditions

Mixing of chemically different
interstitial water

Major differences: pH, Eh, ionic
strength and electrolyte
concentrations.

Electrolyte concentration
(activity and ionic strength)
differences across the interface:
high concentration on tailings side
and low concentration on soil side

pH differences: low pH in tailings,
high pH in soil

Eh differences: high Eh in tailings
and lower in soils

Processes

Interface zone: differences in chemical and
physical properties from tailings and soil.

Possibility of formation of osmotic 'membrane'
by precipitation of both cation and anion
adsorbers.

Precipitation of amorphous hydroxides of
aluminium, iron, manganese, uranium and
trace transition metals.

Precipitation of sparingly soluble sulphates
(barium, radium).

Scavenging of trace metals by dominant
precipitates through co-precipitation,
occlusion and/or adsorption.

Tendency of water to move from soil into
tailings along chemical potential gradients.

Solubility of various solids varies with ionic
strength.

Hydrolysis and precipitation reactions.
If soil is well buffered, interface zone is

relatively narrow, ranging from a few to
several tens of centimetres. Where soil is
poorly buffered and has high hydraulic
transmissivity, 'excursion' of contaminants is
possible.

Depending on the nature of the electroactive
species, precipitation can occur; however,
dissolution may be promoted as well.

Uranium reduction will result in precipitation.
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TABLE XI. MAJOR CHARACTERISTICS OF TAILINGS AND SUBTAILINGS

SOIL AND THEIR INTERFACE [46, 47]

Tailings

Interface zone

Subtailings soil

Ca and Mg have a tendency to react with rain water and form a
crust of (Ca,Mg)CO3.

Movement to the surface, even in the presence of cover
material, of salts and precipitation on or slightly below
the surface.

The interior, and often the surface of tailings, have a very
large moisture holding capacity because of delinquescent
and hygroscopic salts.

Salts tend to desiccate nearby areas.

Precipitation bands of easily and sparingly soluble salts of
major and trace components occur. Chromatographic
separation has been observed.

Osmotic membrane by precipitation of colloidal materials
causes a tendency for more dilute water to move into the
tailings from below due to the chemical potential
difference of water on the two sides of the membrane.

In many places the subjacent soil is dry, in contrast to the
wet tailings.

High organic content and vegetative material in various
stages of decay, clay and fine silt are common.

Electrolyte concentration is relatively low.
Shallow subsurface water serves as a potential source of

water to the tailings.

6. MIGRATION

As noted elsewhere, the tailings area is chemically very complex and hetero-
geneous. According to Markos and Bush [46, 47], such a system is dominated by
the following factors:

(a) High ionic strength interstitial pore water,

(b) Soluble salts of calcium and magnesium sulphates and sodium chloride,

(c) Electroactive species of uranium iron, magnesium and vanadium,

(d) Low pH values.
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Because of the various differences in the soil, tailings and solution, several
reactions can occur:

(i) Redox reactions, involving the dissolution and precipitation of species, such
as uranium, iron, vanadium and magnesium. These reactions give rise to
adsorption and 'scavenging' of trace metals.

(ii) Dissolution and precipitation of the salts of alkali and alkaline earth metals with
anions, such as sulphate, chloride, silicate and carbonate.

(iii) Scavenging and co-precipitation of trace elements, usually associated with
iron, aluminium, manganese and silica gel. Co-precipitation occurs, for
example, for barium and radium, iron and arsenic and nickel.

(iv) Neutralization reactions, whereby hydrolysis occurs and neutralization results
when aluminium or silicon minerals are dissolved in the acid.

Chemical and geochemical reactions result in the formation of bands of
precipitated iron, manganese and uranium, together with gypsum and other salts.
Precipitation results in a reduction in the effective pore space and can have an effect
on hydrodynamic correlations. The precipitation of iron hydroxide on a silicate
surface may potentially change the adsorption characteristics of the solid matrix
[46, 47]. Precipitates of silica, alumina, and aluminosilicate gel are possible
scavengers for the sorption of trace metals from the migrating solute.

The Eh-pH can vary within the tailings pile as well as between piles. The reac-
tions within the pile will continue until the Eh-pH of the pore water are in
equilibrium with the solids phases and the environment. With a chemically dynamic
system in the tailings, the time required to reach equilibrium may take many centu-
ries. The major pH controlling reactions are the silicate minerals and the interactions
between carbonate ions from the atmosphere and those transported by water. The
acidity, as noted earlier, is due to the oxidation of sulphides and the hydrolyses of
metals precipitating, such as the hydrolysis of iron [46, 47]:

Fe2+ + 3H2O - Fe(OH)3 + 3H+ + e"

Examples of silicate dissolution are shown below for montmorillonite and
microcline:

+ 5H2SO4 + 28H2O + K+ + 0.5SO|"

- KA1(SO4)212H2O + 0.5CaSO4-2H2O + 3SiO2 + 3MgSO4 + 7H2O

KAlSi3O8 4- 4H+ + 4H2O - 3Si(OH)4 + Al3+ + K+ + 3Si(OH)4
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As the pH increases, the hydrolyses of aluminium and iron consume hydroxyl
ions, resulting in a decrease in pH:

Al3+ + H2O - A1(OH)2+ + H +

A1(OH)2+ + H2O - AI(OH)2
+ + H +

A1(OH)2
+ + H2O - A1(OH)3 + H +

A1(OH)3 + H2O - A1(OH)4- + H4"

As the tailings become weathered, chemical, biochemical and geochemical
changes occur within the impoundment area. The flow and availability of water are
two of the most important parameters affecting the chemistry and biochemistry of
the tailings and the migration of contaminants through the tailings. The water acts
as a transport mechanism for cationic and anionic constituents, as well as influencing
the solubility and migration of salts. Salt migration towards the surface of the tailings
is affected by the distance of the water from the surface. Salts are dissolved and move
by capillary action to the surface, where they precipitate. This occurs particularly
well with a shallow water table and evaporation. Depending upon the nature of the
original mill process and the particular tailings, various salts are present which may
appear on the surface throughout the tailings bed. Some of the salts that have been
identified are given below:

Fe(OH)3 (ferric hydroxide)
KFe3(SO4)2(OH)6 (jarosite)

NaF3(SO4)2(OH)6 (natrojarosite)
KA13(SO4)2(OH)6 (alunite)

PbSe (clausthalite)
CaSO4 (anhydrite)

MgSo4-7H2O (epsomite)
KA1(SO4)212H2O (alum)

Other salts that have been formed and which can precipitate at the surface were
nickel sulphate, nickel arsenate and uranyl sulphate. Co-precipitation of impurities
occurs, particularly Cd, As, Se, U, 210Pb, 226Ra, Ag, Cu and Mo [46-48].

Arsenic (V) is highly soluble in water, but in the presence of metallic cations,
it tends to form nearly insoluble precipitates [46, 47]:

Mn(AsO4)nH2O
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TABLE Xn. HYDRATED ARSENATE SALTS [46, 47]

Species

Al(AsO4)-2H2O

Ca3(AsO4)2-4H2O

Co3(AsO4)2-8H2O

Cu3(AsO4)2-6H2O

Fe(AsO4)-2H2O

Mn3(AsO4)2-8H2O

Ni3(AsO4)2-8H2O

Pb3(As04)2

Zn3(AsO4)2-2.5H2O

Zn3(AsO4)2-8H2O

Table XII shows some expected forms of arsenic precipitates which could form in
many tailings areas if present and if the arsenic species attains saturation in solution
[46, 47], In addition, present ongoing research indicates that a precipitate of radium
arsenate may be more stable than Ba(Ra)SO4 [49].

Areas with high salt concentrations do not dewater easily. There are three fac-
tors which are involved in the movement of salts to the surface [46, 47]:

(a) The availability of shallow subsurface water,
(b) The salt concentration within the tailings water,
(c) Temperature and chemical potential gradients between the surface and the

interior of the tailings.

The rate of migration of salts to the surface is dependent upon the amount of
moisture present, as well as the pH [48]. High moisture conditions result in a rapid
migration upwards. During periods of little or no water, the salts dry out, migration
decreases and the salts can become a dusting problem. When rainfall again occurs
the salts are removed from the surface by surface runoff and erosion. Radium
concentrations in the salt precipitates have been stated to be one or two orders of
magnitude higher than in salts lower down in the tailings [46, 47], The most active
tailings are those with water freely available to react, high salt concentrations and
where the salts and slimes are not separated from each other.
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As weathering proceeds, salts are formed or are being dissolved. Dissolution
of the soluble salts will provide [46, 47]:

(i) Heat, generated by the exothermic reaction;
(ii) Interstitial water of high ionic strength;

(iii) A source of ions to change the equilibrium by ion competition and ion
complexing.

In tailings where numerous salts are being formed by precipitation from solu-
tions, and where salts are being dissolved, there will be a concentration gradient
through the tailings. This difference in salinity causes increased pore pressures or
osmotic pressure from below. The tailings provide an ideal situation for osmotic
pressures to develop [46, 47]. Osmosis results in a volume increase in the highly
concentrated side, resulting in a separation of particles due to the hydrostatic
pressure. The observations by Markos and Bush indicated that osmotic processes
resulted in:

— The surface material becoming loose, resulting in erosion;
— Tailings material migrating through dykes;
— Water transport from the subsurface into the tailings;
— Transport of contaminants by the available water;
— Water available for chemical reactions within the tailings (to react with the

minerals and bacteria);
— Generation of long-lasting forces.

The disruptive forces owing to osmotic pressures must then be considered in
the design of the contaminant area and in its maintenance. The main geochemical
controls of reactions within the tailings are the quantity of sulphate and chloride salts,
the availability of water, pH-Eh and the chemical-mineral heterogeneity of the tail-
ings [46, 47]. Waste rock, unlike tailings because of the considerably larger particle
sizes, will not retain water to the same degree as close packed tailings, will not have
a high water table and, as a result, little or no efflorescence by upward capillary
action will occur. However, pyrite oxidation will occur. Obviously, if the weather-
ing process and its effects in the tailings can be minimized, the subsequent changes
in chemistry and salt formation will also be minimized.

7. TAILINGS STATIC LEACH TESTS

Many scientists have examined uranium tailings in an attempt to leach the
radium away from the tailings, as well as to provide some understanding of the
mechanism of attachment to the tailings so that migration can be predicted. As noted
earlier, the mill leaching process results in most of the radionuclides remaining with
the unleached solids. Many attempts have been made to maintain the solubility of
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the radionuclides during leaching by the addition of complexing agents or other
modifications. This has proved to be a difficult task and, in the presence of amounts
of such anions as sulphate, carbonate or arsenate, the radium is immediately precipi-
tated as the leaching of uranium occurs.

Radium is not uniformly distributed in the tailings. Investigations have shown
it to concentrate in the fine fractions, or slimes, together with other radionuclides.
Work by the United States Bureau of Mines indicated that 77% of the radium from
the alkaline process at United Nuclear-Homestake Partners was concentrated in a
slime fraction representing nearly 27 wt% of the original weight [50]. The sands con-
tained 5.2 Bq/g 226Ra, whereas the slimes contained 48.1 Bq/g 226Ra. At the Vitro
Chemical plant, the sulphuric acid leach tailings contained 18.5 Bq/g 225Ra.
Following a sand-slime separation by differential sedimentation, 94% of the radium
was present in the slimes fraction, accounting for 25% of the weight of the original
sample. The sands contained 1.8 Bq/g 226Ra, compared with 70.3 Bq/g 226Ra in the
slimes.

Seeley [51] has reported that 80-90% of the radium is contained in the
—400 mesh fraction. These fractions usually comprise 20-33% of the weight in
the acid process tailings, compared with 12-50% of the weight in the alkaline
process [52].

Radium exists in the divalent state and, as an alkaline earth, most closely
resembles the chemistry of barium. Insoluble inorganic radium compounds include
sulphate carbonate and arsenate, while soluble forms of halides and nitrates exist.
In the absence of sulphate, carbonate or arsenate, radium can be more easily solubi-
lized in water. The radium probably exists in the tailings in several forms, as
RaSO4, precipitated during the leaching, around the solid ore particles; as
Ba(Ra)SO4 co-precipitate resulting from precipitation with barium chloride;
associated with jarosite [KF3(SO4)2(OH)6]; or with lime (CaSO4-2H2O); or with
neutralized hydroxides [M2+(OH)2] and absorbed on silica and on organic matter.
Insufficient data are available to indicate whether the radium is substituted into the
jarosite and gypsum lattices as a cation, or whether it exists as a co-precipitate or
precipitate adsorbed onto sulphate compounds or minerals. The form or species of
radium in the tailings will have an important effect on the relative mobility of radium
throughout the impoundment area.

Leaching of the radium sulphate from the sulphuric acid leach tailings has been
carried out using the sodium salt of ethylenediaminetetraacetic acid (EDTA)
[3, 4, 9, 50-53]. The tailings were leached for 5 h at 60°C at 15% solids in 0.15M
EDTA. After three successive leaches, 92% of the radium was solubilized [50], with
the leached tailings containing 40 pCi/g 226Ra. Alkaline leach tailings were leached
for 2 h at 60°C at 15% solids with 0.15M EDTA. This treatment resulted in only
50% of the radium being leached.

Leaching of the sulphuric acid leach tailings has also been investigated using
HC1 [50, 54]. After three successive leaches at 25% solids at 60°C with 1.5M HC1,
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the final residue contained 1.48-2.22 Bq/g 226Ra, 0.0009% U and 0.003% Th.
Leaching of a pyrite concentrate showed a similar level for radium, but an order of
magnitude higher values for U and Th. After leaching a radioactive concentrate by
the same treatment, the residue still contained more than 11.1 Bq/g 226Ra. Brine
leaching was quite ineffective for any of the concentrates.

The use of various salt solutions has been considered for the leaching of radium
from the tailings solids. Shearer and Lee [55] showed that the order of radium disso-
lution by the alkaline earths was:

BaCl2 ^ SrCl2 > CaCl2 > HC1 > KC1 > NaCl « MgCl2 « H2O.

A linear relationship existed between the amount of radium solubilized
and the barium chloride concentration. This relationship explains the displace-
ment of radium on river sediments by the leaching cation. In work reported by
Havlik et al. [56, 57], radium dissolution was at a maximum between 15 and 30 min
and decreased with prolonged leaching time. Maximum solubility was achieved at
pHl, which decreased as the alkalinity was increased to pH9, and increased as the
pH was raised to 13. The order of radium solubility as a function of the salt leachant
was:

BaCl2 > K3PO4 > MgCO3 > Na3PO4 > SrCl2 > (NH4)2SO4 > CaCl2

> NaCl > KI

The authors listed temperature, rate of flow, size of radioactive particles and type
of medium as the most important factors in the liberation of radium from rocks and
soil.

If sulphate is present in the tailings particles it must first be removed before
appreciable leaching of radium can occur. Work by Levins et al. [58] demonstrated
the sulphate inhibition and they were able to achieve 90% radium removal only after
four stages of leaching with 5M NaCl at a liquid:solid ratio of 5. At CANMET, tests
on Elliot Lake acid leached tailings showed that KC1 was a preferable leachant com-
pared with NaCl, NH4C1, CaCl2 or LiCl [54, 59, 60]. Also, the efficiency was
increased if the tailings were washed with water first [60]. Leaching tests with
1M NaCl-O.lM HC1 mixture by Seeley in a four stage countercurrent experiment
resulted in the removal of 94% of the radium from the solids [51]. The leach
efficiency decreased with the recycle of the leachant such that after eight cycles the
radium solubility had decreased to 72%. This was probably due to the buildup of sul-
phate in the recycle chloride solution.

The leaching tests described above utilized complexing solutions or chloride
solutions. However, there is also considerable solubility of radium in water. The
greatest solubility occurred at pHl-1.6;, while moderate dissolution occurred
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between pH2 and 13 [56]. Also, the liquid: solid ratio can have a pronounced effect
(Fig. 6) [58], as well as the type of tailings material, the mineralogy and the history
of the ore treatment process. Figure 7 shows the solubility data at varying pH levels
in different leachants and Fig. 8 shows the effect of salt type and concentration [58].

At CANMET, there has been considerable work since 1978 on the leaching
of tailings and, in general, trying to understand the biogeochemistry of the interac-
tion that occurs [37, 38, 61-63]. The initial work was performed in shake flasks and
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then in various size columns where the amount of water was varied. Also, the effects
of bacteria on the oxidation of pyrite were studied. The data derived were compared
with larger tests (in lysimeters, to be described later) based on the amount of water
applied per kg of tailings [61].

The results of these tests are given in Fig. 9, based on the volume of water
applied per kg mass of tailings. The test size does not seem to be important and the
radium in the effluent appears to be related to its aqueous solubility. The results for
the shake flasks and lysimeter boxes are similar, owing to the presence of bacteria.
The column tests were similar to one another, but there were no bacteria in the
columns. The difference in the two types of base present in the small columns should
be noted. With a quartz base, the elution of radium is greater compared with the
column with a limestone base. The presence of the limestone results in the radium
being removed from solution by precipitation, probably as the carbonate, thus result-
ing in a decrease in the concentration and the release of this radionuclide into the
column effluent. A similar decrease in the concentration of radium occurs when a
peat moss base is used [38, 61].

The high grade complex uranium ores of Key Lake and Midwest Lake, con-
taining nickel and arsenic, were similarly examined and these results are given in
Fig. 10. Because neither company had a mill in operation at the time of the tests,
the tailings were obtained from uranium extraction experiments on cores. These high
grade ores, depending on the original blend of ores in the leach, will result in a
difference in the radium content in the tails. A level of about 222.2 Bq/g 226Ra
would probably be expected for tails from such ore. In the tests shown, the levels
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range considerably lower because of the original blend. Nevertheless, there appears
to be reasonable agreement of the radium leaching patterns with the shake flask tests
and the small column lysimeters for the Midwest tests when sufficient water is
applied. The Key Lake data did not show such close agreement. Figure 11 shows
that there is very little dissolution of nickel, but that there is a significant and continu-
ous dissolution of arsenic (0.01-0.04 g/L) with continued application of water. The
release of arsenic could eventually complex with any radium solubilized.
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Shake flask tests on the Midwest tails were carried out to determine the effect
of bacteria on the release of constituents. These results (Figs 12 and 13) indicate that
in the presence of bacteria there is increased acidity and therefore increased uranium
solubility. There is also an initial increase in the solubility of nickel and iron. The
presence of bacteria slowed the arsenic and radium dissolution rate. By the seventh
week all of the bacteria had died, due possibly to the arsenic and/or free acid
concentrations.

Typical shake flask leaching data [37, 38] for low grade (Elliot Lake) and com-
plex (Saskatchewan) tailings are shown in Fig. 14. The figure shows data obtained
from leaching 25 g of Quirke tailings with a water application rate of 0.25 L/week
(10 L/kg per week). Tests in which peat moss and/or limestone are incorporated at
the base of column leach tests with water are shown in Fig. 15, indicating that the
combination of peat moss and limestone has dramatically decreased the 226Ra in the
effluent, as well as raising the effluent pH.

The various leach tests have demonstrated that radium and other constituents
were solubilized to a large extent in different media, and that even contact with water
can result in substantial leaching. Therefore, an understanding is necessary of the
leaching process and interactions occurring within the tailings as weathering
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proceeds over a period of time. The next section describes simulated weathering
under controlled conditions in laboratory experiments to determine some of the
factors affecting solubilization and the subsequent migration of various solutes
throughout the tailings bed over time.

MIGRATION STUDIES UNDER CONTROLLED CONDITIONS IN
LYSIMETERS

The migration of radium and other constituents out of the tailings is governed
by geochemical processes. The respective concentration in solution will change and
be dependent upon the geochemical interactions as weathering proceeds. The solubil-
ity and subsequent transport of potential contaminants into the environment is con-
trolled by a number of factors — both physical and chemical parameters, such as
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FIG. 13. Effect of bacteria on the release of nickel, arsenic and iron from Midwest Lake
tailings [61].

Eh-pH, dissolved O2, CO2, H2S, the ionic strength of the solution, temperature,
bacteria type and amount, type of waste material with respect to the mineralogy, par-
ticle size and the amount of slimes or clays. All of these factors are interconnected
and will influence the weathering process, with the result that within the impound-
ment area various chemical and physical changes occur over time. These include
porosity permeability, sorption, desorption, precipitation, dissolution, etc.

Within the tailings area many minerals will be found, varying from location
to location as well as varying with process changes. Static leaching tests have been
more concerned with radium and its solubility, rather than the possible solubility of
other contaminants. Because the tailings will contain not only undissolved gangue
particles, but also precipitates of gypsum, jarosite, metal hydroxides and several
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possible forms of precipitated or colloidal radium adsorbed into particles, these com-
pounds may be solubilized to varying degrees during the weathering process. The
weathering is, of course, accelerated if the tailings contain sulphides which can be
subsequently converted to sulphuric acid during the weathering. The oxidation, as
mentioned elsewhere in this paper, can be caused by the presence of oxidizing
species of bacteria, by the oxygen transported in the water as it passes through the
tailings, or by the presence of an oxidizing medium within the tailings, depending
upon the presence of oxidizing minerals. Once acid is generated, the stability of
precipitates in the tailings is seriously decreased. The dissolution of precipitates may
thus release toxic metals. The data in Table XIII show the solubility products for
some of the major species of cpncern [34, 64-66] .

Thus, it is evident that the processes occurring in the tailings during weathering
over extended time are those of continuing change, which are dependent upon many
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TABLE XIII. SOLUBILITY PRODUCTS FOR
SPECIES OF INTEREST [34, 64-66]

Element -log £sp

FeSO4

UO2SO4-3H2O
Th(SO4)2

CaSO4-2H2O
PbSO4

BaSO4

RaSO4

KFe3(SO4)(OH)6

CaCO3

BaCO3

RaCO3

FeCO3

PbCO3

Th(CO3)2

Ra(OH)2

Ba(OH)2

Ca(OH)2

Mn(OH)2

Fe(OH)2

Fe(OH)3

Th(OH)4

U(OH)4

2.0
2.0
4.0
5.0
7.7

10
12-14
(Unknown)
8.3
8.8
9.0

10.5
13.1
(Unknown)

<3.0
3.0
5.4

12.8
14.7
38.7
39-44
45

factors. Sampling of tailings with respect to water seepage and runoff and their qual-
ity and quantity, the hydrology and other measurements can be performed, but the
collection of data may prove useless in arriving at an understanding of the bio-
geochemical processes. In order to predict migration of such constituents as radionu-
clides and other contaminants, some baseline data for comparison must exist, as well
as some scientific data to develop a predictive model. Therefore, rather than spend
large resources on only studying already laid down tailings, it would also be
appropriate to perform research under controlled, simulated weathering conditions
in the laboratory. Data from controlled tests would be similar to performing bench
scale beaker tests on an ore leaching experiment so that once the parameters are
acquired the process would be scaled-up to a pilot plant. Similarly, with controlled
tests on tailings, in which the reactions are more complex, after having determined
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some of the relevant factors of migration, the migration model can be verified in the
actual tailings sites for that specific mill. These controlled tests are one step more
than the simple leach tests that have been performed on tailings that were described
earlier.

Controlled tests to simulate weathering and to determine the effect of water
transport on the resulting migration are conducted in vessels known as lysimeters.
The following is a composite definition [67]:

"[A] structure containing a mass of soil, and so designed as to permit
the measurements of water draining through the soil. It consists of a
basin, having closed sides and a bottom fitted with a drain. Quantities
of material and/or artificial precipitation are measured, the deep perco-
late is measured and analyzed, water of evaporation is measured, water
taken up to plants is weighed, etc."

At CANMET, laboratory studies of tailings, using various types of lysimeters,
are being compared with on-site hydrogeochemical measurements to determine if a
relationship exists between the laboratory and the field results, and if chemical and
physical predictions of occurrences in the abandoned and current tailings based on
laboratory studies are valid [61].

Simulated weathering time cycles were described and correlations were made
with measurements on actual tailings. The interaction of bacteria and organics on the
oxidation of sulphides to sulphuric acid was studied, as well as the release of consti-
tuents, such as 226Ra, SO2", total iron, uranium, and the effect on pH of the
effluent. Because a study of tailings weathering is a long term process, nine times
the normal rain cycle was arbitrarily used to determine solubility effects in a simu-
lated 25 year period in order to compare with old abandoned tailings that were laid
down for about 25 years. Thus, it might be possible to predict (a) the production of
acid and the solubilization of metallic elements by the action of iron oxidizing bac-
teria; (b) the effects of organic solvent extraction reagents (used in the uranium
purification process) on these bacteria; and (c) the leaching of 226Ra and other
chemical constituents caused by water percolation through a tailings area. The
release of arsenic and nickel was also followed in studies on complex uranium
tailings.

Figure 16 shows the pH and concentrations of 226Ra, sulphate and total iron
in the effluents of the three lysimeter boxes over a period of approximately 900 d,
simulating about 22.5 a, during which time 13.8 t of water were applied. No correc-
tion to these results is applied to compensate for evaporation of 9.3 ± 2.3%.

Initially, the concentrations of sulphate and total iron of the effluents from each
of the three lysimeters are similar. Subsequently, the concentrations of both sulphate
and total iron in the effluents increase similarly in boxes 'A' and 'B', with the pH
decrease correlating with the cumulative sulphate removal. The concentrations of
these components are much less in the effluents of box ' C . The total iron consists
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of both ferrous and ferric species; the ferric iron results from bacterial oxidation of
pyrite and ferrous iron, whereas the ferrous iron results from the action of ferric iron
and pyrite under the reduced conditions below the water table [68]. Sulphate is
generated not only by the dissolution of gypsum, but also by bacterial oxidation of
sulphide minerals, bacterial oxidation of elemental sulphur arising from the oxidation
of sulphide minerals by ferric iron and the formation of secondary ferric iron
minerals. Thus, the presence of elevated concentrations of iron and sulphate in the
tailings effluents is an indication of bacterial activity. The lower total iron to sulphate
molar ratio of the effluents from box ' C indicates less metabolic activity of the iron
oxidizing bacteria due to the presence of the bacteriostatic agent (NaOCl). This ratio
also decreases during the course of the experiment [60] due to the incomplete bac-
terial and chemical oxidation of pyrite, which would occur according to the equation:

2FeS2 + 7O2 + 2CaCO3 + 2H2O - 2FeSO4 + 2CaSO4-2H2O + 2CO2

yielding a theoretical iron to sulphate molar ratio of 1:1. In reality, this ratio would
be greater than 1:1 owing to the solubility of gypsum and the oxidation of other
sulphide minerals in the tailings.

Thorium was not extracted from the tailings contained in any of the lysimeters,
the concentrations in the effluents being consistently less than 0.2 mg/L. After an
initial release, uranium was not found in the effluents of lysimeters 'A' and 'B' until
after 7.5 simulated years and from lysimeter ' C not until after 17.5 simulated years.
Until 20 simulated years, when uranium was detected in the effluents, it was rarely
found in concentrations greater than 1 mg/L. After 20 simulated years, the uranium
concentration in the effluents of box 'A' increases to approximately 10 mg/L. In the
effluent of box 'B', which was flooded between 17.5 and 22.5 simulated years, and
of box ' C , which was treated with bleach, the uranium concentrations were always
less than 1 mg/L.

The mixture of organic compounds originally introduced into lysimeter box
'A' was almost completely eliminated, either by voidage through the effluent or by
evaporation within the first 11 simulated years. Kerosene, the largest component in
the mixture of organic compounds, was quickly eliminated from the tailings, its con-
centration in the tailings decreasing by almost 80% in the first four simulated years
and by more than 95% in the first 10.8 simulated years. Examination of the core
samples from the centre and at the corners of lysimeter box 'A' indicated migration
of the kerosene toward the effluent outlet. Isodecanol, which could be detected but
not quantified owing to the interference of the chromatographic spectrum by kero-
sene, was always found with the kerosene. The elution of Alamine 336 was observed
to be much more rapid and was undetected after a two year simulation period.

Periodically, throughout the evaluation period, the boxes were photographed
in order to compare the iron layering due to jarosite formation. There was a signifi-
cant amount produced after four months of operation (approximately three years of
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FIG. 18. Comparison of random and subareal deposition for seepage [62].

simulation) and acid production in the tailings was also noted. The presence of
bacteria increased the acidity and dissolution of iron, but inhibited 226Ra release.
Subsequently, the hydrolysis of iron would result in acid conditions. The continual
application of water solubilized 226Ra.

Core sample profile analyses of the lysimeter contents for radium, sulphate and
iron are shown in Fig. 17 after a simulated 20 year period. The radium is being
leached from the top layers downward, with no change or even enrichment of this
radionuclide occurring towards the bottom of the lysimeter. Similar trends, but less
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pronounced, are shown for iron and sulphate. (The hash marks in Fig. 17 indicate
a range of analysis.) The downward movement of these constituents is similar to
some, but not all, sites of the Nordic tailings area at Elliot Lake [42].

A calculation, based on the rates of radium release over the simulated 25 year
period, indicates that radium will pass through the tailings contained in the lysimeter
boxes in about 300 simulated years. However, such calculations should not be
directly extrapolated to actual tailings sites without obtaining specific site data.

Lysimeter tests, also at CANMET, were performed to determine the effect of
the tailings disposal method on the seepage and runoff quality and quantity [62]. The
normal random discharge method was compared with the thickened discharge and
the layered, or subareal, methods. Some of the tests were subjected to freezing and
thawing, as well as accelerated simulated rainfall, and included the presence of bac-
teria. Figure 18 shows the data comparison for the subareal and random deposition
on Midwest Lake tailings. The results indicated that both the thickened discharge and
subareal discharge methods resulted in decreased seepage, while the oxidation of sul-
phides was slightly decreased in the thickened discharge test, but not in the subareal
or in the random discharge. As in previous tests [62], the Midwest tails did not sup-
port the T. ferrooxidans bacteria.

In subsequent lysimeter investigations at CANMET, the work was directed
towards examining the possibility of establishing a growth cover on the Elliot Lake
tailings to prevent oxidation and therefore acid generation [64]. Inhibition of the
bacteria population by a bactericide resulted in a significant decrease in acid genera-
tion. A 30 cm layer of compost on the surface of the tailings was successful in sub-
stantially decreasing oxidation of sulphides. Radium dissolution was not affected.

TABLE XIV. CHEMICAL AND MINERALOGICAL COMPOSITION OF
EFFLORESCENCE ON THE SURFACE OF ELLIOT LAKE URANIUM
TAILINGS [63]

Chemical composition Mineralogical composition

Calcium, 1.70% Gypsum (CaSO4-2H2O)

Sulphate sulphur, 15.00% Calcium sulphate hemihydrate (CaSCy'/SI^O)

Total sulphur, 15.06% Alunite (KA13(SO4)2(OH)6)

Total iron, 1.14% Okenite (CaSiO2O4(0H)2H2O)

Aluminium, 7.05% Undifferentiated secondary iron precipitates



TABLE XV. SOME PRELIMINARY RESULTS ON THE LAYERED TAILINGS LYSIMETER [68]

Phase

1

4

Runoff
vs

seepage

Seepage
greater
than
runoff

pH

Original: 12.5
Present:
Runoff 7.4
Seepage 6.7

Solution
composition

• As, Ni, U,
Ra-226 in
seepage
increased

• Mg, Ca, SO4

minimal in
seepage

Core analyses
(vertical)

• U, Ra-226
being depleted
in upper core

• Marked depletion
in upper core of
Fe,Ca,Mg,K,Na

• Freeze-thaw not
as pronounced

• As-Ni relation
not as great as
at earlier phases

• CO3 concentra-
tion at base

Permeability

• Apparent
increasing
permeability

• Freeze-thaw
destroys
impervious
nature

Bacteria

No T.ferrooxi-
dans detected,
but gram neg.
rods in Phase 4

Particle
size

distribution

• - 7 4 jj.m

cone, at
beach

• Correlation
between
fines and
Ra-226 less
with acid
rain

Radon
flux

(pCi-m^-s" 1)

Frozen, 5
Thaw, 316

Physical
aspects

• Fines washed
to beach

• Polygonal
cracks formed

• Encrustations
of efflorescent
salts on bed
surface NiSO4

and CaSO4

• Much of salt
dissolved in
'acid rain'

• Freeze-thaw
destroys
inherent struc-
ture of bed

Note: Phase 1: Simulated mill running conditions and tailings deposits.
Phase 2: Mill shutdown and weathering simulation (fivefold acceleration) begun.
Phase 3: Weathering simulation continuing.
Phase 4: Introduction of simulated 'acid rain' (pH5.4) and freeze-thaw.

9
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During simulated weathering, efflorescence formed on the surface of the tailings.
The analyses of the salts are given in Table XIV. This verifies similar findings by
others in examining actual tailings sites [47].

In addition, a large Iysimeter containing 11 t of tailings from the Midwest
Lake, Saskatchewan, has been evaluated by CANMET under accelerated simulated
weathering conditions. These tailings contain high amounts of nickel and arsenic
(approximately 2.5%) which, with the higher grade uranium (2.5%) and low sul-
phide (0.5%), make them very different from other tailings that had been evaluated
in lysimeters. Also, the method of deposition was by the subareal technique. Samples
of effluents were taken for chemical analysis, and core samples were taken
periodically. Measurements were made for porosity, permeability and seepage
versus runoff volumes. In addition, surface chemistry effects, ion exchange, radio-
nuclide measurements, physical measurements and mineralogy are being carried out.
Some preliminary results are given in Table XV [68]. A full report will be issued
when all of the data have been assessed.

The above work, under controlled conditions, is being carried out by a group
of interdisciplinary scientists from several laboratories. Because the tailings are so
heterogeneous, and the chemical changes occurring over time during weathering are
so dynamic, many facets must be considered and the data interpreted and related.
The object is to provide an understanding of the chemical, physical and biogeochemi-
cal processes affecting the migration of contaminants within the tailings. It is the
belief of this investigator that such data, together with field measurements, will
provide the information base from which the detailed theories of contaminant migra-
tion can be developed and refined.

9. CONCLUSIONS AND SUMMARY

The degree to which weathering affects the tailings and the subsequent release
and mobilization of the contaminants depends on a number of important factors:

(a) Characterization of the tailings: The mineralogy and associated gangue
minerals, the leach process, particle size, type and nature of the sulphide
minerals, tailings treatment (i.e. dewatering, neutralization), the chemical
nature of slurry water (pH, Eh, ions).

(b) Oxidation reactions involved in the conversion of sulphides to sulphuric acid,
whether by chemical or bacterial oxidation.

(c) The role of bacteria present, whether iron oxidizing or sulphate reducing, and
the relative population of the microorganisms.

(d) Stability of Ba(Ra)SO4precipitation in the tailings with respect to the effect of
weathering and bacteria, particularly that of the sulphate reducing
microorganisms.
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(e) The influences of hydrology and geology relating to the siting of the tailings;
dam construction; method of tailings deposition; amount of groundwater in and
out of the tailings; amount of process water remaining with the solids which
affect the quantity and quality of the seepage; rainfall, atmospheric tempera-
ture, seasonal flooding, dissolved O2 or other gases; physical nature, such as
porosity and permeability; interactions of chemistry and biogeochemistry;
geochemical processes of sorption, desorption, precipitation and redissolution;
capillary forces, electrolyte concentrations and salt formation.

(f) Migration of salts upward by capillary action; the migration of contaminants
downward through the tailings are governed by the flow and availability of
water to provide transport.

(g) Static leach tests on tailings can provide valuable information as to some of
the chemistry occurring within the tailings impoundments. However, more
valid information can be gained by long term controlled weathering tests in
lysimeters where a number of parameters can be monitored and assessed simul-
taneously. The interactions of chemistry, biogeochemistry and the physical
properties of the tailings, together with the water and flow regimes, can
provide valuable information as to the possible long term effects of weathering
due to the presence or absence of sulphides or microorganisms. Laboratory
tests must correlate with field conditions.
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1. INTRODUCTION

1.1. Fertilizer process wastes

Radioactivity in phosphate rock was detected in the early part of the twentieth
century [1]. Later studies revealed the presence of uranium, thorium and their decay
products in equilibrium with their respective parent elements in the ore. Of all the
radionuclides in phosphate rock, 226Ra is of particular interest because of its long
half-life, radiotoxicity and its relative physical and biological mobility. The nuclide
is of further importance as the parent nuclide of the gaseous 222Rn which, along
with its solid decay products, constitutes a significant source of radiation exposure.
Concentrations of 226Ra in phosphate rock are reported to vary, covering a range of
1-2 Bq/g (1 Bq = 27 pCi) [2-6]. Most of the 226Ra in the ore ends up in the waste
gypsum during the production of phosphate fertilizers. The concentration of 226Ra
in these wastes is reported to be nearly 1 Bq/g [5-7]. By far the largest source of
phosphogypsum in the world is in Florida, United States of America, where annual
production is reported to be 33 million tons,' with a stockpile of 330 million tons
in 1980 [8]. This accounts for an estimated 226Ra activity buildup of about 33 TBq
(~900 Ci) annually and an accumulated activity ten times as high.

The global quantities of phosphogypsum wastes are probably in excess of those
arising from uranium mining and milling [9], although 226Ra concentrations are
typically only about one tenth of those in mill tailings. Thus, it is clear that phos-
phogypsum wastes represent one of the major sources of 226Ra in the environment.

Recent data on the leaching of activity from fertilizer mill tailings indicate the
relative mobility of 226Ra from this source. Experiments have shown that nearly
60% of 226Ra in a fertilizer waste sludge is readily leachable with water [10], while

1 ton (long) (= 2240 lbm) = 1.016 X 103 kg.
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a very small fraction appears to be leachable from uranium mill tailings (-0.5%)
[11]. Apart from 226Ra, phosphogypsum is also reported to contain radionuclides
belonging to the uranium and thorium series.

Commercial utilization of phosphogypsum is limited to small scale application
in building materials; the bulk of the wastes are disposed of as landfill where they
undergo extensive weathering and leaching. The leached activity may directly or
indirectly enter the food chain and constitute an exposure. Particulate carryover by
surface runoff may also dissipate the source over a large area.

1.2. Monazite wastes

The radioactivity associated with the monazite process waste sludge has
become significant in recent years. This is due to an increasing demand for activity-
free rare earth elements, which has resulted in a large increase in ore processing
throughout the world [12]. Monazite contains 6-10% thorium. 228Ra (TVl = 5.8 a),
which is in radioactive equilibrium with 232Th, is the long lived isotope of radium
in the decay chain. 226Ra is present to the extent of 10% of 228Ra by activity
because of uranium, which is normally present in monazite. During the production
of rare earths from monazite by the conventional alkali digestion and acid leach
processes, the radium present goes into the rare earths fraction. The removal of
radium from this product (deactivation) gives rise to a sludge which contains radium
in a BaSO4 matrix, along with lead sulphide; lead is eliminated from the product as
PbS. It is reported that 80% of the radium present in monazite goes into the waste
sludge. 228Ra levels in the sludge are in the range of 7-20 kBq/g, depending on
process variations [13]. The major monazite producing centres in the world are
Australia, Brazil, India and Malaysia. Processing of monazite is mainly carried out
in Brazil, India and Malaysia. Small quantities are also processed in the United States
of America. Nearly 20 000 t of monazite are processed annually all over the
world [12]. The 228Ra inventory in the process waste sludge works out to 6 TBq
(-160 Ci) per year, with an estimated stockpile ten times as large. In the USA,
waste residues from the monazite processing plant of W.R. Grace, Inc., in New
Jersey, were buried in situ. Recent investigations have reported soil contamination
in the locality [14]. Area contamination has also been reported in the proximity of
a plant operated by Asian Rare Earths in Malaysia [15]. These instances of contami-
nation relate to the presence of radionuclides, mainly of the thorium series, which
includes 228Ra. In some of the other major monazite processing countries, such as
India and Brazil, the waste sludge obtained during the deactivation of the rare earth
by the BaSO4 process is collected in containers made of either mild steel or rein-
forced concrete (RCC) and stored for disposal [13, 16]. Disposal of RCC containers
holding this sludge in suitably engineered underground RCC trenches is a feature of
monazite processing in India. Other proposals include sea and land disposal after
secondary immobilization of radium in cement [13].
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The potential for environmental contamination is a problem which must be
seriously considered in relation to the disposal of these wastes, especially because
of the significant land areas which they occupy. The spread of contamination takes
place by leaching and weathering of the solids. Unfortunately, very little published
information is available from either the monazite or fertilizer industries on these
aspects to permit an evaluation of their significance and the drawing of attention to
viable economic solutions. The following deals mainly with some studies carried out
in India dealing with these aspects.

2. LEACHING STUDIES ON THE FERTILIZER PROCESS WASTE
SLUDGE

2.1. Batchwise leaching

In a fertilizer plant at Udyogamandal, India, the CaSO4 (gypsum) produced is
partly converted to CaCO3 by the Mersberg process for the production of ammo-
nium sulphate [5]. Hence, the waste sludge from this plant contains CaCO3 mixed
with CaSO4. Leaching studies are reported for this sludge [10]. Batchwise leaching
of a freshly separated sludge with distilled water using a solution:sludge ratio of
100:1 indicated significant activity of 226Ra, as shown in Table I. The initial low
value is due to the presence of excess SO4 ions present in the sludge, which had an
inhibitory effect on the leaching of radium. The total activity removed in ten succes-
sive leaches amounted to nearly 60% of the 226Ra originally present in the sludge,
which was termed the 'loosely bound fraction'. This figure is considered to be high
if co-precipitation involving isomorphous replacement of radium in the crystal lattice
of CaCO3 or CaSO4 is envisaged. However, the readily leachable activity was
found to decrease progressively as the matrix aged, probably due to further exchange
with the barium that may be present. In the above samples this was only about 20%
of the original activity after three years. Moreover, radium and barium sulphate
crystallizes in a rhombohedric system, whereas calcium-sulphate-dihydrate
(CaSO4-2H2O) crystallizes in a monoclinic system [7].

These findings suggest that the initial 'carrying' of radium by fertilizer waste
sludge is not one of isomorphous replacement, but mainly of surface adsorption.
However, process variations may play a major role here, as well as the conditions
of leaching. Wide variations have also been reported in the leaching of radium from
uranium mill tailings depending upon the solid-liquid ratio, composition of the
leached solids, particle size, nature of the leaching solution and various other factors
[12, 17-19]. The conditions of leaching given here do not exactly represent the
natural situation. However, it helps to estimate the quantity of radium that could be
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TABLE I. SUCCESSIVE LEACHING OF Ra-226
FROM FERTILIZER SLUDGE WITH WATER

_ . . . Activity in leachate
Batch No. ;

(Bq/L)

1 0.06

2 0.15

3 0.08

4 0.08

5 0.07

6 0.06

7 0.06

8 0.04

9 0.03

10 0.02

Note: standard deviation: ±10% (maximum).

Solutionrsludge = 100:1.

Moisture content of sludge: 30%.

released when the sludge is in intimate contact with water in a dynamic system. The
conditions of leaching have to simulate site specific parameters in order to obtain
more meaningful results.

2.2. Continuous leaching

Leaching of the sludge using simulated environmental conditions was carried
out by allowing rain water to percolate through the sludge bed under little or no
hydrostatic head [10]. The water that percolated down the sludge bed was analysed
in 100 mL batches. Two litres of rain water were used in the experiment. The studies
indicated a bimodal distribution of 226Ra in the sludge, as represented in Fig. 1. An
identical observation has also been reported for uranium mill tailings [20]. The distri-
bution as it appears in the figure can be resolved into three components, as follows:

(a) A loosely bound component which desorbs quickly.
(b) A component of the loosely bound radium which moves down the column in

a desorption-sorption-desorption cycle.
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(c) A chemically exchanged component which steadily leaches out. Components
(a) and (b) are practically the same, representing the readily leachable fraction
as obtained in batchwise leaching. The maximum concentration of 226Ra in
the leachate that seeped out of the sludge column (6 cm x 2 cm) was
3.7 Bq/L. The concentration at steady state leaching was about 1 Bq/L. Disso-
lution of BaSO4 containing radium was reported to be the mechanism by
which radium was leached from gypsum in a phosphoric acid fertilizer plant
[6]. Barium and radium sulphates precipitate in the same crystalline system.
Therefore, under conditions of co-precipitation, radium replaces barium in the
crystal. Dissolution of the matrix thus releases radium.

2.3. Exchange of leached 226Ra with soil

The water that seeps through the sludge does not find easy access to the
environment as it must pass through a soil bed which normally retards migration
[21]. Experiments conducted in the laboratory simulating environmental conditions
showed that the transport of 226Ra through soil is a very slow process. The soil used
in this experiment was a laterite clay [10], a typical weathered rock found in the
tropics and composed mainly of the hydroxides of iron and aluminium. Most of the
activity desorbed from the sludge was contained in the upper 0.5 cm layer of the soil
(Table II). A fraction of 226Ra, representing nearly 10% of the total, did not get

10

Batch number

FIG. 1. Leaching of 226Ra from a column of fertilizer process waste sludge by rain water
(pH4.1). (Column size: 6 cm height X 2 cm diameter; flow rate: 1 mL/min.)
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TABLE. II. VERTICAL MOVEMENT OF Ra-226
LEACHED FROM FERTILIZER PROCESS WASTE
SLUDGE THROUGH S O I L - A LABORATORY
EXPERIMENT

Soil depth Ra-226
(cm) (Bq/kg)

0.0-0.5 297

0.5-1.5 15

1.5-3.0 25

3.5-5.5 12

5.5-7.5 15

7.5-9.5 12

Note: standard deviation: ±10%.

TABLE III. DEPTH DISTRIBUTION OF Ra-226 IN
THE FERTILIZER PROCESS WASTE SLUDGE
DISPOSAL AREA

Depth Ra-226
(m) (Bq/kg)

Surface 400

0.23 500

0.50 450

0.65 300

0.80 50

0.95 14

Note: standard deviation: ±5% (maximum).

Core size: 5 cm diameter.
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TABLE IV. SUCCESSIVE LEACHING OF Ra-228
FROM MONAZITE PROCESS WASTE SLUDGE
WITH DISTILLED WATER (pH: 3.5, SOLUTION:
SLUDGE = 100:1)

Activity in leachate
Batch No. ( B q / L )

1 8162

2 1605

3 173

4 163

5 88

Note: standard deviation: ±15% (maximum).

Total activity leached: 7%.

exchanged at all, its activity being about 0.04 Bq/L. This fraction is of special
interest and needs detailed study in view of its potential for the contamination of
groundwater.

2.4. Field observations

Core sampling was done in an old sludge disposal field to obtain the depth
profile of 226Ra (Table III). The highest activity, 500 Bq/kg, was observed at one
third of the depth of the waste pile, having a thickness ranging from 50 to 75 cm.
The soil activity 5 cm below the sludge decreased to background levels. There was
no evidence to show that the exchangeable activity had seeped down to a depth of
1 m even after ten years of operation. Against this, depletion of the top layer was
observed to occur by natural erosion. Evidence of extensive lateral seepage of
activity was noticeable during area monitoring [10]. Significant enhancement of soil
226Ra levels was observed up to a distance of 1 km in a canal leading to a nearby
river, which drained the runoff from the sludge disposal area. The enhancement
ranged from 2 to 15 times the natural levels of 226Ra in soil in the locality. Detailed
studies carried out in the river have indicated higher levels of 226Ra in water and
sediments attributed to this source [22].
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3. LEACHING STUDIES ON THE MONAZITE PROCESS WASTE
SLUDGES

Studies on the leaching of radium from monazite process waste sludge are very
limited since the problem has not been recognized until recently. A systematic evalu-
ation of this aspect is available in published form from a study carried out in India
[13], which deals mainly with the leaching of 228Ra, the 232Th daughter, the most
predominant radionuclide in the sludge.

3.1. Batch leaching tests

Nearly 10% of the total 228Ra in the sludge was reported to be in a loosely
available form (Table IV), as indicated by successive leaching of the sludge with
distilled water [13]. The leaching progressively decreased from one batch to another,
analogous to the leaching of 226Ra from fertilizer process waste sludge. Leaching
the sludge with sea water reduced the solubility of radium by approximately two
orders of magnitude as a result of sulphate ions present in the sea water.

Although Cl" ions enhanced the solubility and leaching of radium from
uranium mill tailings [11], the leaching in sea water was mainly influenced by SO2~
ions. This observation is relevant in the evaluation of disposal options, particularly
sea disposal. The 228Ra concentration in seawater leachates remained essentially the
same, indicating steady state conditions, probably dictated by the solubility of
BaSO4 in the medium (Table V). The absence of a readily leachable fraction in this

TABLE V. SUCCESSIVE LEACHING OF Ra-228
FROM MONAZITE PROCESS WASTE SLUDGE
WITH SEA WATER (Cl: 18 000 ppm;
SO4: 2600 ppm; SOLUTION:SLUDGE = 100:1)

„ , XT Activity in leachate
Batch No. ' „ .

(Bq/L)

1 5.4

2 4.4

3 6.8

Note: standard deviation: ±15% (maximum).
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FIG. 2. Leaching of 228Ra from a column of monazite process waste sludge by distilled
water. (Column size: 6 cm height X 2 cm diameter; flow rate: 1 mL/min.)

case was also significant in that the loosely bound radium originally present in the
sludge got into the crystalline sites of BaSO4 in the seawater medium owing to
co-precipitation, as explained earlier (see Section 2.1).

3.2. Continuous leaching

The continuous leaching of 228Ra from a column of monazite waste sludge
showed the same trend as that obtained earlier for fertilizer process waste sludge
(Fig. 2). The bimodal distribution observed in the figure is explained, as in the
earlier case (see Section 2.1). However, additional evidence on the solubility of
BaSO4 as a function of the leaching of radium has been cited [13]. Leaching from
the sludge at a steady state produced a concentration of about 6000 Bq/L of 228Ra.
The activity of BaSO4 obtained from this leachate was about 40 kBq/g. If it is
assumed that the 228Ra in the sludge is present essentially as Ba(Ra)SO4, the above
figure corresponds to the solubility of BaSO4. Hence, it can be seen that radium
leaching at a steady state is directly related to the solubility of BaSO4. Isomorphous
co-precipitation of radium with BaSO4 and its identical behaviour in solution media
has been widely reported [6, 23]. It is possible to conclude from these results that
the leaching of radium from the sludge can be decreased by increasing the BaSO4

concentration. Direct leaching of this sludge exposed in a tray in rain water indicated
a high concentration of 228Ra (1-2 kBq/L), which decreased progressively as the
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TABLE VI. LEACHING OF Ra-228 FROM CONCRETE MIXED WITH
MONAZITE PROCESS WASTE SLUDGE (CONCRETE:SLUDGE = 4:1)

No. of days

Rain water
pH3

161

-

86

56

18

11

Activity in leachate
(Bq/L)

Sea water
pH7.3

10

3.9

-

1.9

1.9

1.7

1

2

3

5

10

30

Note: standard deviation: ±15% (maximum).

loosely bound fraction became depleted. The concept of saturation leaching may not
be applicable in this case as there is no control on the solid:liquid ratio, contact time,
etc.

3.3. Exchange of leached 228Ra with soil

The major portion of 228Ra leached from the sludge was trapped in soil by
passing the leachate through a 6 cm bed of laterite clay. This was an extension of
column leaching in an identical experiment described earlier (see Section 2.3). A
decontamination factor of 100 was obtained for the leachate on passing through the
soil. However, the presence of 228Ra to the extent of 20 Bq/L in the effluent showed
a non-exchangeable fraction whose chemical identity was unknown.

3.4. Leaching of 228Ra after immobilization in concrete

A significant reduction in leaching was observed [13] when the sludge was
immobilized with cement concrete (Table VI). Optimum results were obtained when
the ratio of concrete to sludge was 4:1. It was seen that the leaching of 228Ra aver-
aged 66 Bq/L for rain water at pH3 and 4 Bq/L for sea water during the first 30 days
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of testing. In either case, the leaching was reduced progressively owing to readsorp-
tion and reached low values. It is worth mentioning that the activity in seawater
leachate dropped down to 1 Bq/L within five days, which is less than the derived
limit of 228Ra in drinking water based on the annual limit of intake (ALI) of 104 Bq
for this nuclide [24]. However, the physical strength of concrete will deteriorate on
prolonged exposure to sea water and the activity will ultimately disperse, but it is
reasonable to assume that subsequent release of radium will be influenced by the rate
of dissolution of BaSO4 in sea water. Immobilization in concrete may be particu-
larly advantageous for 228Ra as this isotope has a half-life of only 5.8 a and may not
outlive the useful life of ordinary concrete under normal environmental conditions.

4. CONCLUSIONS

Leaching studies on the fertilizer and monazite process waste sludges have
indicated that a significant fraction of radium is in a loosely bound state. The leached
activity was about 60% for the fertilizer and 10% for the monazite process waste
sludges using water. A substantial reduction in the leaching of radium was observed
in either case when SO2" ions were present. The leaching was reduced by a factor
of 103 when radium in the monazite sludge was immobilized in cement.

The study indicates that there is a significant potential for 226Ra contamination
of the environment owing to the processing of phosphate rock for the production of
fertilizer and the disposal of phosphogypsum. Even though this aspect has been
recognized, its wider implications have not been fully evaluated. Data on the leacha-
bility aspects of the phosphate sludge are available only from one study, reported
above. Further data are required on the 226Ra content of phosphogypsum from
different sources, leachability, physico-chemical forms, dispersal, migration and
biological uptake. Information on other radionuclides that may be present in the
sludge also need detailed study.

The problems associated with monazite waste sludge disposal have also not
been fully understood. Published information is very limited in this area. Monazite
waste sludge, having a much higher specific activity as compared with uranium mill
tailings or phosphogypsum, has the potential of causing a higher degree of localized
environmental contamination if adequate precautions are not taken during its
disposal. This study has addressed some of these problems and identified areas which
need further evaluation.
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Chapter 1-4

RADIUM AND THE COAL FUEL CYCLE

Z. JAWOROWSKI*
Department of Radiation Hygiene,

Central Laboratory for Radiological Protection,
Warsaw,
Poland

1. INTRODUCTION

The aim of this chapter is to assess the consequences of the dispersion of
radium in the environment due to the burning of coal. Coal is regarded as a practical
means for meeting the energy needs of humanity for the immediate future. Out of
the total world geological resources of hard coal and lignite of 11 X 1018 g [1],
1.79 X 1017g, i.e. 1.62%, had been mined by the end of 1983 [2, 3]. The
production of coal, which started some eight hundred years ago, increased at the
steady exponential rate of 4.41% per year from 1860 to 1914; between 1914 and
1944 it slowed to a rate of 0.75% per year and again resumed a rapid growth rate
of 3.56% per year between 1944 and 1970 [2]. Over the next ten years the production
growth rate was 2.53%, and between 1980 and 1983 it was 1.21%, with the global
annual production of both types of coal reaching 3.913 X 1015 g in 1983 [3].

The complete cycle of coal production can be divided into three periods: the
very long times required to produce the first and the last ten percentiles of the
ultimate cumulative level of production, and the much shorter period required to
produce the middle 80%. Even with only a modest future increase in the rate of
production, the period required to consume the middle 80% will probably be only
three or four centuries between the years 2000 and 2300 or 2400 (Fig. 1) [2].

The total geological resources of coal of 11 X 1018 g (of which one third is
assumed to be brown coal) contain about 3.6 x 1017 Bq of 226Ra, if the average
concentration of this nuclide in brown coal is 50 mBq/g and 25 mBq/g in hard coal
(Table I, Refs [4-26]). Using Hubbert's scenario for coal production, 80% of this
activity, i.e. 3 X 1017 Bq, could be released into the environment over the next
three or four hundred years if current methods of coal exploitation and use prevail.
The release will not be uniform over the land surface as the 226Ra from the coal fuel
cycle will be introduced into the environment locally and the major fraction of the
total activity of 226Ra in coal will not be dispersed, but contained in ashes disposed
of in local waste depots or used in the construction industry.

* Present address: Fysisk Institutt, Oslo University, Blindern, Boks 1048, N-0316
Oslo 3, Norway.
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FIG. 1. Complete cycle of world coal production (after Ref. [2]).

Coal is currently used as a fuel for electricity generation, in iron and other
industries, rail transport, domestic space heating and area heating. These practices
emit different fractions of the 226Ra contained in the coal into the environment. The
emissions from particular practices vary greatly in different countries owing to
variations in technologies and the types and quantities of coal used. The time factor
is also important: generally, in the past, the fractions of 226Ra emitted into the
environment from all coal uses were greater than now. It is possible that in the
future, underground gasification may become the dominant practice, with almost no
emission of 226Ra into the environment. However, only the current situation will be
assessed here.

The quantities of coal used for particular practices may be assessed from the
literature for some countries, but no data were published for many countries which
contribute to the global production and consumption of coal. The differences
between several industrialized countries can be seen from the information given in
Table II [27].

Among the various uses of coal, domestic use can be regarded as being the one
in which the greatest fraction of particulates is released into the atmosphere,
i.e. about three times higher than for electricity generation [28]. In OECD countries
the average domestic use of coal in 1978 was 2.9%, in the USA 1.3% and in Japan
0.8%, with the use for power production (except in Japan) ranging between 62.6%
and 75.3%. This may be compared with domestic consumption of 17.6% in Poland
in 1983 and 59.9% for power production [3]. The fraction for domestic use is much
higher in other countries, e.g. in China (the second largest producer of coal after the
USA), where only 29% of the coal is probably used for power production [3].
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TABLE I. CONCENTRATION OF Ra-226 IN COAL AND FLY ASH (IN mBq/g)

Country and type of coal

Australia, hard

Austria, brown

Brazil

Canada

China, hard

Czechoslovakia, brown

France, brown

Germany, Federal Rep. of
hard
brown

Greece, brown

Hungary, hard

Italy, brown

Poland
hard
brown

South Africa, hard

United Kingdom, hard

USA, hard

USSR, hard

Venezuela, hard

Average concentration, hard coal

Average concentration, brown coal

Soil, average

Earth's crust, average

Coal

37-48

28

100

26

7.4

4-13

80

7.4-30
3.7-11

l l l -260 a

1.5

3.7-15

7.4-35
0.15-33

30

7.4-93

0.4-27

14-118

19

25

50

30

33

Fly ash

518

89

—

—

—

—

280

85-444
19-85

190-500

—

37-74

15-155
11-130

—

—

15-218

185

—

150

100

Reference(s)

[4]

[5]

[6]

[6]

[7]

[7]

[6]

[8-11]
[8]

[12, 13]

[7]

[14]

[5, 7, 14, 15]
[7, 16]

[6]

[17-19]

[20-24]

[25, 26]

[6]

Table I in Chapter 2-2
in Vol. 1 of this

publication

Up to 2600 mBq/g in coal from a non-exploited mine (not taken into average).
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TABLE II. USES OF COAL (IN PER CENT) IN SEVERAL INDUSTRIALIZED
COUNTRIES IN 1978 (AFTER REF. [27])

Domestic

Commercial/public services

Power stations

Coke ovens

Iron/steel industry

Chemical industry

Other industries

Rail transport

Other

Total

OECDa

(total)

2.9

0.2

62.6

23.3

0.8

0.5

7.3

1.0

1.4

100.0

Japan

0.8

—

10.9

76.8

0.4

0.3

3.0

—

7.8

100.0

UK

8.5

1.6

68.9

13.9

0.1

—

5.0

—

2.0

100.0

USA

1.3

—

75.3

11.9

0.6

—

9.2

—

1.7

100.0

' Organisation for Economic Co-operation and Development.

The efficiency of various types of dust collectors at power stations varies
greatly in different countries and ranges between several per cent and 99.95%. Also,
only a limited amount of information exists for the aquatic releases of 226Ra from
the coal fuel cycle. In this situation, the tentative assessment of global scale 226Ra
emissions from coal burning, as well as emissions from particular types of practices,
can be made only with the use of simplifying assumptions.

2. CONCENTRATIONS OF 226Ra IN COAL AND ASH

Radium and its long lived parents were incorporated into the structures of
plants forming coal during their lives, and afterwards from the minerals outside the
beds or interspersed in them.

The inherent inorganic constituents of coal, i.e. inherited from coal forming
plants, are usually fixed in coal as organometallic complexes [29], but no specific
data exist on the form of radium present in the coal. After the biochemical stage of



CHAPTER 1-4 101

'coalification', coal may act as an absorbent of the inorganic components of the water
penetrating through its bed. These components are precipitated as insoluble
complexes and fixed at the coal surfaces [30]. The enrichment of rare elements,
including natural radionuclides, appears to be independent of the age of the coal, but
depends on the geochemical conditions of the bed. This leads to a non-homogeneous
distribution of trace elements in coal which tend to concentrate at the top and floor
of the seams, as was observed in the case of 226Ra by Lebecka and Tomza [31], in
Upper Silesian mines.

The average concentration of 226Ra is 150 and 100 mBq/g in the ash of hard
and brown coal, respectively (Table I). This is higher than the concentration in the
ash of pine trees, which ranges from 2 to 67 mBq/g [15], or in the ash of land biota
of about 10 mBq/g (assuming a 2% ash content and a concentration of 0.2 mBq/g
in fresh biota, as in Table I of Chapter 2-2 in Vol. 1 of this publication). This
suggests that the 226Ra content in coal is probably dominated by geochemical
processes during or after coalification, rather than by the original concentrations in
the plants. The average 226Ra content in coal ash and in brown coal (50 mBq/g) is
also higher than the average 226Ra concentration in soil (30 mBq/g) and in the
Earth's crust (33 mBq/g) (Table I). It should be pointed out that average 226Ra
concentrations in ash and coal are highly uncertain, as the number of measured
samples in most countries is small and the range of measured concentrations is very
large. The process of concentration of 226Ra and its parent nuclides in carbonaceous
rock from percolating groundwater is affected by the availability of the nuclides of
the 238U chain in the rocks through which the groundwater percolates, rock permea-
bility, solubility of nuclides, the presence of ionic materials, the acidity of the
medium, etc. All of these parameters are highly variable and explain why ground-
water 226Ra and 238U concentrations may differ by three to five orders of magnitude
[32]. Many authors have also found a state of disequilibrium in coal between
the measured activities of particular members of the 238U chain. The activity
concentrations in coal samples from various mines differed in the case of 238U and
226Ra by a factor ranging from 1.2 to 14.6 (the most typical value was about 4), and
in the case of 226Ra and 210Pb and 226Ra and 2I0Po by a factor ranging from 2.4 to
19.7 [12, 21-23, 25, 33, 34]. It is thus astonishing that the existence of equilibrium
between 238U and 226Ra is often assumed in calculating radiation doses to the
population from the burning of coal.

As may be seen in Table I, the 226Ra concentration in hard coal is generally
lower than that in brown coal, whereas in ash the situation is just the opposite: a
higher 226Ra content is observed in ash from hard coal than from brown coal. This
is an effect of the higher content of mineral components forming the ash in brown
coal which 'dilute' the 226Ra originally associated with the carbonic part of coal.
The concentration of 226Ra in ash is then inversely proportional to the ash content
of the coal and usually ranges from 2 to 20 times the values in coal. The ash content
in coal of different origins ranges from 1 to 45% [33].
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For the assessment of the impact of coal fired power plants, an ash content of
up to 10% is usually used (e.g. Refs [24, 35-38]). However, in some countries
which are major producers and consumers of coal (e.g. Poland, the UK, or the
USSR), the average ash content of coal for this and other uses is often between 15
and 40% [25, 28, 39].

3. ENVIRONMENTAL CONSEQUENCES OF COAL BURNING

The highly complex chemistry of trace elements in the combustion of coal is
certainly best studied in power stations [40]. In this respect, the other uses of coal
have been somewhat neglected. In power stations, pulverized coal is burned with
about a 10% stoichiometric excess of oxygen in an oxidizing environment at a
temperature of 1500-1800°C. Under these conditions, the volatile species of
uranium and its daughters should be formed. Most of the volatilized uranium, radium
and thorium follow the aluminosilicate minerals (mostly clay) contained in the coal,
which forms a melt and drops out as slag. 210Pb remains volatile and continues
along with the gases and fly ash to the emission control system. That part of the
uranium that is dispersed in the coal as uraninite (UO2) becomes volatile as the UO3

species and follows the gases and fly ash. Down the flue line, first uranium and then
lead 'preferentially' condense out on the finer fly ash particles, which have a high
surface to mass ratio [20]. Barium is incorporated in the fly ash matrix [41] and
hence probably also 226Ra. However, barium may form a hydroxide
(Ba(OH)2-8H2O) in the presence of steam, a volatile species with a melting point of
78°C. If this is also the case with radium, one might expect that in this form it can
pass to the emission control system and associate there with the fine particulates.
This leads to enrichment of radium in the fly ash as compared with the less volatile
species. The enrichment factor (EF) is defined as the ratio of concentration of a
nuclide x and a reference element v in a sample (e.g. in the ash), divided by the
corresponding ratio in the Earth's crust or in some other medium, e.g. in coal. In
the case of the coal fuel cycle, the EF of 226Ra in the ash is usually calculated in
relation to 40K [20], i.e.

226Ra/40K in fly ash
EF —

226Ra/40K in coal

The enrichment of radionuclides in ash differs between various types of power
plants [9], Coles et al. [20] found that the enrichment of 210Pb and uranium is
highly dependent on the size of the particles. The highest values were observed in
the smallest grains, i.e. those that pass electrostatic precipitators (ESPs) and have
a mass median diameter of 2.4 jiim; in these the value of EF for 226Ra was 1.9, for
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228U it was 2.8 and for 210Pb it was 5.0. A slight enrichment of 226Ra in fly ash was
observed by Kaakinen et al. [23], with the values of EF ranging between 1 and 2.
Papastefanou and Charalambous [13] found that the concentration of 226Ra in fly
ash from brown coal increases along the flue line, being 190 mBq/g in the samples
from preheaters, 340 mBq/g at stage A and 500 mBq/g at stage B of the ESPs. They
also found that the 226Ra and 238U contents increase as the grain diameter decreases
between a diameter of 28 and 800 fim. Coles et al. [20] found a similar trend with
smaller particles, i.e. between 2.4 and 18.5 /xm.

A secondary peak exists in the region of 0.1 fim diameter in the size distri-
bution of particles leaving coal fired boilers. Such particles account for less than 2%
of the total mass of ash, but they are predominant in their number and their surface
area. They may thus be associated with a large proportion of the volatile forms of
radionuclides; also, the efficiency of ESPs in the 0.1 /an region is much lower than
overall [42].

The enrichment of 226Ra in fly ash is probably higher than that of 228Ra. This
may be due to the differences in the types of matrix with which the parents of both
isotopes of radium (238U and 232Th, respectively) are associated [20]. The enrich-
ment of radionuclides is virtually unknown in other uses of coal. In domestic heating,
the combustion temperature is much lower than that in power plants and therefore
one may expect that the enrichment of less volatile species in the escaping parti-
culates is smaller than in the case of power plants. For the calculation of radiation
doses from this source, UNSCEAR [43] assumed no enrichment of radionuclides in
that type of emission, i.e. the same activity concentration of 226Ra and of other
nuclides was assumed for the dust released into the atmosphere as was found in the
unburned coal. It would appear that this type of coal fuel cycle needs further study.

The solids formed during the burning of coal pass through various types of dust
control devices, the efficiency of which depends on the size of the particles and is
in general lower for small particles. Particles in the diameter range of 10 fim to
100 /xm represent the dominant mass fraction of the total paniculate emission on
which most emission standards are based and the efficiencies of control devices are
referred. However, particulates smaller than 10 fim in diameter are of increasing
concern because of their effect on the human respiratory system, and because they
are more enriched in the toxic trace elements and natural radionuclides. These
particles are able to reach tracheobronchial or alveolar regions and are known as
'respirable' particles. Electrostatic precipitators are less efficient at removing
respirable particles (60-90%) than non-respirable (>99%), so that the particulates
actually emitted have a higher proportion in the respirable range than those retained
by ESPs [44]. In the USA, the efficiency of ESPs for the whole range of particle
sizes was reported to be as low as 70% in older units, though it may reach 99.8%
in new units [37]. There have been many examples in practice of fly ash precipitators
supposedly designed for high efficiencies of up to 99% which, in actual operation,
turn out to do no better than 50-90% [45]. In estimates of radionuclide emission by
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industrial coal burning, guarantee requirements, or even national pollution regula-
tions, are taken into account, not the actual performance of dust control devices
[37, 46, 47]. Also, a rather low ash content of coal is often used (e.g. 10%,
Ref. [36]). In countries using coal with a higher ash content (15-40%, Refs [25, 28,
39]) and less efficient control devices, the emission from power plants may be as
high as 20-35 g/kg [28, 48], i.e. an order of magnitude higher than that accepted
for assessment of the global situation by UNSCEAR [49].

In private homes the burning of coal for cooking and heating may lead to
atmospheric emissions of 3-4% of the mass of coal [50].

In this situation, it is rather difficult to estimate the average atmospheric
release of 226Ra by various types of coal use. UNSCEAR [43], assuming that
3 x 106 t of coal are required to produce an electrical energy of 1 GW-a,
estimated that 'modern' power stations, with emissions of 0.5% of the fly ash
produced, comprise about one third of the existing coal fired power stations and
release 2.6 X 108 Bq 226Ra per GW of energy produced in a year, and that the
remaining two thirds are 'old' ones, with 10% fly ash emission and a release of
5 X 109 Bq 226Ra per GW-a. These releases, normalized per tonne of coal burned,
are 85 Bq/t for modern stations and 1700 Bq/t for old ones per year.

If one assumes (after Ref. [43]) that 70% of world coal production is used for
electricity generation, out of the total of 2826 x 106 t of coal produced in the
world in 1983 [3], then 659 X 1061 were burned in modern stations and
1314 X 106 t in old ones. The corresponding global emissions of 226Ra into
the atmosphere from both types of power plants would be 5.6 x 1010 and
2 X 1012 Bq.

This is in agreement with an assessment of 226Ra global emissions from coal
burning by Jaworowski [51], in which it was assumed that 50% of all coal produced
in 1980 had an ash content of 10% and was burned with a low particle emission
coefficient of 3.3 g/kg, the other half of the produced coal having an ash content of
20% and being burned with a particle emission coefficient of 30 g/kg. From both
types of coal burning, about 6.5 X 107 t of fly ash were released into the global
atmosphere in 1980 and the corresponding activity of 226Ra associated with this
release was estimated to be 2.4 X 1012 Bq.

The earlier estimates of 226Ra releases into the global atmosphere from the
coal fuel cycle, based on more conservative assumptions, gave values that are higher
by a factor of about 2 and 3 [52-54].

Papastefanou and Charalambous [13] calculated that in a year 1.6 X 1012 Bq
of 226Ra are released as gases or very fine particles from a Greek brown coal fired
plant, which was more than 80% of the 226Ra content in coal. This calculation was
based on measurements of the 226Ra content in coal, liquid ash and fly ash, but not
in effluents escaping from the stack. 226Ra might be released from such plants in a
volatile hydroxide form and if this finding is confirmed by further studies, the
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estimate of the global atmospheric flow of 226Ra from the coal fuel cycle should be
correspondingly corrected.

Measurements of 226Ra in environmental samples near coal fired power plants
show the increased levels of this nuclide. Martin et al. [55] found 226Ra concentra-
tions that were ten times higher than in normal areas in air collected 6 km downwind
of such a power plant.

The dispersion of 226Ra in the atmosphere from old power stations reaches up
to about 100 km, as was found by measurements of the dry and wet deposition of
226Ra. The concentrations in precipitates were found to be related to the distance
from power plants, with a maximum deposition situated approximately 1-17.5 km
from the industrial sources of emission, depending on weather conditions [52]. This
is in agreement with the results of theoretical calculations of dispersion [13, 42, 56].

In a glacier 150 km from an industrial centre, Jaworowski et al. [7] found a
seventyfold increase in 226Ra concentration over the preceding 80 years. However,
in a global scale study of ice collected from nine remote glaciers in the northern and
southern hemispheres, no increase in average 226Ra concentrations since the
pre-industrial period was found [54].

Martin et al. [55] found that the activity of 226Ra in soil around a US power
plant was similar to that in fly ash and concluded that increased levels of this nuclide
in soil would not be expected from the operation of this plant. However, this may
not necessarily be the case with other plants and types of coal, as the average 'global'
concentration of 226Ra in fly ash is several times higher than it is in soil (Table I).

Jaworowski and Grzybowska [57] found higher concentrations of 226Ra in the
upper 5 cm layer than in the 5-10 cm layer in untilled soil collected at distances of
from 0.3 to 60 km from two power stations. The maximum difference in concen-
tration between the two layers (a factor of 3-5.7) was observed 15-20 km from the
plants; the maximum deposition points are usually located at such distances. These
authors were able to detect only a small increase in the average concentration of
226Ra in untilled soil in industrial regions as compared with rural ones. Beck et al.
[33] found a 'definite' (i.e. up to 1.5 times) increase in the concentration of 226Ra
in the upper soil layer at 1-2 km from an old US coal fired power plant. On the other
hand, Bunzl et al. [11] did not find substantial perturbations in 226Ra concentrations
in the upper layer of ploughed soil up to 5.2 km around a small coal fired plant in
the Federal Republic of Germany. It seems that the increases in the 226Ra level in
soil around plants with a low efficiency of dust control devices can only be observed
in upper layers of untilled soil at the maximum deposition points.

Jaworowski et al. [15] found that the 226Ra concentration in plants is rather
randomly distributed in relation to the distance from coal fired power stations and
other industrial sources of atmospheric emission which use coal as a fuel. 226Ra
concentrations in moss, lichen, grass, pine tree rings and cabbage in industrial
regions were not statistically different from rural levels.
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In a field experiment, Grzybowska et al. [58] added up to 20 t/ha of brown
coal ash as a fertilizer to cultivated soil. This quantity of ash contained 5 X 105 Bq
of 226Ra and led to a 1 % increase in the natural 226Ra content in soil. The authors
found that even such intensive applications of ash to the soil did not change the
'normal' levels of 226Ra in alfalfa, barley (grain and straw) and fodder kale. This
was due to the low solubility of 226Ra from coal ash, which was less than 1 % in
water [57], and due to the low availability of 226Ra (below 0.01%) from aqueous
solutions for plants [59]. Also, the transfer of 226Ra from the ash piles of two hard
coal power stations in Poland to the environment was found to be negligible. The
226Ra concentrations in the samples of surface water and soil collected in the
immediate vicinity of the piles were similar to levels in the non-polluted regions of
Poland. The 226Ra concentration in plants near the piles was slightly higher than in
rural regions. This was probably caused by contamination of the surface of the plants
by wind blown dust [60].

4. ENVIRONMENTAL CONSEQUENCES OF COAL MINING

Large amounts of 226Ra are released into the environment with wastewater
from coal mines. Until recently, this source of 226Ra was neglected. Highly radio-
active water in carboniferous deposits in Upper Silesia were found by Soldan [61]
and Marczak [62], who reported that wastewater from mines of the Rybnik Coal
District in Poland contained up to approximately 22 Bq/kg of 226Ra. Tomza and
Lebecka [63, 64] and Tomza et al. [65] found that the 226Ra concentration in
wastewater from 18 out of 65 Upper Silesian coal mines was 3.7 Bq/kg and that in
ten of the mines it was 37 Bq/kg. The highest concentration of 226Ra reported by
these authors for wastewater was 270 Bq/kg. Elevated 226Ra concentrations were
found in highly mineralized water, usually saline, with some of them also containing
high concentrations of barium ions. The concentrations of 228Ra in this water were
several times lower than those of 226Ra. The wastewater evacuated from the coal
mines is stored in deposition ponds and then released into rivers, with a 226Ra
concentration similar to that described above. However, it is rapidly diluted by the
river water and does not pose a radiation protection problem. Before being diluted,
however, the wastewater often flows through areas that are accessible to the general
public, thus requiring radiation protection measures.

In the mine, or after being transferred to the surface, wastewater containing
Ra2+ and Ba2+ mixes with natural water containing SO|~ ions, and radium
co-precipitates as RaSO4 with BaSO,̂ . The activity of such precipitates was found to
be as high as 1000 Bq/g. Large amounts of such sediments were observed inside
some of the mines and on the bottom and banks of the deposition ponds and their
outlet canals [64].
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Lebecka and Tomza [31] estimated that about 3.7 x 10 u Bq/a of 226Ra are
released into the environment with wastewater from ten Polish coal mines, with the
highest content of 226Ra in underground water. No assessment of the total activity
released as sediments was made.

Similarly, elevated 226Ra concentrations in wastewater and in sediments have
been found in the North Rhine-Westphalia region in the Federal Republic of
Germany [66-68]. The highest reported 226Ra concentration in this region was
17 Bq/kg in wastewater and 23 Bq/g in sediments. The most 226Ra released with
wastewater from a hard coal mine in this region was 3.7 X 1010 Bq/a, and about
1.8 X 1010 Bq/a was released from a brown coal mine. Gans et al. [68] found no
increase in the 226Ra content in fish from rivers into which the wastewater was
released. They found a mean 226Ra concentration of 37 mBq/kg in the milk of cows
that grazed on the grass of areas inundated by the river into which contaminated
wastewater was released. This may be compared with the 226Ra content in milk
from other regions of the Federal Republic of Germany and from Poland, the UK
and the USA, which ranged from 0.37 to 81 Bq/kg [69]. The maximum dose rate
on the banks of a small river which received the effluents from a coal mine measured
by Gans et al. [68] was 80 juR/h.' The maximum radiation doses calculated by
these authors for the most exposed groups of the population may be considered to
be within the natural radiation dose range.

In the 226Ra chain, 226Ra itself is not the most important nuclide emitted into
the atmosphere by burning coal. The activity of its daughter, 222Rn, which enters
the atmosphere from coal mines with ventilating air and during the burning of coal,
is about 3000 times higher. In 1980, the atmospheric flow of 222Rn was calculated
to be about 8 X 1014 Bq from coal mines and 8 X 1013 Bq from coal burning [51].
The contribution from coal, taking into account only the mass of coal extracted for
electricity generation and disregarding the effect of the ventilation of mines, was
calculated by UNSCEAR [43] to be about 5 x 1013 Bq of 222Rn.
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Chapter 1-5

RADIUM IN FERTILIZERS

R.J. GUIMOND
Criteria and Standards Division,
Office of Radiation Programs,

United States Environmental Protection Agency,
Washington, D.C.,

United States of America

1. INTRODUCTION

Fertilizers have become an essential component of the world's agricultural
community. They are produced and used throughout the world in increasing quanti-
ties to replenish natural nutrients depleted from the soil because of farming and ero-
sion. Through increased reliance on fertilizers, high crop yields are available from
limited land resources, thus facilitating the production of increasing food supplies to
feed the growing world population. However, the mining, processing and use of fer-
tilizer materials in massive quantities redistributes throughout the environment some
trace elements contained in the fertilizers, thus permitting fertilizers to potentially
pollute the environment, as well as benefit man. Radium is one of the trace elements
present in fertilizers.

Commercial fertilizers are primarily composed of materials containing biologi-
cally available nitrogen, phosphorus and potassium. The chemical analysis of a fertil-
izer lists the respective available percentage of each of these elements
(%N-%P-%K). Radium, uranium, thorium and other members of their decay series
are the principal radioelements present in fertilizers. The phosphorus component of
the fertilizer is responsible for most of the radium and other uranium and thorium
decay series radionuclides.

The purpose of this chapter is to examine the radiological significance of
radium in fertilizers to the environment, the public and workers. The paper will
evaluate the redistribution of radium in the biosphere owing to the use of fertilizers.
It considers the potential radiological impact from radium owing to direct exposure,
surface runoff, inhalation and ingestion of foods grown with fertilizers.

It is useful to read this section in conjunction with Chapter 2-6 in this volume,
which describes how radium is potentially transferred to the biosphere throughout
the various stages of phosphate mining and processing prior to the manufacture and
use of fertilizers. It also describes some of the environmental controls used in the
industry to reduce contamination and exposure to humans. Together, these two
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chapters provide a good perspective on the large quantities of radium and other
radionuclides associated with phosphate raw materials, products, by-products and
wastes, and their potential impact on the environment.

2. MANUFACTURE OF FERTILIZERS

As mentioned earlier, fertilizers are made up of materials containing nitrogen,
phosphorus and potassium. Generally, the nitrogen is derived from an ammonia
based material, the phosphorus is obtained from phosphate rock and the potassium
comes from potash. The nitrogen portion contains negligible radioactivity. The phos-
phorus portion may contain substantial concentrations of uranium, thorium, radium
and their decay products. The potassium portion has a small amount of 40K, in
accordance with its general concentration in nature. The uranium decay series radio-
nuclides are generally the most significant radionuclides in agriculture and consumer
fertilizer products relative to the potential for radiological harm.

The basic phosphate mineral used to produce phosphate fertilizers is
fluorapatite. Unfortunately, it is very insoluble in its original state as extracted from
the earth and is practically unavailable as a plant phosphorus source [1]. For this rea-
son, drastic chemical treatment with strong acids (sulphuric or phosphoric) is neces-
sary to produce soluble phosphate products. This technique of producing primary
fertilizer products is called 'wet process phosphoric acid'. In this process, phosphate
rock is reacted with sulphuric acid to form normal superphosphate. This fertilizer
product is a mixture of phosphoric acid and gypsum (calcium sulphate). If the
gypsum is filtered out of the material the resultant liquid' fertilizer product is phos-
phoric acid. By reacting phosphoric acid with phosphate rock, another fertilizer
product, triple superphosphate, is produced. Finally, reacting phosphoric acid with
ammonia leads to the formation of various ammoniated phosphate fertilizers. These
processes and their products are illustrated in Fig. 1.

+ AMMONIA
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PHOSPHORIC
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+ SULPHURIC ACID
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FIG. 1. Primary phosphate fertilizer production flow diagram.
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In addition to the chemical processing of phosphate rock, there is another
method for producing phosphoric acid which is called the 'thermal process'. In this
technique, electric furnaces are used to reduce phosphate rock to elemental phos-
phorus, which in turn is used to produce high purity phosphoric acid and phosphate
chemicals. However, this process is primarily used for industrial and chemical phos-
phate products and is not a significant fertilizer source because the 'wet process'
technique is generally more economical. Chapter 2-6 in this volume provides a more
detailed description of these processes and the concentrations of radium associated
with their raw materials, products, by-products, wastes, effluents and emissions.

The industrial fertilizer products from the wet process phosphoric acid plant,
normal superphosphates, triple superphosphates (TSPs), phosphoric acid,
mono-ammonium phosphates (MAP) and di-ammonium phosphates (DAP), are the
primary building blocks for much of the world's agricultural and consumer fertilizer
industry. From these basic materials, thousands of different formulations are
produced to fit individual soil and crop needs. For large scale agricultural applica-
tions, the primary industrial fertilizers may be used directly, as they come from the
wet process facility. However, for smaller scale agricultural and consumer applica-
tions, the fertilizers come from a mixing or blending plant where a multitude of
fertilizer grades are made from blending the primary industrial fertilizers with other
materials. Fertilizers can be either solid or liquid.

3. SOURCES OF PHOSPHATES AND RADIUM IN FERTILIZERS

The potential radiological importance of fertilizers in the environment in a
specific country is dependent on the concentration of radionuclides in the fertilizers
used in that country. This in turn is a function of where in the world the phosphate
used in the fertilizer was mined.

The radioactivity of phosphate rock was probably first observed in 1908, when
the British physicist R. Strutt found that samples of phosphorite were many times
more radioactive than the average rocks of the Earth's crust [2]. Subsequent investi-
gators have reported a wide variation in the concentrations of uranium and radium
in phosphate rocks from various parts of the world [2-4]. They reported uranium
to range from about 3 to 400 ppm worldwide and 226Ra to range from about
0.1 Bq/g to 10 Bq/g. There can even be substantial variations within a specific coun-
try. For example, in the United States of America, 226Ra concentrations range from
about 0.2 Bq/g to 10 Bq/g, with ores mined in Florida and South Carolina being the
highest and ores mined in Tennessee being the lowest. Typical concentrations of
radionuclides in phosphate rock from various places in the world are listed in
Table I.

It is widely believed that the radioactivity associated with phosphate rock is of
marine origin formed by the adsorption and co-precipitation of uranium with
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TABLE I. SPECIFIC ACTIVITIES IN PHOSPHATE ROCKS

Origin of rock

Morocco

Morocco

Taiba-Togo (calcined)

Bu-Craa (Western Sahara)

USSR (Kola)

USA (Florida)

USA (Western)

P2O5 (%)

34

35

34.5

34

39

32

31

Ra-226

1.6

1.6

1.1

0.9

0.03

1.6

1.0

Specific activity

Natural
uranium

1.7

1.7

1.3

0.9

0.04

1.5

1.0

Natural
thorium

0.01

0.02

0.03

0.007

0.08

0.02

0.02

(Bq/g)

K-40

0.02

0.01

0.004

0.03

0.04

calcium [5-7]. Several investigators have indicated that, in general, the radionuclide
content of a phosphate deposit increases with increasing P2O5 [8], Habashi [7]
suggested that a better correlation may exist between uranium content and the
product of the organic substances and P2O5, thus implying that some of the radioac-
tivity is present in combination with the organic substances.

In 1983, about 135 million tonnes of phosphate rock were produced in the
world [9]. About 46% originated from the United States of America or Morocco and
the remainder came from over twenty-five countries in North America, South
America, Europe, Africa, Asia and Oceania. These production data are summarized
in Table II.

4. CONCENTRATIONS OF RADIUM IN FERTILIZERS

To better understand the radiological significance of radium in fertilizers
throughout the world, it is necessary to know the radium concentrations in the
agricultural and consumer fertilizers used in each country. Unfortunately, this is
difficult to determine because there are very few analytical data available regarding
the radium content of the multitude of fertilizer mixtures used in the world. Also,
as previously noted, different grades or formulations are achieved through bulk
blending and mixing of various basic fertilizer materials, such as ammonium phos-
phates, TSP and muriate of potash. As a consequence, it is impossible to tell the basic
phosphate origin materials of a specific fertilizer formulation once it has been mixed.



CHAPTER 1-5 117

TABLE II. WORLD PHOSPHATE
ROCK PRODUCTION IN 1983

Country/region

North America

USA
Mexico

South America

Europe

USSR
Other

Africa

Algeria
Morocco
Senegal
South Africa
Togo
Tunisia
Other

Asia

China
Christmas Island
Israel
Jordan
Viet Nam
Other

Oceania

Australia
Nauru

Total

Production
(000 t)

42 573
700

3229

27 200
498

898
20 106

1249
2742
2081
5924
780

12 500
1094
2969
4749

220
3614

21
1684

135 000
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TABLE III. RADIOACTIVITY IN BASIC FERTILIZER PRODUCTS IN THE
USA

Product

Normal superphosphate

Triple superphosphate (Florida)

Triple superphosphate (Western)

Phosphoric acid (Florida)

Phosphoric acid (Western)

Mono-ammonium phosphate (Florida)

Mono-ammonium phosphate (Western)

Di-ammonium phosphate (Florida)

Di-ammonium phosphate (Western)

P2O5(%) "

18

38

38

28

54

54

46

46

Specific

Ra-226

0.78

0.78

0.52

0.037

0.19

0.031

0.21

0.024

activity

Natural
uranium

0.74

2.1

1.6

0.93

2.0

1.0

2.0

0.78

(Bq/g)

Natural
thorium

0.022

0.048

0.17

0.11

0.06

0.074

0.06

0.003

For example, a 10-10-10 fertilizer may have had its phosphorus content supplied
by a normal superphosphate, TSP, or some other basic fertilizer. This makes it
difficult to estimate the radionuclide content of the final fertilizer product. However,
general estimates of the radioactivity in various fertilizers can be made because
studies have been carried out on the various basic fertilizer products used in the
world. The concentrations of uranium, thorium and radium and their decay products
in some commercial fertilizers in the USA have been studied by the United States
Environmental Protection Agency [3, 10, 11]. Also, the concentrations of radio-
nuclides for various fertilizer products used in the Federal Republic of Germany
were measured by Pfister et al. [4]. These data are listed in Tables III and IV.

The differences in the radioactivity concentrations of the various basic fer-
tilizers listed in Table III are principally due to the partitioning that occurs during
the phase when the phosphate rock is treated with acid [3]. The 226Ra principally
stays with the gypsum, whereas uranium and thorium remain with the phosphoric
acid. Since normal superphosphate contains both phosphoric acid and gypsum, it has
the largest concentration of radionuclides. Commercial fertilizer blends made from
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TABLE IV. RADIOACTIVITY IN FERTILIZER PRODUCTS IN THE FEDERAL
REPUBLIC OF GERMANY

Product

Superphosphate

Triple superphosphate

Thomasphosphate

Hyperphosphate

Novaphosphate

Carolonphosphate

Rhenania-phosphate

Kalciphosphate

ENPEKA-ammon-phosphate
(mono-ammonium phosphate)

Di-ammonium phosphate

P2O5(%) -

18

38

14-17

29

23

26

28-30

38-40

52

46

Specific

Ra-226
i

0.052

0.23

0.007

0.84

0.75

0.57

0.03

0.055

0.089

0.019

activity

Natural
uranium

0.52

0.80

<0.04

0.88

0.78

0.92

<0.04

0.81

2.3

2.2

(Bq/g)

Natural
thorium

0.015

0.044

< 0.004

0.16

0.015

0.03

0.06

< 0.004

0.048

0.019

normal superphosphate would be expected to contain more radium and other radio-
nuclides than fertilizer blends made from other basic fertilizer materials. Commer-
cial fertilizer products derived from phosphoric acid would be expected to contain
the smallest concentrations of 226Ra, but they may have substantial concentrations
of uranium. However, a new trend is developing at wet process plants in the USA.
Since the acid treatment step has dissolved the uranium in the phosphoric acid, many
plants have installed solvent extraction circuits that enable the uranium to be reco-
vered as a co-product, rather than shipping it to the customer as a contaminant in
the fertilizer. This procedure has a positive economic impact and also reduces the
potential for the fertilizer products to distribute readily soluble uranium into the
biosphere. Five plants in the USA now have the potential to recover up to
1.7 million kg of uranium oxide each year [9].

The data from the Federal German studies show good general agreement with
the findings of the US studies [3, 4, 11, 12]. First, the uranium and radium concen-
trations reflect the influence of the different phosphate types used in production.
Fertilizers produced in the Federal Republic of Germany that show low radium and
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uranium contents are based on Kola apatite or by-product slag from the iron industry.
These fertilizers are Thomasphosphate and Rhenania-phosphate. Table I shows that
Kola apatite contains the lowest concentrations of radioactivity of any phosphate ore
sampled in the USA or the Federal Republic of Germany. Hyperphosphate consists
of chemically untreated ground soft rock phosphate and thus has the same specific
activities of uranium and radium, since they are generally in secular equilibrium in
the natural state. Superphosphate, TSP and ammoniated phosphates show approxi-
mately the same redistribution of radioactivity as found in the US samples. This is
because they are manufactured using similar processes. Specific differences in the
radium and uranium concentrations are due to the different phosphate ores used to
make the fertilizers. Kalciphosphate is a pure di-calcium phosphate obtained by nitric
acid conversion of rock phosphate, with subsequent precipitation and filtration after
the addition of ammonia. During this process uranium dissolved in the intermediate
phosphoric acid solution apparently concentrates in the precipitate, whereas radium
remains in the solution that contains the ammonium. As a result, the final product
contains very little radium [4].

Commercial fertilizer blends made from TSP, ammonium phosphates, or other
basic fertilizer materials are likely to have radium and uranium concentrations that
are lower than primary phosphate fertilizers. For the reasons previously discussed,
the concentrations of radium and uranium in agricultural and consumer fertilizer
products will be extremely variable. However, typical concentrations would be
expected to be about 10-50% of the concentrations listed in Tables III and IV
because the basic fertilizer products are used in those proportions in many fertilizer

TABLE V. RADIOACTIVITY IN SELECTED FERTILIZER BLENDS IN THE
FEDERAL REPUBLIC OF GERMANY

Commercial name

Complesa (15-15-15)

ENPEKA (12-12-17)

KAMPKA (13-13-21)

Neues AmSupKa

NITROPHOSKA (10-15-20)

RUSTIC A (13-13-21)

P2O5 (%)

15

12

13

12

15

13

Specific activity

Ra-226

0.34

0.29

0.055

0.50

0.26

0.007

Natural
uranium

0.54

0.67

0.25

0.63

0.62

<0.04

(Bq/g)

Natural
thorium

0.011

0.004

0.022

0.007

0.019

0.044
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TABLE VI. INTERNATIONAL TRADE IN PHOSPHATE ROCK IN 1983

(PRINCIPAL EXPORTING COUNTRIES/REGIONS)

Exporting country/region Destination
Quantity
(000 t)

USA

Morocco

Algeria and Tunisia

Israel and Jordan

Senegal

Togo

USSR

Pacific Islands

Canada
Western Europe
Asia
Eastern Europe
South America
Oceania

Western Europe
Eastern Europe
South America
Asia
Oceania

Western Europe
Eastern Europe
Asia

Western Europe
Asia
Eastern Europe
Oceania

Western Europe
Asia
Eastern Europe

Western Europe
Eastern Europe
Asia

Eastern Europe
Western Europe

Australia
New Zealand
Others

2648
3776
3498
863

440

390

9445

2760
802
1385
35

722

846

20

2148
1694
1454
80

877

315

57

1174
799
20

3701
1193

1687

756

116
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bleiids. This conclusion is demonstrated by the data in Table V. These data were
obtained by Pfister et al. for some blended and mixed fertilizer products used in the
Federal Republic of Germany [4].

5. REDISTRIBUTION OF RADIUM IN THE WORLD THROUGH THE USE

OF FERTILIZERS

There is a large world market for phosphate rock and basic fertilizer products.

The international trade in phosphate rock for 1983 is summarized in Table VI [9].

In the USA, nearly all fertilizers used domestically are produced from phosphate

rock mined in two regions within the country. Consequently, it is relatively easy to

develop general estimates of the total quantities of radium and other radionuclides

being introduced into the US environment by fertilizers. It is not so easy to make

similar estimates for Europe because the phosphate rock used for fertilizers there

come from several countries (see Table VI).

TABLE VII. RADIOACTIVITY IN FERTILIZER USED IN THE USA IN 1984

Region
PA

(000 t)

220

540

1500

460

400

320

190

350

240

270

Ra-226

48

120

330

100

88

70

42

77

53

59

Total radioactivity

Natural
uranium
(GBq)

710

1700

4800

1500

1300

1000

610

1100

770

870

Natural
thorium
(GBq)

19

45

130

39

34

27

16

29

20

22

Northeast

Lake States

Corn Belt

Northern Plains

Appalachia

Southeast

Delta States

Southern Plains

Mountain States

Pacific

Total 4490 987 14 360 420
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The consumption of fertilizers in the USA is used to illustrate the redistribution
of radium and other radionuclides in the environment. Table VII was developed
from the data on fertilizer production for 1984 in the USA [13] by weighting the
production data by the proportions originating in the south or the west and applying
the appropriate concentration data from Table III. Table VII shows that approxi-
mately 990 GBq of 226Ra entered the biosphere in the USA in fertilizers produced
in 1984. It should be noted that this is only a small percentage of the total radium
associated with fertilizer production. Most of the 226Ra remained at the wet process
phosphoric acid plants in the gypsum waste piles. This means that about 50 TBq of
226Ra was added to gypsum piles at fertilizer plants in the USA in 1984 alone. This
problem is discussed more completely in Chapter 2-6 of this volume.

A major trend has been occurring over the past several years to produce more
phosphoric acid and ammoniated phosphates than normal superphosphate or TSP.
This trend results in leaving more 226Ra at the wet process plant rather than the
fertilizer products because these products contain much smaller amounts of 226Ra
than normal or triple superphosphate.

Using the same method as above, a crude estimate suggests that about
4000 GBq of 226Ra are introduced into Western Europe each year in fertilizers [9].
This is likely to be an underestimate because it is based only on the radium contained
in the phosphate rock imported into Western Europe and does not include the radium
that is contained in commercial fertilizer products that were manufactured in other
countries and directly imported into Europe.

6. RUNOFF AND LEACHING

Soluble nutrients and elements, such as nitrogen, carbon and sulphur, are
generally recycled to a large degree in the biosphere. Other elements, such as phos-
phorus and potassium, which do not have a naturally occurring gaseous phase, must
be continually renewed, since they do not have a complete cycle. These elements,
if not intercepted by plants or held by soil, have a one way journey to the sea.
However, some fraction of them may be deposited in river beds and other land
during the journey. This is also the fate of many trace materials, such as the various
radionuclides that are incorporated with potassium and phosphate nutrients [14].

Although much of the precipitation in the country is lost through evaporation
and transpiration, the amount lost as runoff carries with it large quantities of sedi-
ment. Natural erosion losses of sediment to US water have been estimated to be over
2 x 1012 kg annually [14]. Man's activities have increased this sediment loss to
over 10 x 1012 kg per year, with about half caused by farming. The degree to
which the radionuclides present in agricultural runoff are soluble or insoluble is not
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known. However, regardless of whether the radium and uranium are relatively solu-
ble or insoluble, the receiving streams can have a substantial amount of radium and
uranium added to them because of fertilizer use.

Spalding and Sackett [15] examined uranium concentrations in numerous
rivers that flowed into the Gulf of Mexico. Their studies indicated increased uranium
concentrations when compared with data taken from the same rivers 20 years earlier.
They attributed these increases to the widespread application of phosphate fertilizers
in agriculture. Uranium is generally present in phosphate fertilizers in the hexavalent
state (U+6), which is partially soluble [15]. Therefore, it is not unreasonable to
anticipate some runoff of uranium into streams and rivers draining agricultural lands.
Radium is likely to be more insoluble and stay with the sediments. The increased
recovery of uranium from phosphoric acid should reduce the amount of uranium
available to the environment as runoff in future years.

In the USA, the Mississippi River borders ten states that account for about 40%
of the phosphate fertilizers used in the country. As a result of the extensive
agricultural use of fertilizers in this region, runoff losses of nutrients are large.
Estimating the 226Ra or uranium losses is difficult because of the paucity of specific
data on agricultural runoff for these radionuclides. A rough estimate suggests that
in 1984 about 390 GBq of 226Ra and 5700 GBq of uranium were present in the
fertilizers used in the ten states that border the Mississippi (Illinois, Iowa,
Minnesota, Missouri, Wisconsin, Kentucky, Tennessee, Mississippi, Arkansas and
Louisiana) [9]. A comparison with Table VII shows that about 40% of the total
radioactivity distributed by fertilizer use in the USA during 1984 was in the Missis-
sippi Basin states. Consequently, this river and its water basin probably receive the
greatest amount of radioactivity from agricultural runoff in the USA. Similar calcula-
tions can be made for other rivers in the world to estimate the relative importance
of agricultural runoff to the radioactivity present in the rivers.

7. UPTAKE OF RADIOACTIVITY THROUGH CROPS

Since most of the fertilizers utilized throughout the world are used to improve
crop yields, the potential uptake of the trace radionuclides present in the fertilizers
is a key concern in examining the radiological aspects of fertilizer utilization. 40K
is homeostatically controlled by the body and, consequently, the impact of 40K in
fertilizers from uptake should not be as variable as the uptake and resultant impact
of radium and uranium. The quantity of phosphate fertilizer applied to the soil is
usually expressed as kg P2O5/ha. Many crops, such as potatoes, sugar cane,
tobacco and tomatoes, have more than 250 kg P2O5/ha applied each year. The
potential accumulation of radionuclides in agricultural soil to phosphate fertilizer
loadings can be estimated by use of the following equation:
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Cs = 4.5 X 1CT8 X P X CP X (1/L)

where

Cs is the concentration of the radionuclide in the soil (Bq/g);
P is the phosphate fertilizer application rate (kg P2O5/ha);
CP is the relative concentration of the radionuclide (Bq/g P2O5);
L is the plough layer thickness (m).

The use of this formula in conjunction with Tables III and IV will provide an
estimate of the relative significance of the various fertilizer products or mixtures and
blends made from them.

Using mean values of the specific activities of natural radionuclides in phos-
phate fertilizers, Pfister et al. estimated the maximum additions that might occur in
the Federal Republic of Germany due to fertilizer usage [4]. A maximum fertilizing
intensity of 1525 kg/ha was reported in the region of Wiirzburg in 1973-1974. From
this they calculated that about 2.2 MBq of 226Ra and 3.2 MBq of uranium might be
added to the soil each year. It is not clear exactly how much of each radionuclide
remains in the soil or is leached by runoff. Some studies suggest that uranium is more
likely to be leached away than radium [12, 15]. However, Shultz [16] suggests that
much of the uranium, radium and thorium are likely to be strongly adsorbed by the
soil, as is phosphate. Therefore, the losses of these radionuclides may principally be
in sediment erosion loss and be similar to phosphate loss. Such losses may range
from 0 to 60% over many years. Consequently, some buildup of radionuclides is
likely to occur in heavily fertilized land. This author [17] and Pfister et al. [4] esti-
mated that such a buildup may range from a few per cent to greater than the original
radionuclide concentrations in the soil. Radium and uranium are normally present
in soil in concentrations of about 0.004-0.11 Bq/g of soil.

Studies of several investigators have indicated that food crops take up radio-
nuclides such as 226Ra and uranium from the soil in which they are grown. This
phenomenon is extensively reviewed in Chapter 5-6 in Volume 1 of this publication.
The amount of uptake has been shown to be dependent upon several factors, includ-
ing the solubility of the chemical form of the radionuclide, crop type, soil type and
calcium concentration in the soil. In most cases, the relative concentration factors
(concentration in dry plant material/concentration in dry soil) was less than 0.1,
suggesting that the radionuclides are, to varying degrees, excluded. Nonetheless,
increases in soil radioactivity concentrations due to fertilizer use may be accompa-
nied by some increases in the radioactivity present in various food crops, although
generally it should be very small. There may be specific instances where intensive
fertilization with normal or triple superphosphate or similar fertilizers does
contribute to increases in uptake by plants and animals in the local environs. Investi-
gations in Australia, New Zealand and the United Kingdom have shown that the
alpha activity of wheat grain and sheep bones is significantly increased after intensive
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fertilizing with superphosphate [18]. However, studies by Kirchmann et al. [19]
indicated that there was no observed difference in the 226Ra contents of straw and
grain when fertilized at different rates with one rate about four times the other. They
noted that even at the high application rate the added 226Ra was only about 1 % of
the 226Ra present in the soil.

8. OCCUPATIONAL AND CONSUMER EXPOSURES TO FERTILIZERS

Millions of people annually come in contact with phosphate fertilizers. These
people include workers in wet process fertilizer plants, in blending and mixing
plants, in storage facilities, agricultural employees and the general public. There are
not many data on the potential exposure of these groups to radiation from fertilizers.

Windham et al. [20] studied workers in wet process fertilizer plants in the
USA. They reported that workers who come in close contact with large amounts of
phosphate ore and fertilizer products are subject to the inhalation of dust generated
by unloading, crushing, drying and transport. They reported a maximum potential
dose equivalent to the lungs of about 50 mSv/a. They also estimated that direct
gamma dose equivalents for workers ranged from about 0.3 to 3 mSv/a. There are
no data on workers at blending and mixing plants and storage facilities, but direct
exposures from close proximity to large quantities of fertilizer could be similar to
the direct radiation exposures measured at wet process phosphoric acid plants. Such
exposures could substantially exceed typical natural radiation background exposure.

In Ref. [21], it was calculated that on the basis of fertilizer use in the Federal
Republic of Germany, an external radiation exposure of 1.1 /iiGy/a could occur to
the gonads and bone marrow from one application of phosphate fertilizer. By
estimating the total amount of fertilizer applied during an 80 year period, it was
calculated that a member of the general public could receive about 17 ^Gy/a from
external exposure to phosphate fertilizers and persons employed in agriculture could
receive about 20 jiGy/a. Pfister et al. [4] made similar calculations based on slightly
different assumptions. They concluded that a member of the general public was not
likely to receive more than about 4 jttGy/a from fertilizers and that an agricultural
worker would receive about 13 /*Gy/a.
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CONTROL AND ABATEMENT OF EFFLUENTS
FROM URANIUM MINING AND MILLING

An overview
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Canada

During the life of a uranium mine/mill complex, tailings and waste rock are
continually being generated and deposited onto the tailings area. Contaminants, both
radioactive and non-radioactive, present in the wastes may pose a risk to man and
his environment. It is therefore desirable for controls to be exercised on the methods
used for disposal to prevent or minimize their dispersal. The discussion in the chap-
ters in this section are concerned with radium, but many of the general considerations
will also be relevant to other pollutants present in the wastes.

The tailings disposal site must be chosen with care, with concerns for proper
dam design and construction, incorporating appropriate liners. Tailings deposition
methods should be chosen to be compatible with the particular ore, process, climatic
conditions and effluent treatment technologies being used consistent with minimizing
environmental contamination. The control and modification of processes within the
mill itself may also be necessary to achieve environmental control objectives.

In summary, control can be exercised in the following ways:

(a) In the mill, by process changes;
(b) Location and design of the containment area;
(c) Appropriate choice of the discharge method;
(d) Design and placement of the liner;
(e) Control of radionuclides in solution (in the tailings);
(f) Use of suitable rehabilitation and tailings covers;
(g) Control of seepage effluents.

Although this section does not include discussion of the control of all of the
points mentioned above, it is useful to consider each briefly as an introduction to the
section.

The mill process, whether sulphuric acid or alkaline leaching followed by
purification for uranium recovery, will leave most of the radionuclides in the residue
tailings that will be discharged to the impoundment area. Various mill surveys have
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been conducted to determine the radionuclide disposition throughout the circuit and
it has been found that very little of the radium is in solution at any point in the
circuit [1-3]. Isolation of a high concentration radionuclide fraction within the mill
could be one possible method of decreasing the quantity of radionuclides in tailings.

One approach taken toward radionuclide isolation from uranium operations
was by pre-concentration by flotation and high intensity magnetic separation [4].
This work indicated that a tailings material containing about 2 Bq/g 226Ra (reduced
from 8 Bq/g) could be achieved, with the radium concentrating in the pyrite portion
comprising about 25% of the total weight of the tailings. The process was applied
as a pilot project on mill tailings at the site and was shown to be technically feasible.

Methods for the solubilization of radionuclides in the mill process have also
been investigated. Nitric acid leaching was shown to be suitable for solubilizing
uranium, but a level of about 2-4 Bq/g 226Ra remained in the tailings (ordinarily
containing about 10 Bq/g 226Ra [5, 6]). Apparently a sufficient quantity of sulphides
in the ore was oxidized to sulphates, thus immobilizing the radium.

Research on the possible application of chloride technology has been more
promising. Aqueous leaching in hydrochloric acid (occasionally assisted by Cl2) [7]
and anhydrous Cl2 roasting [8] have been investigated and taken to a continuous
testing stage. Both processes resulted in the removal of essentially all of the radio-
nuclides and their subsequent solubilization such that the residue contained
0.38-0.77 Bq/g 226Ra. A process of pressure leaching in the presence of calcium
chloride, washing and brine removal of the remaining radionuclides from the solids
has been shown to produce tailings which contain essentially no radionuclides,
making long term maintenance for radionuclide control in the impoundment area
unnecessary [9, 10]. However, the radionuclides that are removed are then in a
concentrated solution, which itself presents a disposal problem. Research by these
authors continues with the aim of producing a high level concentrate that could be
acceptable for burial or disposal with high level reactor wastes.

The next control point to be considered is the location and design of the
containment area. This decision should be based on factors such as topography,
hydrology, geology, climatic conditions and the type of disposal system chosen, as
well as the geochemical and physical characteristics of the tailings. The seepage and
runoff from the tailings is dictated, in part, by the disposal system chosen and the
physical-chemical nature of the tailings. The random disposal technique usually
gives rise to very little runoff, while the layered or subareal technique and thickened
discharge give rise to more runoff, but provide a more stable tailings area that would
be more easily covered by vegetation in subsequent years.

To contain the effluents as much as possible within the impoundment area,
various liners have been developed and assessed. These include geological, clay
and synthetic liners, such as asphalt, gunite and synthetic membranes. The factors
which are important in selecting appropriate liners are discussed elsewhere (see
Chapter 2-3, this volume).
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The control of radionuclides in the dam has been primarily by means of the
addition of barium chloride to the neutralized effluent. Some plants provide a 'polish-
ing' stage prior to discharge of the treated effluent to the environment by passing
it through sand beds. Although this procedure is employed in many tailings areas,
the method produces a sludge which is 'replaced' on the tailings. In the presence of
sulphate reducing bacteria, the Ba(Ra)SO4 compound can be broken into its consti-
tuents, which then release not only radium, but also barium into the environment
[11]. Therefore, such a procedure should only be considered as a stopgap to long
term maintenance. More detailed aspects of the radium treatment of radium contain-
ing water are provided (see Chapters 2-2 and 2-5, this volume).

Control of dusting, diffusion of radionuclides through the soil to the
atmosphere and control of erosion are accomplished by the application of a suitable
cover. Chemical, rock, water and 'vegetative covers' are discussed in Chapter 2-4
in this volume. The costs of application and maintenance vary and depend on several
factors. However, revegetation by means of a self-regenerative natural cover will be
generally less expensive in the short and long term.

The last aspect of control is that of seepage and runoff quality and control.
Depending upon the mineralogical composition of the tailings, the chemical precipi-
tates in the impoundment area and the presence of bacteria, various cations and
anions may be present in seepage and runoff streams. At least one mine/mill employs
ion exchange removal from the seepage prior to discharge into the environment.
Again, natural barriers may be better in the long term and a less expensive solution
to radium escape. Limestone and peat have been shown to be effective as
a barrier for the removal of radium from seepage effluents [12].

Pyrite, present in many tailings and waste rock, eventually oxidizes to produce
extremely acidic conditions such that the seepage is acid and can contain dissolved
metals. Recent research has indicated that a bog cover over the tailings provides a
mechanism of reducing action at the cover-tailings interface [13]. The presence of
the bog cover inhibits sulphide oxidation to sulphuric acid, so that a pH of 6 results.
Also, the reducing reaction precipitates any metal sulphides in the tailings. Natural
systems for covers and effluent seepage control can be effective and require mini-
mum maintenance.
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1. INTRODUCTION

As has been discussed elsewhere in this publication, effluents from uranium
mining and milling operations are an important source of 226Ra. In geographical
areas having a net excess of precipitation over evaporation, an effluent is discharged
from tailings areas to the surface water. This effluent may consist of either mine
water or process water used to transport the tailings slurry from the mill to the tail-
ings area. In many cases, this effluent contains unacceptably high levels of 226Ra
and must be treated prior to discharge.

This chapter examines treatment methods for the removal of 226Ra from such
effluents. The information presented is based on the authors' own work and files,
literature searching and the results of a questionnaire on treatment practices sent to
uranium producing companies and research institutions in most uranium producing
countries.

The chapter identifies the various known radium removal methods and
discusses those having practical application. Conventional current technology, con-
sisting of various modifications of the barium-radium sulphate (Ba(Ra)SO4) co-
precipitation process, is discussed in greatest detail, with examples of full scale use.
The final section of the chapter considers the leachability of the sludge which is
produced in Ba(Ra)SO4 co-precipitation processes. Of particular concern is the pos-
sibility for the leaching of 226Ra from this sludge once it is placed in a final disposal
location.

2. SURVEY OF RADIUM REMOVAL METHODS

Table I [1-45] lists the various known radium removal technologies. Those
listed include methods currently in use, processes which are in an experimental
stage, methods used to treat drinking water (designated 'Municipal') and processes
either no longer in use or not efficient enough to be considered practical. All known
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TABLE I. RADIUM REMOVAL TECHNOLOGY

Type of technology Use Reference(s)

Adsorption/ion exchange

Adsorption by microorganisms

Aeration

Ba(Ra)SO4 co-precipitation

Chelating agents/resins

Filtration

Flocculants/flocculant
aids/coagulants

Fluidized beds

Foam separation

Lead-radium nitrate
co-precipitation

Neutralization

Reverse osmosis

Selective membrane mineral
extraction

Solvent extraction

Municipal/industrial/experimental

Experimental

Municipal

Industrial/experimental

Experimental

Municipal/industrial/experimental

Municipal/industrial/experimental

Experimental

Experimental

Experimental

Municipal/industrial

Municipal/experimental

Industrial

Experimental

[1-23]

[24]

[9, 11, 20]

[4, 6, 7, 9, 10, 13, 17-23, 25-43]

[8, 43]

[7, 8, 11, 20, 22, 26, 27, 32, 37, 39, 41]

[7, 9, 13, 21-23, 25, 27, 30, 34, 37, 38, 40]

[1, 44]

[9]

[9]

[3, 5,7-9, 11, 17, 18, 20, 21, 45]

[5, 9-11, 20]

[11,20]

[9]

g.
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processes are listed for completeness, but only those with some demonstrated or
probable application are discussed further. In the case of some technologies, such
as Ba(Ra)SO4 co-precipitation, not all references located could be included. The
table lists the technologies by mechanism (chemical, physical, etc.). Some can be
used alone; others, such as filtration, are used only as part of a treatment train. Not
included are possible alternative milling flowsheets designed to remove or capture
radium in the mill. These are considered to be outside the scope of this chapter.

Co-precipitation by the addition of barium chloride is by far the major radium
removal technology for uranium mining effluents. Its popularity is related to its
effectiveness, relative simplicity and low cost in relation to other technologies. Cost
per unit volume treated is important because of the large quantities of effluent gener-
ally produced by uranium mines. The barium chloride process is discussed in detail
in Section 3, along with processes which are normally used with it for the separation
of solids: coagulation/flocculation and filtration. Also discussed is a fluidized bed
process employing Ba(Ra)SC<4 co-precipitation.

2.1. Adsorption/ion exchange

These two technologies are discussed together because in some references they
are used interchangeably, or it is not known which mechanism is operating.
Table II [46] lists a large number of adsorption/ion exchange materials which have
been examined for radium removal.

Most adsorbents and ion exchange materials listed can achieve 226Ra removal
rates of at least 50%, with some demonstrating removal efficiencies of 99% or bet-
ter. Several, such as natural and synthetic zeolites, and greensand [3, 5] are success-
fully being used to treat drinking water sources with low levels of 226Ra
(<0.6Bq/L).

Unfortunately, problems with plugging, resin elution, regeneration, selec-
tivity, efficiency and cost make most of these materials unsuitable for the treatment
of uranium milling effluents. Only three have been or are being used in this applica-
tion. Only one documented case of the use of each in a full scale treatment capacity
at an operating uranium mine could be found.

Barite was employed in Canada and the United States of America in the 1960s,
but has since been replaced with the use of Ba(Ra)SO4 co-precipitation [9, 18, 21],

In Czechoslovakia, radium contaminated pit water of low salinity has been
treated at a rate of 10 m3/min by cation exchange resins in columns [8]. The type
of exchange resin was not identified, nor were the removal efficiencies. These resins
were regenerated with a salt solution (also unidentified), which in turn was decon-
taminated with a radium selective sorbent based on 'activated' barium sulphate, or
by finely crushed barites. The salt solution could also be decontaminated with the
addition of barium chloride to form a Ba(Ra)SO4 co-precipitate. Research with
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TABLE II. ADSORPTION/ION EXCHANGE TECHNOLOGY

Adsorber/exchanger

Aluminium sulphate

Amberlite IRA-430®

Ammonium molybdophosphatea

Barite (crude mineral form of BaSO4)

Barium sulphate (freshly precipitated)

Barium phytate

Bentoniteb

Clinoptilolite (natural zeolite)-sodium cation exchange

Decalso (synthetic zeolites)-polystyrene resins

Dowex A-l®

Dowex 50®

Dowex HCR®

Dowex XFS 43230.00®

Ferric hydroxide

Glass wool and polyethylene shavings

Greensand filtration

Humic acidb

Linde Molecular Sieves AW-500®

13 x 19A®

Manganese dioxide precipitates (fresh)

Manganese impregnated acrylic fibres

Manganese zeolite

Permutites (natural and synthetic, i.e. Permutit-Q® )

Phosphonic acid resin (BioRex 63® , Duolite ES-63® )

Pyrolusite (naturally occurring mineral of manganese)

Sulphonated co-polymer styrol-DVB

Vermiculiteb

Reference(s)

[9, 23]

[22]

[2]

[2, 8-10, 18, 46]

[9, 23]

[9]

19]-

[2, 3, 5, 9, 13, 18, 22]

[17, 20]

[12, 17]

[9]

[9]

[9]

[23]

[9]

[5, 11, 20]

[9]

[2,9]

[2,9]

[1, 10]

[4, 11, 14-16, 18, 20]

[2,9]

[9]

[2,9]

[10]

[8]

[9]
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TABLE II. (cont.)

Adsorber/exchanger Reference(s)

Zirconium molybdate [2]

Zirconium oxide (hydrous)a [2]

Zirconium phosphate [2, 9]

Zirconium tungstate [2, 9]

a Ra-226 removal efficiency is less than 25%.
b Ineffective for use in an ion exchange or adsorptive capacity.
Note: In one series of experiments, sea sand, activated carbon and Celite 545® were used
as controls [2]. None adsorbed a significant amount of radium.

reversible organic gel exchangers, such as sulphonated, cross-linked styrenes, has
also been conducted [8].

The third example of an adsorption or ion exchange process being used
successfully in a full scale treatment capacity is at the Key Lake mine in northern
Saskatchewan, Canada [17]. A Dow Radium Selective Ion Exchange Complexor® is
being used to treat the supernatant from effluent holding ponds at flow rates of up
to 200 m3/h. The 226Ra activity of the effluent to be treated does not exceed
3.7 Bq/L and removal efficiencies are reported to be in the 90-95% range. The resin
is the final step in a four stage radium removal process. The other steps are neutrali-
zation, barium-radium co-precipitation and filtration. A detailed description of
bench scale work leading to this application has been provided by Melis [12].

Investigations continue with the use of adsorbents and ion exchange
mechanisms. If some of the problems noted above can be overcome, ion exchange
and/or adsorption could become a viable alternative to the nearly universal
Ba(Ra)SO4 co-precipitation method.

A new process, currently at the pilot scale stage of development, may involve
some adsorption. In this process, radium is removed from solutions during
Ba(Ra)SO4 crystal growth on fluidized sand particles [1, 44]. This process is dis-
cussed in Section 3.

2.2. Flocculants/flocculant aids/coagulants

The use of coagulation/flocculation to improve sedimentation following
Ba(Ra)SO4 co-precipitation is discussed in Section 3. A number of compounds
which have been used as flocculants are listed in Table III.
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TABLE III. FLOCCULANTS/FLOCCULANT AIDS/COAGULANTS

Flocculant/coagulant Reference(s)

Aluma [22]

Anionic polymer (Aquafloc 465® ) [37]

Anionic polymers8 [9]

Bentonite" [9]

Commercial soapb [23]

Copperas (FeSO4-7H2O) [21]

Cross-linked starch xanthateb [13]

Ferric chloride [23, 37, 38, 40]

Ferric sulphate15 [9, 23]

Ferrous sulphate [22]

Kaolinb [9, 23]

Limeb [22]

Polymer (Percol 727® ) [25, 26, 37]

Sodium oleate (long chain fatty acids)0 [8, 9]

Sodium palmitate [8, 13]

Sodium stearate [8, 9]

a There are conflicting claims of effectiveness for this form of treatment technology.
b Ineffective as a flocculant or coagulant aid.
c Patented in 1968 by M. Kremer (as reported in Ref. [9]).

2.3. Neutralization

Neutralization of acidic mill tailings slurries has been shown by various
authors to provide significant bulk radium removals [17, 18, 45], This may be
attributed partly to a pH effect and partly to co-precipitation with, or adsorption on,
the precipitate formed. As neutralization is not used alone as a treatment method,
it is not discussed in detail. Interestingly, Ring et al. [40] reported a significant
increase in dissolved radium levels following lime neutralization.
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2.4. Reverse osmosis

Reverse osmosis is a physical separation technique utilizing a semipermeable
membrane which selectively allows water to pass. Reverse osmosis 226Ra removal
processes at drinking water treatment facilities have achieved removal rates of
96-99.4% [5, 9-11,20].

Experimentation involving asymmetric cellulose acetate membranes is under
way in India [10]. The parameters of concern appear to be operating pressure, feed
composition and the extent of membrane porosity.

Reverse osmosis is a very viable radium removal technology for drinking
water. It has seen little use in the treatment of uranium mining effluents, although
activity levels up to 28 Bq/L can reportedly be handled [11, 20]. Drawbacks include
the costs (relative to those for Ba(Ra)SO4 co-precipitation processes) and the fact
that a concentrate requiring further treatment is left behind [9]. Another key disad-
vantage of reverse osmosis is that the feed stream must be virtually free of suspended
solids [7].

3. Ba(Ra)SO4 CO-PRECIPITATION PROCESSES

3.1. Basis of method

The basis of this method for 226Ra removal is the formation of a mixed
Ba(Ra)SO4 precipitate and its subsequent separation from the liquid being treated.
The precipitate is typically formed by the reaction with sulphate ions of barium chlo-
ride added to the tailings decant. For most mills, the use of sulphuric acid in the mill
provides a high level of sulphate in the tailings decant. The radium is either co-
precipitated with the barium sulphate or adsorbed on the surface of the precipitate
once it is formed.

Once the radium has been converted to the paniculate form the precipitate must
be removed from solution. This can be accomplished either by sedimentation or by
processes such as granular media filtration. Sedimentation is the simplest method and
can consist simply of a large pond with adequate detention time to allow the finely
divided precipitate to settle. In some cases, flocculating agents, such as alum or poly-
mers, are provided to assist in sedimentation. Sand filtration can be used as a polish-
ing step following settling, or as a substitute for sedimentation.

Barium sulphate is very insoluble (KSP = 10"10) and the precipitate forms
almost instantaneously under typical treatment conditions. Precipitation of a large
fraction of the dissolved radium is normally easily achieved, although some difficulty
may be experienced in obtaining a very high percentage of removals. The solids
separation step is often more critical than actual precipitation in terms of meeting
regulatory limits.
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3.2. Fundamental considerations

Barium sulphate is probably the most extensively studied sparingly soluble
salt [47]. The methods used for studying its growth kinetics as a function of super-
saturation may be divided into two categories: those examining the complex process
of spontaneous precipitation initiated by direct mixing of reactants, or by generating
the necessary supersaturation by homogeneous chemical reaction; and those studying
the growth kinetics on seed crystals. In spontaneous precipitation, high initial super-
saturations can be achieved, but the effects of inhomogeneous mixing and various
crystal shapes and states of aggregation render kinetic analysis difficult. For barium
sulphate, reported values of the kinetic order with respect to supersaturation have
ranged from 0 to 4. Seed growth experiments yield more reproducible kinetic data.
For barium sulphate, second order kinetics have been reported at low supersatura-
tions. Conventional seed growth experiments are limited to low values of supersatu-
ration since the solution must be stable for a sufficiently long period.

Van Rosmalen et al. [48] note that studies involving spontaneous nucleation
may have obtained different kinetic orders because different supersaturation ranges
were examined. They suggest that the growth mechanism, and therefore the growth
order, may be a function of the supersaturation range. They state that the most exten-
sive studies dealing with spontaneous nucleation and growth were performed by
Nielsen [49-52]. He concluded that at the extremely high supersaturations required
for spontaneous nucleation, bulk diffusion was the rate limiting step, while at lower
supersaturations surface processes become rate controlling.

In barium chloride treatment processes, the degree of supersaturation is nor-
mally high. Sulphate concentrations are often approximately 10~2M and barium
concentrations are typically of the order of 10~4M.

Rizkalla [53] examined the effect of various additives on the barium sulphate
crystal growth rate. Some additives enhanced the rate, while others retarded it.
Leung and Nancollas [54] also examined crystal growth rate in the presence of an
inhibitor. They also reported [55] that after an initial stage reflecting secondary
nucleation, crystal growth was second order in relative supersaturation both in the
presence and absence of additives. With inhibitors, the pH of the solution was impor-
tant. The authors noted that those results were consistent with those of another
study [56], in which it was shown that the best inhibitors for barium sulphate precipi-
tation were those which imparted the most negative electrophoretic mobility to the
barium sulphate particles.

Liteanu and Lingner [57] have written an excellent paper on the precipitation
of barium sulphate. They note that the characteristics of the precipitate are signifi-
cantly influenced by the method of mixing of the solutions. They also report that bar-
ium sulphate crystals are fragile, that increasing barium chloride solution
concentrations reduce the mean crystal radius and its standard deviation, and that the
nucleation of barium sulphate is heterogeneous up to very high values of supersatura-
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tion. If high supersaturation is created very rapidly, new crystals are formed even
in the presence of the precipitate, i.e. after the start of precipitation.

The induction period for crystallization is determined by the concentration of
barium sulphate in solution. A perceptible induction period exists even at concentra-
tions of approximately 10"3M, although it is very short (0.001-0.01 s).

The presence of some ions can significantly modify the critical supersaturation,
causing an apparent fall in the degree of supersaturation. The ionic strength also has
a major influence on the growth of barium sulphate crystals; the mean crystal radius
usually increases with increasing ionic strength. This may be due to a decrease in
the degree of supersaturation. It is noted that barium sulphate cannot undergo
Ostwald ripening, which takes place at concentrations near that of saturation. Any
ripening for barium sulphate is much slower than for AgCl.

The ratio between the concentrations of barium and sulphate ions has a signifi-
cant influence on the characteristics of the precipitate. In the presence of an excess
of one of the ions, the mean radius is considerably diminished. The crystals then
become thinner and irregular in shape. This is of importance in uranium effluent
treatment, as usually the sulphate ion is present in much higher concentrations than
the barium ion.

Fischer and Rhinehammer [58] reported on the rapid precipitation of barium
sulphate. They studied crystal size as a function of sulphate ion concentration,
barium ion concentration, quantity of the barium ion in excess, pH, temperature and
the presence of foreign ions. They found that the barium chloride molarity had no
effect above 0.025M, but below that level crystal size increased with increasing con-
centration. The natural 'habit' of barium sulphate is orthorhombic and ideal crystals
are rectangular in cross-section. An excess of barium chloride over the stoichio-
metric amount resulted in more ragged crystals. Crystal diameter increased linearly
with pH over the range 0.5-5.0, but more perfect crystals were formed at lower pH
and these settled better. The large irregular crystals formed at higher pH exhibited
a tendency to break into smaller fragments on handling. Over the range of
25-100°C, crystals became larger and more perfect with increasing temperature.

'Foreign' ions frequently caused an increase in crystal perfection and size
uniformity, and at higher concentrations a decrease in crystal size. In order of
decreasing effect on crystal morphology, the foreign ions were nitrate, phosphate,
chlorate, ferric, aluminium and potassium. Thus, the most imperfect crystals were
formed in the presence of nitrate, while the most perfect ones were formed with
potassium present.

In an important conclusion for uranium effluent treatment, the ageing of the
barium chloride solution was found to be important. Particles precipitated from a
fresh barium chloride solution were smaller by several fold than those from a solu-
tion which had stood at room temperature for some time. Although this was a real
effect, it could not be explained by the authors.
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O'Hern and Rush [59] examined the effect of mixing conditions on barium sul-
phate precipitation. In most of their experiments barium sulphate was formed by the
reaction of barium hydroxide and sulphuric acid. They examined both a rapid mixer,
which achieved plug flow behaviour, and a small continuous flow agitated vessel,
which produced a great deal of recirculation. For the continuous flow mixer, the rea-
gent concentration had almost no effect on particle size over the range investigated
(0.02-0.2M). In all cases crystal size was in the range of 6-8 fim. With the rapid
mixer there was a strong dependence on concentration. Crystals were of 3 /jm size
at 0.01-0.02M, decreasing to approximately 0.1 /um at a concentration of 0.2M. A
few experiments were run using barium chloride and sulphuric acid to form the crys-
tals and the results were not inconsistent with those quoted above.

The authors noted that there are many indications that the rate of nucleation
at higher concentrations depends strongly on the concentration. At lower concentra-
tions it is not so dependent and growth may occur mainly on foreign nuclei. It was
noted that where one reagent was added either slowly or rapidly to the other the mean
ionic molality will be low if the one added is consumed rapidly in precipitation. This
results in low nucleation rates, the growth of older particles and a large final particle
size. In an aside, they noted that in the pH range 9-10, the precipitates were least
subject to agglomeration.

Gordon and Rowley [60] have examined the co-precipitation of radium with
barium sulphate. In precipitation from a homogeneous solution, they reported that
the distribution of radium between the aqueous and solid phases follows the law of
Doerner and Hoskins. The value of X, the distribution coefficient, was consistent
within experimental error over the range in which the fraction of barium precipi-
tated, / , varied between 0.03 and 0.96. The value reported was 1.21 + 0.009/at
90°C; a value of X greater than unity indicates enrichment in the precipitate. The
Doerner-Hoskins distribution equation is predicated on two conditions: the surface
of the crystal is in equilibrium with the body of the solution (as can be achieved in
homogeneous precipitation); and the rate of diffusion of ions within the crystal lattice
is negligible compared with the rate of precipitation. The authors report that Mar-
ques [61] and Doerner and Hoskins [62] found smaller logarithmic distribution
coefficients by precipitation processes in which there was external addition of a rea-
gent. Gordon and Rowley [60] note that such processes favour 'no enrichment',
since the addition of each drop of precipitant can deplete the immediate area where
it enters the solution of virtually all barium and radium ions. Thus, under conditions
of uranium effluent treatment, a distribution coefficient close to 1.0 would be likely.
This statement is consistent with conclusions drawn by Sebesta et al. [19]. On the
basis of their results from a barium chloride treatment system, they stated that
radium was isomorphously co-precipitated with barium sulphate. They also stated
that this isomorphous co-precipitation could be described by the quantitative theory
of homogeneous distribution and that the logarithmic distribution law of Doerner and
Hoskins was not applicable.
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Averill et al. [27] examined empirically the co-precipitation of Ba(Ra)SO4 in
a uranium milling effluent and attempted to identify the important factors. Their tail-
ings decant was close to saturation in calcium sulphate. It was found that the activity
level of radium in solution decreased rapidly, from an initial value of approximately
30 Bq/L to the range of 0.3-0.4 Bq/L and then very slowly. This initial rapid reac-
tion was apparently first order and required a batch reaction time of approximately
15 min. A barium chloride dose of 16 mg/L as Ba2+ was found to be optimal [30].

Over the range examined neither the mixing speed nor the provision of
Ba(Ra)SO4 seed crystals had any effect on the precipitation reaction. The splitting
of the barium dose into a two stage addition also had no effect.

In early tests, the adjustment of the pH from alkaline values to near neutral
values appeared to improve precipitation. Moffett [35] had noted the same effect
with this wastewater. However, various experiments conducted in the field over a
period of time were able neither to prove nor disprove the existence of an optimum
near pH7.

The effect of temperature was examined as well. Using effluent from both the
summer and winter, precipitation was carried out at temperatures of approximately
0°C and 20°C in laboratory batch tests. No effect was noted. In later pilot scale oper-
ations, differences in summer and winter performance were observed. Of the chemi-
cal parameters of the tailings decant, only magnesium was identified as a potential
seasonal factor. Magnesium was removed by the precipitation process to a statisti-
cally significant extent in the summer, but not in the winter.

The crystals formed were examined by electron microscopy, X ray diffraction
and inductively coupled plasma (ICP) analyses. They were primarily discrete
crystals with a major dimension of approximately 12 ^m and a minor dimension of
approximately 4 fim. Approximately 20% of the crystals were of a more complex
'star' shape of about 20 /wn diameter. Both X ray diffraction and ICP analyses
showed that the crystals were predominantly barium sulphate.

It is evident that a great deal of fundamental work has been performed on the
precipitation of barium sulphate and, to a lesser extent, Ba(Ra)SO4. This informa-
tion may, however, be of limited use in treatment applications. Because of the large
volumes of effluent which must normally be treated, the provision of complex mix-
ing regimes and the control of factors such as pH are not usually financially viable.
The sulphate concentration of the decant is not normally amenable to control. Treat-
ment systems are usually designed to be as simple as possible and operate with a
minimum of attendance. However, the fundamental literature suggests that where
improvements are required, attention should be given to the mixing of the barium
chloride solution, its strength and, possibly, age and the pH and presence of possible
interfering ions in the tailings decant.
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3.3. Experimental investigations

A number of studies have been carried out to improve the performance of
Ba(Ra)SO4 co-precipitation systems. Investigations have focused both on the
precipitation step and on subsequent solid/liquid separation.

This section discusses representative studies examining both improvements to
pond systems and development of mechanical systems as alternatives to ponds. Also
discussed is the development of a new fluidized bed Ba(Ra)SO4 co-precipitation
system, which combines precipitation and solid separation in one step.

3.3.1. Improvements to pond systems

Rio Algom Limited in Elliot Lake, Ontario, Canada, constructed a pilot
settling pond system as part of a research programme to produce an effluent with
an activity of less than 0.37 Bq/L total and 0.11 Bq/L dissolved 226Ra [36]. The
pilot plant treated effluent from Rio Algom's Quirke tailings area and had a capacity
of 2-8 L/s. It consisted of an agitated precipitation reactor where barium chloride
was added and pH control could be provided, a three chamber ageing tank and two
series connected settling ponds. The nominal retention time for each settling pond
at 8 L/s was 60 h.

To produce effluent total 226Ra levels approaching 0.74 Bq/L, pilot plant tests
showed that long residence times (10 d) and high barium chloride doses (90 mg/L),
or the use of ferric chloride as a coagulant/flocculant were required. A disadvantage
of high chemical doses is increased sludge production, while pond construction costs
for long residence times could be prohibitively high.

Historical and experimental data showed improved settling rates when the pH
was reduced from a normal value of 9.5. Initial pilot scale test work with a reduced
pH level was very promising, showing a fivefold improvement in total radium levels
after either 5 or 10 d of settling. The effect of pH reduction was subsequently demon-
strated during a period of several winter months when performance has historically
been poorest. Using sulphuric acid, the pH was maintained in the range of 6.5-8.5.
During the test period the influent averaged 31 Bq/L. The total 226Ra level after
2.5 d of settling was 1.6 Bq/L; after 5 d of settling it was 1.1 Bq/L.

Kharbanda et al. [10] found that an increase in pH improved settling
behaviour. They performed experiments on the treatment of tailings pond overflow
from a uranium mine at Jaduguda, Bihar, India. The pH of the tailings pond overflow
was approximately 7. The sulphate concentration was 1.5-2.0 g/L and the 226Ra
level was a maximum of 5.6 Bq/L. They obtained approximately 90% removal with
10 mg/L of Ba2+, but the precipitates were fine and settled with difficulty.

It would thus appear that pH has an important role to play in the efficiency of
barium chloride treatment systems. The direction and extent to which it should be
adjusted will depend both on the starting value and on the decant characteristics.
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FIG. 1. Wastewater treatment processes [27].

3.3.2. Mechanical treatment system

In the late 1970s, a joint industry-government programme was carried out in
Canada to develop and demonstrate a physical/chemical treatment process for the
removal of 226Ra from uranium mill tailings basin effluents [27]. Such a process
was seen as a possible replacement for the pond systems then in use. The work
examined the optimization of barium-radium co-precipitation, solid/liquid separa-
tion and sludge dewatering.

Following initial bench scale tests, two processes were investigated at the pilot
scale (Fig. 1). Both used Ba(Ra)SO4 co-precipitation in stirred tank reactors. In one
process, solids separation was achieved using coagulation, fiocculation and sedimen-
tation in a clarifier. In the second process, co-precipitation was followed directly by
chemically aided granular media filtration. The effluent used in the programme was
that of the Quirke Mine of Rio Algom Limited near Elliot Lake, Ontario. Bench scale
tests were conducted to characterize the sludges produced by both the clarification
and filtration processes and to examine sludge dewaterability.
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FIG- 2. Co-precipitation system performance — demonstration phase [27].

The results of batch co-precipitation experiments discussed in Section 3.2 were
used to size continuous flow reactors for both bench scale and later pilot scale tests.
The system ultimately demonstrated at pilot scale consisted of five continuous flow
stirred tank reactors (CSTRs) in series. This reactor system was required to satisfy
the hydraulic demands of downstream units and provided the theoretical equivalent
of the system originally designed on the basis of bench scale tests. Figure 2 shows
co-precipitation system performance during the demonstration phase of the project.
With the five reactors in series, a mean dissolved 226Ra activity of 0.19 Bq/L was
produced.

The bench scale work identified a coagulation-flocculation-sedimentation
process as being suitable for solids separation. Although reasonable sedimentation
rates were obtained in pilot scale testing, the target of 0.37 Bq/L for total 226Ra
activity was not consistently attained. Work on the clarification process was termi-
nated during the demonstration phase of the programme.
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Granular media filtration was investigated as an alternative solid/liquid separa-
tion system following co-precipitation. Initial process development experiments
investigated a number of filtration options and indicated that direct dual media
(anthracite-sand) filtration of co-precipitation system effluents using chemical filter
aids was the best alternative. An operational problem of media expansion and inter-
mixing was believed to be caused at least in part by polymer accumulation and chem-
ical scale formation on the media. Acid washing with air scouring was tested and
appeared to be a feasible method of filter cleaning.

The filtration process was considered to have performed satisfactorily during
the demonstration phase. The filter was able to produce an effluent which met the
programme objective of 0.37 Bq/L total 226Ra at a filtration rate well within the
normal range of technical and economical feasibility.

A full scale plant incorporating co-precipitation and filtration was built at the
Stanleigh uranium mine in Elliot Lake by Rio Algom Limited. This plant has a maxi-
mum design capacity of 31.8 m3/min. The estimated capital cost was Cana-
dian $7.2 million based on first quarter 1981 prices [26]. The designers anticipated
an effluent mean total 226Ra activity of less than 0.37 Bq/L and a dissolved 22SRa
activity often approaching 0.11 Bq/L. The detailed design of the plant was based on
the pilot plant results, except that both the residence time in the co-precipitation reac-
tors and the average filtration rate were decreased. It was expected that these two
compensating decreases would produce an effluent of acceptable quality.

Ring et al. [40] reported on a programme to optimize the barium chloride treat-
ment circuits at the Nabarlek uranium mill in northern Australia. This mill utilizes
a conventional acid leach process with solvent extraction. The tailings/raffinate
slurry from the countercurrent decantation (CCD) circuit is neutralized with lime to
pH8.5 and treated with barium chloride before discharge into a mined out pit. Decant
water from the pit is recycled to the plant via a storage pond. Excess pit water is
treated with barium chloride, passed through a clarifier to remove suspended radium,
which is returned to the pit, and pumped to an evaporation pond. There is reportedly
no release of water from the mill. It has been found that during neutralization of the
CCD tailings/raffinate slurry, the dissolved radium concentration increased signifi-
cantly. This is believed to be related to a fall in the sulphate concentration.

Barium chloride treatment of the tailings/raffinate slurry consists of chemical
addition in a small tank, with a residence time of 3.5 min. Experiments were con-
ducted in which the barium chloride dose was varied over the range of 0-350 mg/L
and the contact time was varied from 0 to 30 d. During this time the radium activity
level in the slurry after neutralization was 320 Bq/L. As expected, radium removal
increased with both increasing dose and contact time. The effect of dose was not
significant at contact times above 20 d. For a barium chloride dose of 175 mg/L, the
226Ra concentration was reduced to 2% of the original level in 9 d. Without treat-
ment 97% of the 226Ra was removed in 30 d by slow chemical reaction with lime.
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The optimization of barium chloride treatment of decanted tailings water was
also examined. In this process barium chloride is added in a small mixing tank with
a 2 min retention time at the design flow of 50 m3/h. This is followed by a 6 m
diameter high rate reactor-clarifier with sludge recycle, where the ferric chloride
and flocculant are added. The hydraulic loading of the clarifier at the design
flow rate is 1.4 m/h.

Plant scale optimization tests were conducted over two two-week periods in
August and December 1981. The factors examined were the barium chloride dose,
ferric chloride dose, flocculant dose, hydraulic loading and sludge recycle rate. It
was found that more than 98 % of the radium was precipitated in the small mixing
tank and that the barium chloride dose had little effect over the range of
50-150 mg/L. Ferric chloride and flocculant doses of 30 and 1 mg/L, respectively,
were found to be sufficient for optimum performance. A sludge recycle ratio to
produce a suspended solids concentration of 1500-3000 mg/L in the clarifier feed
was found to be best. Minor fluctuations in operating conditions had little effect on
dissolved radium levels, but caused significant variations in suspended radium
values.

During the time of these tests the influent, the decant pit feed water, had
activity levels of 75-100 Bq/L dissolved and 2-20 Bq/L suspended 226Ra. The
treatment system could consistently produce an effluent containing 0.2-0.5 Bq/L
dissolved 226Ra and 0.5-1.0 Bq/L suspended radium. The latter corresponded to a
suspended solids concentration of 1.8 to 2.5 mg/L, which is extremely good perfor-
mance for clarification systems.

3.3.3. Fluidized bed process

The authors of this paper, together with Andrews [44], have developed a new
Ba(Ra)SO4 co-precipitation process which involves passing untreated tailings
effluents upward through a fluidized bed of granular material such as sand. Barium
chloride is added to the untreated effluent within the bed or in close proximity to it.
The resultant Ba(Ra)SO4 co-precipitate deposits on the sand particles which act as
nucleating agents for subsequent crystal growth. A high surface area for deposition
is provided by the bed.

The radium is therefore directly precipitated onto the free draining solid, com-
bining the precipitation and solids separation step into one. If the granular material
is of sufficiently low cost, it can be disposed of in an approved location once it is
loaded with radium. There is therefore no need to further process the granular
material. The total contact time for the process is on the order of one minute.

In a stand alone treatment mode, the new process is consistently able to reduce
incoming 226Ra activity levels by 90-99.9% from influent values of 7-37 Bq/L.
Effluent levels of 0.37 Bq/L or less have been achieved, depending on the influent
activity level. Recent testing of the process at a flow rate of 90 L/min as a polishing
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step at Amok Limited's Cluff Lake mine in northern Saskatchewan, Canada, has
demonstrated radium removal efficiencies of up to 65% when the influent 226Ra
levels were already less than 0.185 Bq/L [1]. These experiments were conducted in
December when it is traditionally more difficult to treat uranium effluents in Canada.
The process has been operated at temperatures ranging from 26°C down to 0.3°C
with no reduction in efficiency. The process appears to be relatively insensitive to
major operating parameters. On the site development at Cluff Lake is continuing,
including testing of a unit capable of treating flows in the range of 500 L/min.

A US patent is currently pending on the process; Canadian and other foreign
patents have been applied for.

3.4. Examples of full scale use

For treatment of both minewater and milling effluents in France, Ba(Ra)SO4

co-precipitation is the key component in a multistep treatment sequence. All installa-
tions use the same process: a common design is adapted to specific site requirements.
Treatment facilities are generally small, with discharges ranging from 30 to 500 m3/h.

Feed solutions of the three chemicals used are prepared in separate fibreglass
mix tanks and added at appropriate points in the treatment system. Lyaudet [34]
described feed solution concentrations but did not provide dosages for barium chlo-
ride or aluminium sulphate — these presumably would be site specific. Barium
chloride is prepared at a concentration of 56 g/L as Ba2+, aluminium sulphate at a
concentration of 100 g/L as A12(SO4)3.18 H2O (15 g/L A12O3) and a flocculant
(unspecified) at a concentration of 5 g/L. A special mixer in the flocculant solution
tank produces a low speed vortex which is apparently critical to the efficiency of the
flocculant when it comes into contact with the solution to be treated. The flocculant
is pumped into a separate holding tank from which it is fed.

Barium chloride is added to the untreated effluent first, in a tank sized to pro-
vide a minimum contact time of 5 min. The solution is then transferred to a holding
basin where aluminium sulphate is added to aid coagulation. The overflow from the
holding basin is directed towards a baffled channel at the beginning of which the floc-
culant is introduced at a dosage of approximately 1 mg/L. The treated water then
flows to a series of sedimentation basins and is discharged into the environment. The
contact time in the basins was not specified.

Table IV illustrates representative removal efficiencies at various treatment
facilities in France. The process appears to produce very good quality effluent at both
high and low dissolved 226Ra influent activity levels.

Sebesta et al. [19] described a full scale radium removal process at an unidenti-
fied location, presumably in Czechoslovakia. Water to be treated originated from
two sources within the mining area: from relief boreholes around the mine which
were used to maintain water table levels ('drilling water') and from within the mine
itself.
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TABLE IV. REMOVAL EFFICIENCIES OF VARIOUS TREATMENT
SYSTEMS IN FRANCE

Location

Fanay (La Crouzille)

Pennaran (Vendee)

Chardon (Vendee)

Commanderie (Vendee)

Usine Simo (Bessines)

Dissolved

Influent

1.63

21.64

39.59

2.41

12.95

Ra-226 (Bq/L)

Effluent

0.11

6.19

0.22

0.07

0.19

Removal efficiency
(%)

93.3

99.1

99.4

97.1

98.5

The drilling water characteristically contained only a small amount of sus-
pended solids (5.4 ± 0.9 mg/L) and most of the radium present was in dissolved
form. Radium was removed by passing the liquid upward through cation exchange
resins in Spiractors. Influent dissolved radium levels averaged 11.6 + 0.6 Bq/L,
while paniculate levels averaged 0.15 ± 0.07 Bq/L throughout the course of the
study. Levels following ion exchange averaged 1.44 ± 0.26 Bq/L for dissolved
radium and 0.14 ± 0.07 Bq/L for particulate radium. These levels represent 87%
and 7% removal efficiencies for dissolved and particulate forms, respectively. The
authors suggest that these results indicate that the function of the Spiractors was
uneven and that the technology will have to be improved to attain stricter effluent
discharge level requirements.

Part of the Spiractors' effluent was discharged directly into a receiving stream
while the remainder was mixed with 'mining' water for further treatment. The min-
ing water contained much higher suspended solid levels (280 ± 2 1 7 mg/L), which
did not permit efficient treatment with ion exchange resins. Dissolved radium
activity levels averaged 34.6 + 8.4 Bq/L and particulate levels averaged
19.6 ± 13.6 Bq/L before mixing with the Spiractor effluent and other wastewater
with an unknown radium content. Following mixing, dissolved radium activity levels
in the mining water dropped to an average of 0.95 ± 0.19 Bq/L and the particulate
activity levels averaged 18.2 ± 3.4 Bq/L.

Radium removal was then accomplished by dosing the effluent with barium
chloride (BaCl2) and sodium sulphate (Na2SO4) in a 1:2 molar ratio. During the
study period, measured BaCl2 dosages were approximately 12 mg/L and Na2SO4

dosages were 18 mg/L. The treated effluent then travelled 800 m in about 8 min to
a sedimentation pond. The residence time in the pond varied, but always exceeded
2h.
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Dissolved 226Ra activity levels in treated effluent which was discharged into
the environment averaged 0.30 ± 0.09 Bq/L, representing a 68% removal effi-
ciency in the pond and a 99.1% reduction in radium activity from beginning to end
of the mining water treatment circuit, including dilution.

Paniculate radium removal efficiencies were not nearly as good. Effluent dis-
charge activity levels averaged 4.29 ± 1.04 Bq/L, representing a removal effi-
ciency of 76.4% in the pond. The overall efficiency of the mining water treatment
circuit was 78.1%.

The treatment system used at the Nabarlek mill in northern Australia has
already been described in Section 3.3.2 in connection with a discussion of optimiza-
tion studies carried out there. Barium chloride treatment is the central step in this
process.

A multistep, full scale radium removal system is operated by Amok
Limited/Cluff Mining in northern Saskatchewan, Canada [32], The flow is approxi-
mately 4000 m3/d. As shown schematically in Fig. 3, the system incorporates both
primary and secondary treatment. Ba(Ra)SO4 co-precipitation is followed by
coagulation/flocculation, sedimentation and sand filtration.

Barium chloride is added for precipitation and aluminium sulphate is used to
aid settling. It has been found that sedimentation works well down to approximately
1°C, but that the settling rate drops markedly as the temperature nears 0°C, which
it can be for five or six months in the winter in this northern location. It has been
shown by sampling that the problem is in fact one of temperature and not one of
redox conditions, as had been originally suspected. Under these temperature condi-
tions, lime is added to restore the settling rate.
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FIG. 3. Cluff Lake, Saskatchewan, effluent treatment system.
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TABLE V. EFFICIENCY OF THE CLUFF MINING/AMOK LIMITED TREAT-
MENT SYSTEM

Treatment step

Pond Al (chemical treatment + settling)

Pond A2 (settling)

Sand filters

Pond Bl (settling)

Pond B2 (settling)

Percentage

89.2

7.7

0.9

0.2

0.4

Removal

Cumulative percentage

89.2

96.9

97.8

98.0

98.4

The system as initially designed provided a building containing tanks for chem-
ical treatment and four rubber lined ponds, consisting of two parallel sets. The
process was intended to be operated in a batch discharge mode. Sand filters were
later installed to upgrade the system. The filters consist of three 25 cm layers. The
top layer is anthracite, below this is silica sand and below this is garnet sand. The
sequence of operation then became the addition of chemicals, settling in ponds Al
and A2, sand filtration and further settling in ponds Bl and B2. In the latter part of
1983, data were collected to determine the efficiency of the system. As shown in
Table V, the overall efficiency was 98.4% based on an average influent of 22.2 Bq/L
(16.9 Bq/L dissolved) from the tailings pond. The system effluent had a total 226Ra
activity level of 0.36 Bq/L (0.22 Bq/L dissolved). It is evident that almost 90% of
the removal attained occurs following chemical treatment and settling in pond Al.

In the summer of 1984, the tailings pond was divided into two sections by
means of a dyke because changes in the feed to the mill and its processing produced
higher quantities of tailings. A primary barium chloride addition step was added
between the two sections. The division of the pond plus the barium chloride addition
has drastically reduced the influent 226Ra levels to the secondary treatment system
to approximately 1 Bq/L. The secondary treatment system discharge is now
0.1 Bq/L for an overall treatment efficiency of 99.7 %.

4. LEACHABILITY OF Ba(Ra)SO4 SLUDGES

All of the barium chloride treatment processes produce a Ba(Ra)SO4 sludge
which must be disposed of. Of particular concern in the disposal of this sludge is
the extent to which 226Ra may leach from the sludge and be released into the
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environment during long term storage. The amount of sludge is many orders of mag-
nitude smaller than the quantity of tailings [63], but its specific activity is much
higher. Therefore, it must be considered as an important source of radium.

There are two basic disposal options for the sludge. One is simply to place it
back into the tailings areas, either intermittently or following shutdown of a mine.
This is current Canadian practice. The other option would involve some type of
specialized enclosure, such as in the worked out areas of underground mines.

For disposal in tailings areas, the particular concerns with respect to leaching
are: whether the radium in the sludge is more easily leached than the radium in the
tailings; whether there are special environmental conditions under which the radium
in the sludge would all be released over a short period of time while the radium in
the tailings would not; and, if the sludge is placed in the tailings, whether its presence
could in some way affect the mobility of the radium in the tailings.

BeneS et al. [64] proposed a method of selective dissolution for characterizing
the different particulate forms of radium and barium which could exist in natural
water and in effluents following treatment. These four forms.were: "loosely
bound", "acid soluble", "barium sulphate" and "in crystalline detritus". Later
work by this group [19] showed that the predominant particulate form of radium and
barium in surface water receiving treated effluents was Ba(Ra)SO4.

A preliminary investigation of the stability of Ba(Ra)SO4 contacting sulphate
solutions was conducted by McCready et al. [65]. They reported a maximum radium
concentration in solution of approximately 1.3 Bq/L, representing solubilization of
0.005% of the radium in the sludge. Additional tests showed that Desulfovibrio vul-
garis metabolized the sludge and increased the rate of radium release under anaero-
bic conditions.

Lysimeter tests were conducted with tailings and sludge by Bryant et al. [66].
In lysimeters containing tailings plus sludge, 226Ra activity levels in leachate were
up to a factor of 3 above levels for tailings alone. However, on the basis of the calcu-
lated initial radium activity in lysimeters [67], it appeared that the release of radium
per unit weight was lower from sludge than from tailings.

The authors of this paper and co-workers [67] reported on a brief laboratory
experimental programme to investigate radionuclide solubilization from slurry mix-
tures of sludge and tailings under various pH and sulphate conditions. They con-
cluded that radium in the sludge was more stable than radium in the tailings and that
the sludge absorbed radium released from the tailings.

Although these results may appear to conflict with the lysimeter study results,
the method of water-solids contact was different. In the lysimeter tests, water was
percolated through sludge placed on top of the tailings, while in the stirred slurry
tests, radium released from the tailings could be removed from solution through
adsorption on the sludge, or by co-precipitation with BaSO4.

A more detailed interpretation of the Bryant et al. [66] lysimeter data following
additional monitoring has been presented by Constable and Snodgrass [68]. They
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demonstrated that the initial leaching reported by Bryant et al. was very much less
than that which took place once the sulphate in the overlying water became depleted.

The first author of this paper [29] recently completed a major study to examine
the leachability of 226Ra from Ba(Ra)SO4 sludges. The study included an elemental
analysis of these sludges, geochemical modelling of the leaching of radium and
microbiological experiments to investigate sludge solubilization.

Two Canadian sludges were investigated. The first had been obtained in 1981
from the Rio Algom mine in Elliot Lake. The second was obtained from the Cluff
Lake mine in northern Saskatchewan in 1984.

Elemental analyses of the sludges showed the following range of composition
for major elements: barium: 33-44%; sulphur: 14-22%; aluminium: 3-8%;
calcium: 1-4%; and iron: 1-4%. In addition, the following elements were found in
concentrations ranging from 100 to 6000 /ig/g: strontium, potassium, magnesium,
manganese, zinc, boron, copper and lead.

The literature review portion of the study indicated that the important chemical
factors affecting leaching were the sulphate and barium concentrations, the pH and
ionic strength of the solution and the redox potential of the system. The leaching of
radium from Ba(Ra)SO4 sludges was found to be essentially controlled by the solu-
bility of barium sulphate, which is very low.

Geochemical modelling was conducted with a program denoted PHREEQE
(PH REdox EQuilibrium Equations). This is a non-equilibrium reaction progress
model developed by the United States Geological Survey to simulate geochemical
reactions. PHREEQE was found to be capable of reproducing in a general way
experimental leaching results obtained previously by these authors [31]. A stability,
or Pourbaix, diagram for the system Ba-S-O-H2O was prepared and showed that
conditions of pe and pH exist in nature in which BaSO4(s) is not a stable mineral
phase. PHREEQE was able to reproduce the types of speciation found in this
diagram.

Further simulations with PHREEQE showed that in O2 containing water,
sufficient dissolution of barium sulphate would occur to produce saturation. In
O2 free water, saturation is not reached because of sulphate reduction, and dissolu-
tion of barium sulphate would be at least a factor of 104 or 105 higher. Simulations
involving hypothetical solutions undergoing pyrite oxidation showed that in the
presence of gypsum only very limited dissolution of barium sulphate would occur.

From the geochemical modelling, Huck concluded that the redox state of the
system was the most important variable affecting sludge leaching. Since barium
sulphate is not thermodynamically stable under reducing conditions, all of the radium
trapped in the precipitate could be released. While this would occur slowly because
of unfavourable kinetics, very long times are of concern for sludge disposal.
Ba(Ra)SO4 sludge is sparingly soluble under all oxidizing conditions, although
radium release is enhanced at extreme pH values, high ionic strength and low barium
or sulphur concentrations.
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The second major aspect of the study consisted of experiments to determine
the bacterial content of the sludges and the possibility of increased radium release
through bacterial action.

Both the Elliot Lake and Cluff Lake sludges were found to contain sulphate
reducing bacteria. Since active heterotrophic bacterial populations existed in all sam-
ples, transformation of naturally occurring organic matter into suitable substrates for
the sulphate reducing bacteria would be possible.

Suitable carbon compounds were able to increase the sulphate reduction in the
sludges and lead to substantial releases of 226Ra. After an incubation period of a
number of weeks, the 225Ra level in culture supernatants without lactate supplemen-
tation was 0.19-0.37 Bq/L. With lactate supplementation, levels up to 425 Bq/L
were measured. Strong correlations were found between the barium, radium and sul-
phide levels in the supernatants, demonstrating that release of radium was due to dis-
solution of the sludge matrix. In a further experiment, sulphate reduction was found
to be rapid, with initiation occurring within five days. Thus, bacteria acted as
catalysts to move a sludge containing system much more quickly towards predicted
equilibrium conditions. The author therefore recommended that disposal sites for
Ba(Ra)SO4 sludges be designed to maintain oxidizing conditions and to exclude
organic matter.

5. SUMMARY AND CONCLUSIONS

This chapter has examined the technology for the removal of 225Ra from ura-
nium mining effluents and the leachability of Ba(Ra)SO4 sludges.

All known technologies for radium removal were listed. Ion exchange/adsorp-
tion processes represent a promising approach which is now being used in some
applications. The principal radium removal technology for uranium mining effluents
is, however, some variation in the Ba(Ra)SO4 co-precipitation process. Barium
chloride is added to the tailings decant to form the precipitate, which is subsequently
removed from solution by either sedimentation or filtration.

Fundamental precipitation investigations of barium sulphate suggest some
factors which could be examined to improve the co-precipitation process. A number
of experimental investigations have examined improvements to the co-precipitation
step itself and to subsequent solid/liquid separation. A fluidized bed process has been
developed which combines precipitation and solid/liquid separation in one step.
Examples of the full scale application of Ba(Ra)SO4 co-precipitation processes at
operating uranium mills are given.

The Ba(Ra)SO4 sludge produced in co-precipitation treatment systems is rela-
tively resistant to leaching as long as oxidizing conditions are maintained. Under
reducing conditions, however, barium sulphate is not thermodynamically stable.
Under suitable reducing conditions, with an appropriate carbon source, sulphate
reducing bacteria can produce rapid dissolution of the sludge.
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OPTIMIZATION OF LININGS FOR PREVENTION
OF RADIUM DISPERSION FROM TAILINGS

G.W. GEE, S.R. PETERSON, B.E. OPITZ
Battelle Pacific Northwest Laboratories,

Richland, Washington,
United States of America

1. INTRODUCTION

Liners, either natural or synthetic, are becoming a common feature of uranium
tailings impoundments. Their design has been generally for the hydraulic isolation
of tailings from their surroundings and, in most cases, they have not been designed
for the selective containment of radium. Recently, however, some attention has been
paid to designing and testing liners which have selective isolation capabilities for
certain radionuclides, including radium. In this chapter, the design features of liners
for hydrological and chemical isolation of tailings are reviewed. Included are discus-
sions of both natural and synthetic liner systems for hydrological isolation and a
neutralizing chemical barrier that has been proposed to reduce radium migration
from tailings ponds.

2. GENERAL FEATURES OF LINER SYSTEMS

Uranium mill tailings contain residual liquids and soluble solids which, if
leached, could contaminate groundwater supplies [1, 2]. Both acid leach and alkaline
leach tailings contain liquids that have high concentrations of radium (often exceed-
ing the permissible drinking water standards by several orders of magnitude). For
example, in the United States of America, the present drinking water standard is
0.18 Bq/L (5 pCi/L) for 226Ra; radium concentrations in tailings liquids have been
found to range from 3 Bq/L (81 pCi/L) to 1150 Bq/L (31 000 pCi/L) [3-5]. Clearly,
the containment of radium and other contaminants within the tailings pile is an
important consideration when designing tailings disposal systems. Relyea [4] has
proposed that a general 'decision tree' approach be used when considering the need
for lining of a tailings impoundment. Figure 1 shows the general features of the logic
used to evaluate the need for liners at a specific site. Required inputs for the decision
include information regarding site hydrology, site geochemistry, including tailings
chemistry, and the potential for contaminant attenuation by underlying sediments.
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Until recently in the USA, no attention was paid to the need for liners at mill
tailings sites. However, with increased environmental concerns there has been an
attempt to regulate tailings disposal so that liner systems are all but mandatory [6, 7].
The type of liner actually used will depend on the specific site requirements and the
acceptability of the design to meet government regulations.

The optimal material for liners for uranium mill tailings impoundments should
be impermeable, flexible and inexpensive. Earthen liners have significant advantages
over rigid liners, such as concrete or steel. Plastic and rubber liners will probably
have limited use because of the increasing cost of petrochemical products and the
uncertainty over their long term stability [8]. However, in the USA, there has been
a rather extensive testing programme to evaluate synthetic liners for use in the
containment of uranium mill tailings [9-11].

The condition of the ground surface prior to tailings disposal strongly deter-
mines the effectiveness of the liner. Various liner alternatives differ in the degree
to which the surface is compacted and in the resulting permeability and effectiveness
of the liner over time. Various options include: (a) no subsurface preparation;
(b) soil compaction; or (c) the use of clay or compacted clay over compacted soil.
The first option uses the undisturbed ground as a barrier. With this option, permea-
bility is a function of the host formation and the earthen materials act as natural
chemical absorbers and ion exchange agents. The bottom of the tailings pit eventu-
ally becomes contaminated. The second option, soil compaction, lowers the soil's
permeability and inhibits seepage to some degree. The placement of clay or
compacted clay over compacted soil, the third option, effectively inhibits seepage by
decreasing the permeability and increasing the ion exchange capacity. Clay thick-
nesses ranging from 33 to 100 cm have been considered to be effective [1], and could
be overlaid with a synthetic liner or with additional earthen backfill materials if
necessary.

The proper and careful preparation of a liner is fundamental to its effective-
ness. Synthetic liners must be conscientiously installed, with well set overlaps, while
seam integrity must be assured and care must be taken to avoid punctures [11],
Material with imperfections or an inhomogeneous character should be avoided.
Earthen liners circumvent many of these problems in that they have no seams and
tend to be 'self-healing'.

3. EARTHEN LINERS

Proper application of natural materials can produce very effective liners. The
important characteristics of clays, commercial clay mixtures, in situ geological
formations and mill tailings slimes as liners will be discussed.
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3.1. Clay liner systems

Clays are a natural choice for earthen liner material because they have a high
cation exchange capacity, low permeability and they rarely fracture. The word 'clay'
describes both grain size (<2.0 m) and mineralogy. Clay minerals, phyllosilicates,
are flat, sheet-like minerals with large surface areas (up to 600 m2/g). The surface
area/unit weight of material increases exponentially as the particle size decreases.
Clay minerals usually have permanent charge imbalances and are chemical sinks for
cations. Some clays, known as smectites, have high swelling capabilities when
wetted. This swelling capacity contributes to a gel-like structure that greatly reduces
the clay permeability.

Permeabilities range between 10"6 and 10~9 cm/s. Serious breaching of clay
liners can be attributed to either the use of faulty materials or the failure of the clay
to bond to sloping rock when the angle of the sidewalls exceeds 45° [1].

A clay liner consisting of a high proportion of montmorillonite (a smectite) will
render a containment pit relatively impermeable. Sodium montmorillonite clays
exhibit the best swelling properties of all clays. When it comes into contact with
water, this clay swells, on the average as much as 10-13.8 times the clay's original
volume. The entire swollen mass of clay and water behaves as if it were clay
[12, 13].

Bentonite, a type of montmorillonite or smectite, contains high concentrations
of sodium. This bentonite can be treated with rock salt (NaCl) before compaction
to increase its sodium content [1] and thus improve its swelling capacity. As a rule,
sodium bentonite has much greater swelling properties than does calcium bentonite.

However, sodium flushing has its limitations. According to Williams [12, 13],
some naturally occurring clays have permeabilities of less than 10"7 cm/s because
of the ability of the adsorbed sodium ions in the clay to retain structural water and
swell. Wastes with high cation content or low pH can exchange with the sodium ions,
causing an increase in permeability. Detailed studies on the effects of solution
composition on permeability or soil hydraulic conductivity have been reported by
various authors [14-16].

The amount of sodium on the clay exchange surface is expressed as the
exchangeable sodium percentage (ESP):

ESP = Exchange sodium (meq/kg) y ^ ( j )

Cation exchange capacity (meq/kg)

where 'meq' stands for 'milliequivalent'. The ESP is a critical factor in controlling
clay permeability. Shainberg et al. [17] determined that blockage of pores as a result
of clay dispersion and movement was the main mechanism controlling permeability
reduction when soil with low ESP values was leached with dilute salt solutions, while
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swelling was the dominant mechanism for permeability reduction when the ESP was
high and the electrolyte concentration was low.

Increasing the permeability of soil and clays high in sodium can be readily
accomplished by treating the material with a calcium salt or altering the contact
solution so that the soluble calcium is high and/or the sodium in solutions is low.
Quirk and Schofield [14] and Reeve and Tamaddori [18] demonstrated that leaching
soil with a high sodium concentration can actually increase soil permeability.
Reclamation of sodic (sodium affected) soil has been accomplished by treatment with
high concentrations of sodium, followed by subsequent leaching with calcium
saturated solutions or by direct application of high calcium solutions. Doering and
Willis [19] measured a nearly tenfold increase in the permeability of sodic coal mine
spoils when CaCl2 salt was applied directly to the surface of the mine spoil and then
leached through the soil profile with river water. These results suggest that liner
materials may exhibit dramatic increases in permeability if the sodium saturated
clays encounter solutions high in calcium or other multivalent cations which will
replace the sodium. For maximum stability under minimum permeability conditions,
care must be taken to ensure that the clay liner remains sodium saturated and/or that
the contact solutions have a high sodium adsorption ratio (SAR). The SAR is defined
as the sodium concentration divided by the square root of the calcium plus the
magnesium concentration

[Na+]/([Ca2+] + [Mg2+])"2

The characteristics of clay responses to the contact solution SAR is
documented by Pupisky and Shainberg [16]. Since clay materials may well exhibit
varying degrees of salt loading, it may be important to assess the exchangeable
sodium present to quantify the characteristics of the liner materials.

A bentonite liner is relatively easy to install. Dry powdered bentonite can be
uniformly spread over the surface of the ground: it is then worked into the soil to
a depth of 5-15 cm. Experience has shown that bentonite should be 'disked' from
more than one direction, or worked in with a rake [20]. The dry bentonite can be
compacted to at least 85% of its original thickness. Pre-application procedures
should include surface grading and the removal of boulders and vegetation [8]. Field
testing of soil-bentonite mixes are needed to quantify the permeability and other
characteristics of the liner system (see Ref. [21]).

The installation of a 1 m thick compacted bentonite clay liner would reduce
seepage compared with that of an unlined tailings disposal site. The resulting long
retention times will lead to increased evaporation and may result in increases in the
concentration of contaminants in the seepage. This will result in a deterioration of
water quality if there is only a short distance between the liner and aquifer [1],
However, it can be shown that the low permeabilities and exchange properties of clay
liners can retard chemical migration significantly.
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3.2. Commercial clay mixtures

American Colloid Co. has developed such bentonitic products as Volclay
Saline Seal 100* and Volclay SLS® , l which resist the exchange of the sodium ion
and retard increases in permeability. The improved bentonite liner material, Volclay
Saline Seal 100, has been developed to withstand the effects of highly contaminated
wastes. If the bentonite is laid down and saturated with fresh water, the sodium ions
in the Saline Seal are not removed by cation bearing leachate solutions.

Hughes [8] demonstrated the difference in permeability between conventional
bentonite and Volclay Saline Seal 100. Whereas the bentonite seal completely failed
after the seventh day, the Saline Seal was effective for a wide range of effluent types
over a long period of time, provided that the seal was thoroughly hydrated with fresh
water before being used. The permeability of Volclay products ranges from
7 X 10'7 cm/s to 1 X 10~7 cm/s [12, 13].

Volclay products are mixed with sand and are applied in the same way one
would spread lime or fertilizer. After saturation with water, a 1-2 cm layer of
Volclay may be as impermeable as a 25-35 cm layer of packed native clay. This
bentonite is flexible whenever it is in contact with water — it never becomes rigid,
sets or cures and, therefore, is not subject to tearing, ripping, cracking or other
problems to which more rigid systems are susceptible. If the integrity of a bentonite
liner is ever in question after emplacement and filling of the tailings pond, powdered
bentonite can be poured over the affected area and allowed to settle through the
liquid, thus helping the liner to 'self-heal' [8]. Bentonite/sand mixes have proved to
be effective as liners at waste sites.

3.3. Natural geological liners

Natural geological liners made of rock or soil strata of low permeability are
usually an effective, low cost alternative for inhibiting seepage from the bottoms of
pits. These naturally occurring liners can be used in conjunction with other linings
for the side walls. The side walls should be free of fault or joint systems. Joints
and faults may or may not increase the permeability of a natural geological liner.
Some highly jointed strata have low permeability [22]. Liners whose permeability
is between 10"7 and 10~9 cm/s are thought to make an effective seal.

Clay liners made from clays found on-site or from imported bentonite have
been effective inhibitors of seepage. Permeabilities of 10~7 cm/s or less have been
attained, although these rates tend to be less impressive when the wastes have a high
cation content or low pH [12, 13]. A sodium tripolyphosphate dispersing agent is
among the products being developed to resist this contaminant deterioration.

1 Volclay Saline Seal 100 and Volclay SLS are registered trademarks of the American
Colloid Company, Skokie, Illinois, USA.
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3.4. Mill tailings slime

Mine or mill tailings finer than 20 mm will act like natural clays in sealing the
pond. Tests show that the pond must receive tailings having at least 30% clay size
particles and that these tailings must be properly distributed throughout the pond.
The permeabilities will be approximately 10~6 cm/s, so some seepage will have to
be tolerated [12, 13].

4. ASPHALT LINERS

Asphalt additives are not synthetic materials since they are petroleum products
used without significant chemical processing. Asphalt liners have been considered
for use in mill tailings impoundments because they are universally available,
inexpensive and versatile in many physical forms. Properly compacted asphalts have
less than 4% voids and a coefficient of permeability of less than 1 X 10~7 cm/s.
They eliminate the seaming problems consistently observed in plastics and
elastomers. However, the durability of asphalt products is questionable, given the
impact of freeze-thaw cycles, oxidation degradation by sunlight and acids, dissolu-
tion by organics, microbial attack, poor resistance to high salt concentrations and a
deterioration of compressive strength and shear resistance over time. While these
shortcomings exist, they may not be relevant to uranium mill tailings liners.

Freeze-thaw cycles can create forces from within the liner and from soil
expansion around the asphalt liner. Koehmstedt et al. [23] suggest that charged
asphalt emulsions can be used to expel water and eliminate expansion sources within
the emulsion. Nevertheless, the ground beneath the asphalt will be subject to
temperature fluctuations and hydrostatic forces may cause minor uplift beneath the
liners.

Asphalt is composed predominantly of asphaltenes (insoluble pentanes) and
maltenes. Oxidation increases the asphaltenes at the expense of maltenes, resulting
in a less durable material. Photo-oxidation of highway asphalt has been extensively
described, but is important in mill tailings pits only if liner emplacement precedes
the filling of pits by more than six months [23]. Acid oxidation by mill tailings liquor
is a concern; asphalt concrete and asphalt membranes have a fair performance rating
under acidic conditions, while soil asphalt performs poorly [24]. All types of asphalt
become degraded under the influence of nitric acid.

Trace organics in the mill tailings liquor have been cited as potential solvents
for the asphalt. Kerosene, isodecanol and tertiary amines are present in minor
concentrations from the acidic leaching processes [1], but more than 5% of the total
mill tailings volume must be hydrocarbons before significant dissolution will occur
[24]. Thus, organic dissolution is not a major concern.
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Synthetic membranes result in permeabilities of between 10~9 and 10"10 cm/s
[9, 10]. Membranes are only 20-60 mil thick and their long term stability is
questionable.2 Imperfect seams and ruptures can occur during installation and are
very difficult to detect. Even ruptures that allow as much as 3.8 L/min of effluent
to seep through the liner cannot easily be located [22].

Flexible liners, which are normally reinforced with a polyester fabric, have
been employed successfully in storing liquids. Flexible liners require gently rising
and smooth slopes, a protective soil layer and compacted bases free from rocks.
Because of the possible shifting of unconsolidated foundations, rigid liners can be
used only on bedrock foundations. Synthetic liners tend to lose their flexibility when
exposed to sunlight and certain chemicals.

The importance of liner integrity decreases after milling operations are termi-
nated and large quantities of liquid wastes are no longer disposed of. During milling
operations, however, seepage should be retarded as long as the liner retains its
integrity. Synthetic liners have been known to fail because of subsoil settlements,
rock punctures, seam splitting, or entrapped air bubbles. Proper selection and careful
placement reduce the possibility of these failures, but long term stability is still not
known [25].

Microorganisms break down materials by forming organic acids. Microbial
activity is limited to narrow moisture and nutrient regimes; given those conditions,
however, microbes flourish. The paraffins in asphalt are susceptible to microbial
degradation, after or during which the integrity of the asphalt admix can deteriorate
[26]. Fortunately, however, most anti-oxidant additives are also biocides and
properly treated asphalt will be protected from microbial attack.

Another form of chemical attack includes degradation by salts and alkalies.
Stewart [24] reports that asphalt can withstand mineral salts and alkali concentrations
<30% by volume. Many asphalts are commercially available and some perform
better than others as liners. The composition of asphalts varies with their source, as
does their texture, permeability and ease of application. Asphalt can be an effective
gas and liquid tight seal under appropriate conditions [27],

4.1. Emulsified asphalt on fabric

Emulsified asphalt on fabric (an asphaltic membrane) is inexpensive, but has
a low softening temperature and low durability [24]. Toughness can be increased by
spraying the emulsion on woven jute, woven or non-woven polypropylene fabric, or
non-woven synthetic fibres. Asphalt sprayed on non-woven polypropylene fabric to
a thickness of 0.8 cm resulted in permeabilities of 10"9 cm/s. The emulsified
asphalt is sprayed on the fabric that lines the pit and then covered with a layer of
dirt to prevent weathering of the surface [28]. The emulsion can only be applied at

1 mil (= 10"3 in) = 2.54 x
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TABLE I. CHARACTERISTICS OF ASPHALT LINERS
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Liner

Asphalt

Soil asphalt

Soil cement

Hydraulic asphalt

Portland
soil-cement

Styrene butyl
rubber (SBR
latex)

Components

Cement, aggregate

Asphalt, soil

Asphalt, soil

Asphalt, aggregate

Portland cement,
soil

SBR, soil

Application method

Calendered at high
temperatures

Calendered at high
temperatures

Blown on surface

Blown on surface

Calendered

Calendered

Durability

Disintegrated after a year's
exposure to municipal
wastes [29]

Flexible; fracture resistant;
but disintegrated after
a year's exposure to
municipal wastes [29]

Flexible; fracture resistant;
withstood a year's
exposure to municipal
wastes [29]

Susceptible to fracture,
but resistant to a year's
exposure to municipal
wastes [29]

Hard; susceptible to
fracture and pH extremes
[12, 13]

High emulsion stability;
moderate permeability
[12, 13]

temperatures above freezing. Haxo and White [29] noted that a 10 cm thick liner did
not leak, but that the liner became susceptible to shearing after a year's exposure to
municipal wastes.

4.2. Bituminous seal, catalytically blown asphalt

Bituminous seal, catalytically blown asphalt is a tough, durable asphalt with
a high softening temperature and good flexibility at low temperatures. Low permea-
bilities, near 10~9 cm/s, can be achieved with this material. Limestone or asbestos
dust act as a filler for this admix, which is 25-50% asphalt cement. The material
is mixed with a catalyst and blown over the surface to a thickness of 0.18 cm at a
concentration of 1.1%/m2 [24]. In some cases, catalytically blown asphalt is
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applied at a rate of 2.7-5.4 kg/m2 [28]. In laboratory tests, Haxo and White [29]
observed that a 10 cm thick liner did not leak after a year's exposure to municipal
wastes. The liner is resistant to deterioration with age unless it is exposed to sunlight.
An increase in viscosity occurs with time, which enhances the shear susceptibility
of this liner material.

4.3. SBR asphalt

Styrene butyl rubber (SBR) asphalt membranes contain elastomeric polymers
and as much as 68% asphalt (by weight). The hot emulsion is sprayed on a dry
surface and compacted with a vibrating roller. Research indicates that the
membranes have a high resistance to chemical degradation, are of low permeability,
have good stress/strain properties and are easy to apply [30].

4.4. Other liners

Numerous other asphalt compounds exist and deserve brief mention (Table I).
Concrete or asphalt may be blended with soil or as an aggregate can be applied to
surfaces with varying degrees of effectiveness. Asphalt compounds have a higher
resistance to fracture than compounds made with a lime based cement. While the
advantages of using soil over an aggregate have not been defined, the method of
application of asphalt compounds strongly determines their effectiveness. Soil
cement that is blown onto a surface and hydraulic asphalt that is hydraulically
compacted performed much better during year long dissolution tests [29].

5. SYNTHETIC LINERS

Synthetic liners are flexible sheets of plastics or elastomers. Poly vinyl chloride
(PVC) and polyethylene (PE) are common plastics, while various types of rubber,
neoprene and polyolefins are elastomers. Elastomers differ from plastics in that they
have the property of elastic recovery [12, 13]. Synthetic membranes have permea-
bilities ranging between 10~9 and 10"10 cm/s [22], The lifetimes of these products
are not known and manufacturers' warranties are limited to a few tens of years.

Important physical parameters to consider when choosing a liner are tensile
strength, puncture resistance, flexibility, adaptability to temperature extremes, life-
time, adaptability to seaming in the field and resistance to air, sunlight and chemicals
[1]. Frequently, upgrading of one characteristic of a compound causes the degrada-
tion of other qualities. For example, low temperature flexibility does not occur along
with leach resistance and high temperature performance. Thin, flexible panels of
synthetic liners have high tensile strength, good flexibility and high elongation
strength, but low tear resistance. Tear resistance can be improved substantially by
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reinforcing the panels with fabric of an open weave of nylon or polyester cord, or
by manufacturing thicker membranes. Membranes are made in thicknesses ranging
from 20 to 60 mil. Synthetics are resistant to many solvents, oils and oxidizing acids,
but it is imperative to check the compatibility of the liner with the type of waste [31].

Extensive seaming is required when using synthetic liners as they are usually
factory calendered in sheets that are 1.8 m x 100 m. The membrane is seamed
according to customer specifications by dielectric heating, thermal heating, solvent
seaming or bonding with adhesives. The first three are performed in the factory
and result in better quality seams, while bonding with adhesives is performed in the
field. Seaming must be done with clean surfaces at acceptable temperatures for the
effective bonding of adhesives.

Synthetic liners have been known to fail because of subsoil settlement, rock
punctures, entrapped air bubbles and seam splitting. Such liners should be placed on
smooth surfaces with low slopes. This usually requires prior placement and compac-
tion of a layer of fine grained material. Immediate covering of the liner decreases
the weathering and loss of flexibility resulting from photo-oxidation.

Mitchell and Spanner [11] have reviewed the field performance of synthetic
liners for mill tailings. They determined that lack of seam bonding was the major
failure mechanism for these liners. Acid attack and ultraviolet and irradiation
damage do not appear to be problems with most of the synthetic materials tested.

6. COMPARISONS OF LINERS

A good mill tailings liner should be easy to apply, have low permeability, with-
stand minor settling and displacement and maintain its integrity despite chemical
weathering induced by pH extremes or dissolution from trace concentrations of
organics. Warranties covering liner life accompany many of the commercial liners.
Hypalon®, butyl rubber, ethylenepropyleneterpolymer (EPDM) and neoprene
products have manufacturers' guarantees of 20 years, CPE is guaranteed for
25 years, while the 3110 system has no warranty at all.3 Asphalt integrity is
estimated at 10-30 years [12, 13]. The guarantees of liner life do not necessarily
imply zero seepage. Most leakages occur at the seams of plastics and elastomers.

The installation crew plays a big part in ensuring the quality of the seams. The
3110 system has the best field seam quality, approaching that of factory seams;
Hypalon and neoprene seams are lower in quality than CPE or 3110 system seams;
and butyl rubber and EPDM have the worst seams of all.

For bentonite systems, Volclay Saline Seal 100 eliminates the sealing problem
(as it has no seams and has self-healing properties) and is under warranty for

3 Du Pont 3110 is a registered trademark of E.I. Du Pont de Nemours and Company,
Inc., Wilmington, Delaware, USA.
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30 years. This material is not suitable for slopes <2h:lv (where h is the horizontal
and v the vertical distance) and steps must be taken to prevent erosion by waves.

Flexible, chemical resistant liners will function well in mill tailings impound-
ments. Catalytically blown asphalt appears to have more flexibility than any of the
other asphalts and appears to perform well [9, 10]. Elasticized polyolefin and
Hypalon age well and have good seaming properties. Bentonite is an exceptionally
good sealant if it is treated to prevent ion exchange reactions. Volclay Saline
Seal 100, the commercial product with similar properties, has been used successfully
in mill tailing pits [8]. Soil additives are more permeable than asphalt or synthetic
liner systems, but have the added advantage of controlling the chemistry of the
leachate by their sorption and exchange properties.

7. LINER FAILURE

One basic criterion for evaluating liner material is its potential for failure.
Uranium mill wastes should be disposed of under conditions approaching zero
seepage because toxic and hazardous substances are present in the tailings. The long
half-life of radioactive materials is particularly significant for tailings ponds that are
not located in arid or semi-arid regions.

Nelson and Shepherd [32] define failure of a liner as any change in the liner's
behaviour or properties that allows seepage rates and possible radionuclide move-
ment at faster than design limits. Liner failure may also be caused by natural
phenomena, such as earthquakes, floods, windstorms, tornadoes, glaciation and fire
[33]. Compacted earth liners reduce and control seepage rates, but are not imper-
meable. Man-made liners are designed to be virtually impermeable, but by the final
installation are usually somewhat permeable owing to defects in manufacturing,
seaming, mechanical damage, settlement of the subgrade and ageing. Consequently,
both man-made and natural liners should be backed up with a good underdrain
system.

Deterioration of the liner from tailings irradiation is not expected to be a
problem. Although inorganic liners (concrete, gunite and soil) are not affected by
radiation, organic liners can be destroyed by the absorption of 10l0 erg of radiation.4

Measured over a period of years, uranium mill tailings release an amount of radiation
energy into the liner so low (< 100 erg/a) that the radiation lifetime of a synthetic
lining would be as long as 11 000 a, since 1010 erg/(102 erg/h) = 108 h [31].

To ensure liner integrity, the reservoir should be stable. In fact, most liner
malfunctions are a function of reservoir instability. Reservoirs should also be
designed by experts [31].

4 1 erg = 1.00 x HT7 J.
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Advance soil preparation is critical to good synthetic liner performance. The
substrate must be smooth and free of coarse, sharp material; all vegetation must be
removed; and the ground must be sterilized. Vents should be provided if organic
matter is present in the soil to prevent gases from expanding [20]. Slopes and internal
structures should be kept at a minimum and liners should have a thin soil cover.

7.1. Slope stability

The slope of the tailings pit is important to the stability of the liner. United
Nuclear Corporation [34] proposes that the sidewall slope at the proposed Morton
Ranch Mill should be lh:2v, while Oak Ridge National Laboratory indicated that a
\h: lv slope would be more stable and require less material for the clay liner. Accord-
ing to slope stability equations, the \h:2v slope is not stable for the Morton Ranch
rock formations under either static or earthquake conditions. At this time, the
Morton Ranch pits show no sign of massive slope failure.

The application of a clay liner to the sidewall helps stability to some extent.
However, to achieve full bonding of the clay to the sidewall, the slope of a clay liner
should not be < \h:\v. According to Hughes [8], the slopes should not be <2h:\v.
The thickness of the liner should be 12 m on a 1:1 slope and partially dewatered
beach sand should encircle the inside diameter of the liner. Soil concrete may be
required in places where it is difficult to sufficiently compact the ground surface. A
filter, but not a drain, between the liner and slope may also be necessary to prevent
erosion due to seepage.

The slope of a pond should be >2.55ft:lv when non-reinforced or delayed
cure-time liners are used. Asphalt liners are not recommended for slopes of
<1.5/i:lv [35], particularly in warm climates. Liners constructed with proper
cover aggregate and polypropylene reinforcement are thought to be stable on slopes
of up to \h:Av [12, 13]. Soil moisture changes behind the liner and wave action can
affect the slope's stability.

7.2. Subsidence and differential settlement

Liners may fail because of subsidence or differential settlement of the subgrade
and differential expansion of clays in the subsoil. According to Nelson and Shepherd
[32], the causes of subsidence include:

(a) Subterranean voids:
— Rock solution (limestone or dolomite areas)

(i) Sinkholes.
(ii) Caverns — vertical or horizontal (may occupy one or more levels).

— Mines.
— Wells and drill holes.
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— Volcanic deposits — gas vents and voids.

— Cracks in foundation soil and rocks.

(b) Collapsing soil — low density loss upon wetting.

(c) Dispersive clay.

(d) Piping (erosion tunnels).

(e) Soft clay deposits.

(f) Organic soil deposits.

(g) Removal of oil and gas deposits,

(h) Lowering groundwater level.

(i) Unconsolidated sands — earthquakes.

(j) Movement along faults.

(k) Loading from the impoundment itself.

(1) Collapse of underdrains, decant lines and the like.

If accurate descriptions of the stratigraphy are available, and if engineers are

aware that each site is different and must be planned for accordingly, then problems

due to subsidence will decrease. The presence of irregular soil profiles, the existence

of collapsing and compressible soil, and the thickness of unconsolidated soil could

cause differential settlement of the subgrade. Sidewalls steeper than 30° will rupture

and result in shear slippage as the tailings settle. Liner covered impoundment walls

will probably have to be limited to >3h:lv [22].

Hydrostatic and lithostatic forces could also cause subsidence. A deposit of

saturated tailings 30.5 m deep would result in pressures of 48 tons/m2 on the liner

and could lead to differential compaction of the soil and tearing stresses on all but

the most flexible liners.5 A natural material, such as compacted bentonite, would

have a low likelihood of undergoing crack failure because of its plastic flow. A suffi-

cient thickness of compacted bentonite should nonetheless be used so as to retain a

certain minimum thickness even after settlement has occurred.

The failure of liners owing to horizontal movement along a fault or to stretch-

ing and subsequent malfunctioning could cause increased seepage. Backfill will also

result in loads that create differential settlement. Backfill settlement is a very real

problem in steep walled open pits.

Differential expansion of clays occurs when degraded shales, clay strata or

lenses are close to the liner. Expanding lattice clays, or smectites, such as mont-

morillonite, bentonite, nontronite and beidellite swell tremendously when exposed

to water. Any seepage would immediately be absorbed as if by a sponge.

7.3. Chemical failure

Liner failure can be used by chemical attack and weathering, with no liner

being completely immune. Various chemicals, as well as the sun, ozone, wind, rain,

5 1 ton (long) = 1.016 x 103 kg.
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moisture, heat and freeze-thaw cycles will act on exposed or covered portions of the
liner. Sun, ageing and heat are bad for PVC and PE; heat distills the volatile compo-
nents in asphalt compounds; freeze-thaw cycles are detrimental to most rigid liners;
and the hydrated lime and calcium aluminate of Portland cement deteriorate when
they react with acids and sulphates in the mill tailings liquor.

Liners subjected to chemical attack can shrink and change in plasticity and thus
fail. In addition, some chemical changes caused by the reaction of acidic water on
clay result in increased permeability [36], or in decreased permeability [2, 37]. The
rate at which chemicals attack a liner depends on the type of liner, the pH of the
water in the tailings and the solution's temperature. Once these variables are known,
one can predict how extensive chemical attack will be. Chemical attack (and liner
degradation) is most pronounced when the tailings have extreme pH levels, but all
chemical attack does not necessarily result in liner failure. Liner repair is difficult
to accomplish after disposal and chemical attack have begun.

It is also important to consider the effect of chemical attack on the soil below
the tailings, since liner failure results in contact between the tailings and soil. If
chemical attack is suspected, the tailings should be neutralized, a thicker liner should
be used and the underdrain system should be designed to resist such an attack. The
chemical attack rate increases with diminishing liner thickness, higher temperatures
and greater extremes of pH. It is assumed that all changes owing to chemical attack
will occur in the short term through rapid hydrolysis, oxidation-reduction reactions
and carbonation, or in the medium to long term resettlement of the subgrade.

7.4. Failures as a result of physical penetration

Steps to minimize liner failure can inadvertently lead to disruption of the liner's
integrity. For example, plastics and asphalt membranes require soil covers, but this
added precaution enhances the probability that the liner will be damaged during
installation. Drains are designed to reduce erosion caused by seepage, but their
installation can create discontinuities in the ground surface. Decant towers, spillways
and inlets can also increase the chances of seepage between the structure and the liner
[20, 32].

The permeability of compacted soil liners varies with the properties of the soil.
Improper soil selection and compaction methods can increase permeability. The
floor of the pond must be sufficiently compacted, tree stumps and large rocks must
be removed and cavities must be filled and compacted. Soil of a coarse, rocky or
gravelly texture should be covered with sand to reduce puncture failures. Splash pads
are required near the inflow pipes to prevent damage to the liner from constant fluid
flow.

Synthetic liners generally have some defects, such as pin holes, thin spots and
damage caused during shipping and handling. Heat, wind, dust, moisture, installer
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inexperience and subgrade imperfections all lead to defects in the field seam. After
the liner is in place, liner failure may be caused by the following mechanism [32]:

— Voids. Water pressure forces the lining into the void, thereby stretching the
liner, and perhaps tearing it.

— Wave action. Waves may cause floating objects, such as trees and ice, to
penetrate the membrane and erode the clay liner.

— Animals. Rodents and large animals may walk on, burrow under, or eat
through the liner.

— Weed growth. Weeds may grow above or below the liner; their roots may take
hold at pin holes, seams, or other damaged areas.

— Maintenance cleaning. Workmen and equipment may tear the liner.
— Reverse hydrostatic uplift. If waste pressure below the liner is greater than the

pressure above, movement may occur.
— Tension failure. Tailings deposited on steep slopes tend to develop shear

stresses and may slide. The movement of the tailings may pull the liner along
with it or tear the liner.

— Vandalism.

Liners have different ageing and weathering characteristics. Weathered clays
may, in fact, improve a liner's effectiveness. In addition, the clay's self-healing
properties diminish the likelihood that the liners will be damaged by physical force.

In conclusion, proper installation and soundly engineered designs can
minimize the chances of liner failure. Successful liner installation requires that
special attention be paid to site conditions and seaming [8]. A back-up drainage
system, thicker liners and filters between liners and drains will lessen the potential
for liner failure [32].

8. NEUTRALIZATION CAPACITY OF THE LINER AND ITS EFFECT ON
THE MIGRATION OF RADIUM

Many natural sediments have properties that enable them to impede chemical
migration. Soil indigenous to the western USA has a demonstrated capacity [38, 39]
to buffer acidic uranium mill tailings solutions towards neutral pH values and to
retard the migration of selected constituents.

Numerous factors (for example, carbonate and layered silicate dissolution and
precipitation; aluminium and iron hydrolysis; oxidation of iron, uranium, vanadium
and manganese; and the adsorptive capacity of the soil) can potentially affect the pH
of the acidic uranium mill tailings solutions that pass through natural sediments. In
many calculations involving the buffering capacity of the soil, it is assumed, as a first
approximation, that the buffering capacity is due entirely to the calcium carbonate
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content of the soil [40, 41]. If one makes this assumption and also assumes a neutrali-
zation of the influent solution to a pH of around 7, then the neutralization process
involving CaCO3 can be represented by the following reaction:

H + + CaCO3 ^ HCOi + Ca2+

where one mole of CaCO3 will neutralize one mole of hydrogen ions. We are also
assuming that the total acidity of the solution comes from the measured activity of
the hydrogen ion, which may not be the case, especially in uranium mill tailings solu-
tions, where a large part of the total acidity may arise from species such as iron and
aluminium. Peterson et al. [38] conducted experiments where acidic tailings solu-
tions were percolated through natural sediments packed in columns. All of the clay
liner materials tested exhibited pH front breakthroughs that occurred before the
pH front breakthrough calculated by considering only the buffering capacity of the
calcium carbonate and the acidity based upon hydrogen ion activity. This earlier than
calculated breakthrough could be due partly to the release of hydrogen ions through
the precipitation of aluminium and iron hydrous oxides as the pH rises.

There are possible disadvantages to relying upon the natural limestone in sedi-
ments to neutralize the acidic solutions to neutral pH values where the radium
becomes immobile through adsorption or co-precipitation reactions. First, it may
allow overestimation of the buffer capacity of the liner material. Moffett [42] notes
how the precipitation of gypsum and iron oxyhydroxides can coat the surface of
calcium carbonate and inhibit further dissolution. Second, neutralization by lime-
stone proceeds quite slowly at higher pH values.

This increase in the pH of the acidic tailings solutions through contact with
natural sediments can affect the migration of radium in two distinct ways, one physi-
cal and the other chemical. Peterson and Gee [37] partly attributed reductions in
permeability when acidic tailings solutions percolated through sediments to the
precipitation of solids and minerals. The precipitation of solids could result in pore
plugging, thus decreasing permeability. Reductions in permeability would mean
reduced migration of radium through the liner material. Moreover, the precipitated
solids could act as adsorption surfaces. The effects of reduction in liner permeabili-
ties on radium migration are discussed in the preceding paragraphs.

Levins et al. [43] reported that 0.01-0.03% of the 226Ra is dissolved during
acid leaching of the uranium bearing ores. The effect of neutralization on the
mobility of this solubilized radium has been studied by several investigators.
Levins et al. [43] found that radium concentrations rose with increasing pH as acid
leachate solutions were neutralized. The radium concentrations reached their
maximum around a pH level of 6. It was thought that above this level the
radium was removed from solution by adsorption and co-precipitation. Radium
continued to be removed from solution for several weeks after initial neutralization.
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Levins et al. [43] found that additions of lime increased dissolved radium concentra-
tions in tailings slurries.

Opitz et al. [44] studied the effects of different neutralization procedures on
the chemistry of acidic uranium mill tailings solutions. Radium concentrations varied
from a few tens to a few hundred Bq/L in the uranium mill tailings solutions studied.
A mixture of hydrated lime and barium chloride reduced radium concentrations by
over three orders of magnitude. However, after lime neutralization, radium concen-
trations were still above the United States Environmental Protection Agency
(USEPA) maximum contaminant levels in the uranium mill tailings studied. In
general agreement with Levins et al. [43], Opitz et al. [44] found that neutralization
to excessively high pH values resulted in increased solution concentrations of
radium. In their studies, radium appeared to be immobilized in the pH range
of 6.5-7.3.

Opitz et al. [44] and Levins et al. [43] partially attributed increased radium
concentrations at higher pH values to the decreased sulphate concentrations brought
about by increases in calcium concentrations because of the reagents involved in the
neutralization process. Increased calcium concentrations could cause the activity
product of gypsum to be exceeded and precipitate gypsum. The precipitation of
gypsum would lower the sulphate concentrations in the tailings solution. If radium
concentrations were controlled by radium sulphate, the lowering of the sulphate
concentrations would cause radium sulphate to dissolve and increase the solution
concentrations of radium.

However, it is unlikely that radium sulphate controls radium concentrations in
many environmental or laboratory situations. A sulphate activity of 10~10 with a
radium sulphate control on radium concentrations would fix radium concentrations

TABLE II. SEDIMENT CHARACTERIZATION DATA

Parameter

Particle size (5):
clay
silt
sand

CaCO3

Saturated paste pH
(pH units)

Exxon overburden

18
23
59

0.3

7.6

Exxon overburden with lime

23
21
56

6.8

12.8
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FIG. 2. Comparison of permeability versus pore volume for untreated overburden and over-
burden treated with lime. ( : treated; : untreated.)

at greater than 4000 Bq/L using the thermodynamic data in Ref. [45]. This sulphate
activity is higher than what has been encountered in any uranium mill tailings solu-
tion we have studied and higher than one would ever expect to find in an environmen-
tal situation. Lower sulphate concentrations will produce radium concentrations that
are higher than the 4000 Bq/L just mentioned. The only possible solid phases that
could control the concentrations of radium would be solid solutions, such as a
barium-radium sulphate (Ba(Ra)SO4), where the radium was substituting into the
crystal lattice of a barium sulphate crystal. Based on the thermodynamic data on
radium published by Langmuir and Riese [45], radium sulphate is the least soluble
radium solid phase at the pH levels encountered in environmental solutions. Only at
pH levels above approximately 9 could radium carbonate become the least soluble
radium phase. These pH levels could be found in the tailings solutions from an
alkaline leach uranium milling process. On the basis of these observations, the most
probable controls on radium concentrations in acidic uranium mill tailings solutions
that have been neutralized by the buffering capacity of natural barriers are solid
solutions and/or adsorption processes.

In addition to relying upon the natural buffering capacity of the soil, one can
add reagents that increase the soil's indigenous buffering capacity. We have inves-
tigated the use of various neutralizing reagents and techniques to attenuate the move-
ment of contaminants associated with acidic uranium mill tailings solutions. The
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results of these investigations have led to the development of a low permeability
neutralizing barrier that may effectively reduce radium migration from a tailings
impoundment. In this study, lime was mixed as an additive into overburden material
from the Exxon Highland mill site in Converse County, Wyoming. The study's
objective was to test a method for amending coarse grained materials that have low
natural buffering capacities, such as the Exxon Highland overburden, to improve
their ability to retard contaminant migration.

Cylindrical columns of overburden material were compacted with and without
lime. The lime (Ca(OH)2) was commercial grade and finely ground into particles
that would pass a .200 mesh screen. The overburden and mixed overburden/lime
materials were compacted into cylindrical sample cells at both a high bulk density
and a low bulk density condition. High bulk density columns (near 90% of maximum
compaction) of Exxon overburden with 5% lime and without lime were utilized
to evaluate physical flow properties, while low density columns were utilized to
compare chemical interactions and facilitate effluent sample collection.

The particle size, calcium carbonate equivalence content and saturated paste
pH data for the Exxon overburden and the lime amended overburden are presented
in Table II. The major difference between the overburden with lime and without lime
is the calcium carbonate equivalence and the saturated paste pH.

The calculated permeability values for the untreated Exxon overburden and the
overburden with 5 % lime are plotted against the pore volume of the effluent tailings
solution in Fig. 2. The graph indicates that permeabilities were nearly identical at
the start of the experiment. The untreated overburden displayed permeabilities in the
range of 4 X 10"6 cm/s to 1 x 10~6 cm/s during contact with approximately
24 pore volumes of acidic tailings solution. The Exxon overburden with 5 % lime
displayed an initial permeability of 3.5 X 10"6 cm/s, followed by a rapid decrease
in column flow rates as contact with acidic tailings solution continued. After interac-
tion with approximately four pore volumes of tailings solution, the permeability of
the lime treated overburden decreased by approximately one order of magnitude, to
5 x 10~7 cm/s. After 20 pore volumes of acidic solution contact, the permeability
decreased to 4 x 10~8 cm/s and remained at that flow rate until a total of 24 pore
volumes of tailings solution had come into contact with the lime treated Exxon
sediment. This represents a decrease of roughly two orders of magnitude in permea-
bility over the course of 24 pore volumes of acid solution contact.

The initial column effluent data from both the untreated overburden and the
overburden treated with 5% lime indicate a substantial reduction in solution consti-
tuent concentrations. Most, if not all, of the reduction in radium concentrations can
be attributed to adsorption onto and co-precipitation with solid phases that precipitate
as the pH is raised from the influent pH value of 1.9. The total dissolved solids (TDS)
content in the effluent from the untreated sediment column after 1.6 pore volumes
of solution contact was reduced by 63%, while the lime amended sediment showed
reductions greater than 76% after 1.8 pore volumes of solution/sediment interaction.
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FIG. 3. Comparison of acid breakthrough (pH versus pore volume) curves for untreated
overburden and overburden treated with lime.

The effects of solution neutralization continued until the sediment's buffering
capacity was expended. The acid breakthrough curves shown in Fig. 3 illustrate the
ability of the untreated overburden to buffer several pore volumes of acidic uranium
tailings solution. In the case of the overburden with no lime, approximately four pore
volumes of tailings solution came into contact with the sediment before the buffering
capacity was expanded. As contact with the tailings solution continued, the effluent
solution pH decreased rapidly (higher acidity) and, after a total of five pore volumes
of acidic solution had come into contact with the sediment, the effluent was approxi-
mately pH3.5.

Data for the effluent from the column packed with the untreated overburden
show radium concentrations falling below 2.8 Bq/L (75 pCi/L) (the limit of our
detection system) through the first 1.6 pore volumes, compared with 28 Bq/L
(760 pCi/L) of radium found in the influent solution (Table III). After 2.9 pore
volumes the radium concentrations rose to over 7.4 Bq/L (220 pCi/L), where they
remained through 4.7 pore volumes. The pH dropped to 3.7 at a pore volume of 4.7
and the TDS content of the effluent solution began to rise (Table III). By pore
volume 7.3, the effluent pH values had fallen to 3.0 and the TDS content had risen
to approximately three times the concentrations of the original effluent solutions.
This redissolution of the solids that precipitated at earlier pore volumes caused
dramatic increases in the concentrations of radium. The effluent solution radium
concentrations rose to above 59.3 Bq/L (1600 pCi/L) by pore volume 7.3 compared
with the influent value of 28 Bq/L (760 pCi/L).
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TABLE III. SOLUTION COMPOSITION OF THE UNTREATED EXXON
OVERBURDEN COLUMN

pH
Pore volume
Total dissolved
solids (g/L)

Al
Ca
Fe
K
Mg
Mn
Na
Si
Sr
Cl
NO3

so4

Ag
As .
Ba
Cd
Co
Cr
Cu
Mo
Pb
Se
V
Zn

Pb-210
Ra-226
Th-230
U-238

1

7.5
1.6
4.71

3.1
940
<0.1
15
249
<0.2
139
7.0
6.7
195
<20
3159

<0.02
<0.01
0.12
<0.01
<0.02
<0.01
<0.02
<0.02
<0.02
0.64
<0.01
<0.1

<75
<75
<400
137

Effluent

2

7.3
2.9
5.1

Macro-ions

0.4
898
<0.1
25
228
0.9
324
5.8
9.0
325
<20
3262

Trace metals

<0.02
<0.01
0.20
0.06
<0.02
0.04
0.09
<0.02
<0.02
0.74
<0.1
<0.1

Radionuclides

<75
204
<400
85

No.

3

3.7
4.7
9.84

(mg/L)

161
659
65.8
68
837
144
354
70
9.9
315
<20
7161

(mg/L)

<0.02
<0.01
0.06
0.06
2.47
0.08
0.05
<0.02
<0.02
0.68
<0.1
3.0

(pCi/L)

<75
228
<400
341

4

3.0
7.3
13.66

694
507
1580
33
532
49.8
342
283
7.1
325
<20
9305

<0.02
0.25
0.09
<0.01
1.4
0.05
0.06
<0.02
<0.02
0.89
<0.01
6.5

<75
1650
36 800
1500

Exxon
tailings

solution21

1.9
—

12.9

440
560
1000
44
540
50
340
310
8.5
300
<20
9300

<0.02
0.21
<0.1
0.03
1.31
1.25
0.97
<0.01
<0.02
1.35
10.71
4.5

2100
760
97 140
2100

1 Original influent composition as found in tailings pond.
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TABLE IV. SOLUTION COMPOSITION OF THE EXXON OVERBURDEN
WITH A LIME COLUMN

pH
Pore volume
Total dissolved
solids (g/L)

Al
Ca
Fe
K
Mg
Mn
Na
Si
Sr
Cl
NO3

SO4

Ag
As
Ba
Cd
Co
Cr
Cu
Mo
Pb
Se
V
Zn

Pb-210
Ra-226
Th-230
U-238

1

12.8
1.84
3.0

0.7
760
<0.1
18
0.3
<0.1
239
2.6
5.7
275
<20
1700

<0.02
<0.02
0.21
<0.01
<0.02
0.09
0.23
<0.02
<0.02
0.07
<0.1
<0.1

<75
<75
<400
<75

Effluent

2

12.8
5.2
4.9

Macro-ions

0.6
1044
<0.1
21
250
<0.1
384
7.4
9.6
330
<20
2867

Trace metals

<0.02
<0.02
0.10
<0.01
<0.02
0.28
0.14
<0.02
<0.02
1.43
<0.1
<0.1

Radionuclidei

<75
<75
<400
<75

No.

3

12.8
11.2
3.97

(mg/L)

0.1
1294
<0.1
22
0.5
<0.1
345
<0.1
4.3
340
<20
1974

• (mg/L)

<0.02
<0.02
0.10
<0.01
<0.02
0.10
0.10
<0.02
<0.02
1.16
<0.1
<0.1

; (pd/L)

<75
<75
<400
<75

4

12.8
17.9
4.67

0.7
1475
0.1
21
1.3
<0.1
332
1.1
2.8
315
<20
2527

<0.02
<0.02
0.28
<0.01
<0.02
<0.01
0.06
<0.1
<0.02
0.98
<0.1
<0.1

<75
<75
<400
<75

Exxon

tailings
solution8

1.9
—
12.9

440
560
1000
44
540
50
340
310
8.5
300
<20
9300

<0.02
0.21
<0.10
0.03
1.31
1.25
0.97
<0.02
<0.02
1.35
10.71
4.5

2100
760
97 140
2100

' Original influent composition as found in tailings pond.
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The treated Exxon overburden representing the neutralizing barrier exhibited
a much greater buffering capacity due to the addition of 5% lime. The acid buffering
capacity through lime addition significantly increased the ability of an existing
sediment to retard radium migration through neutralization reactions. After approxi-
mately 18 pore volumes of tailings solution contact, the effluent solution from the
lime amended sediment column remained highly alkaline (pH12.8). In addition, the
solution constituent concentrations and/or TDS content continued to be significantly
reduced (Table IV).

The addition of lime to liners deficient in their natural buffering capacity
appears to be an effective procedure for increasing the ability of the liner to retard
radium migration. Liners with calcium carbonate contents sufficient to neutralize
acidic tailing solutions throughout the lifetime of the ponds should provide significant
reductions in the radium concentration of solutions migrating through the liner
materials.

9. NATURAL LINER MATERIALS AND THEIR EFFECT ON RADIUM
MIGRATION

Ion exchange and adsorption are two important mechanisms by which natural
clay liners may inhibit the migration of radium. Because radium has the smallest
hydrated radius of the alkaline earth cations, it has a greater affinity for charged
colloidal surfaces and will tend to replace other alkaline earth and alkali metal
cations.

The existence of clay particles within the soil increases the soil's ability to
remove radium from solution. In many geological formations the clay will be the
main contributor to ion exchange, even though clay minerals are not the main consti-
tuent. The negative charge on a clay, soil, or other solid is characterized by the
cation exchange capacity, or CEC. This parameter relates the sum total of the ability
of the material to attract and hold cations to the excess negative charge. The CECs
of some common clay minerals are given in Table V [46]. The ranges vary due to
structural and particle size differences. These values are representative of a number
of samples, but wide variations are possible for a given mineral depending upon its
source and precise composition. In some cases, where edge and corner exchange are
the predominant source of CEC, the capacity depends markedly upon particle size
(e.g. kaolinite and illite), when exchange principally involves interlayer cations, the
effect of particle size is small.

The amphoteric nature of soil has long been known and is still being inves-
tigated [47, 48]. The CEC of a soil is actually the sum of two types of charges:
(a) the permanent charge which, as explained previously, arises from defects in the
interior of the particle; and (b) the pH dependent charge. For clay systems, a rule
of thumb is that the permanent charge constitutes about 80-85% of the total negative



CHAPTER 2-3 187

TABLE V. CATION EXCHANGE CAPACITIES (CECs) OF SOME CLAY

MINERALS [46]

Type Mineral CEC
(meq/100 g)

2-10

10-50
13-42

18-22

57-64
69-81
80-150

3
100-150

Kaolinite group

Illite group

Fibrous clays

Montmorillonite group

Micaceous derivatives

Kaolinite

Muscovite
Illite

Attapulgite

Nontronite
Saponite
Montmorillonite

Biotite
Vermiculhe (pure)

charge developed in smectite and illite and about 50% of the charge on kaolinite.

Whether an oxide surface, such as the oxide surfaces of Al, Ti, Cr, Si, etc., develops

a negative or positive charge depends on the pH of the environment. At low soil pH

values, such as might exist at a site where acidic uranium mill tailings were 'ponded',

the soil might develop a net positive charge, or, minimally, the number of negatively

charged sites available for adsorption would be significantly reduced. Low soil pH

values could increase the mobility of radium because of the predominance of Ra2+

in aqueous solutions.

All other things being equal, a liner material selected so as to maximally retard

radium migration through ion exchange and/or adsorption should have clays with a

high CEC and a buffering capacity sufficient to maintain the soil solution at neutral

pH values. This will also increase adsorption as a result of the additional adsorption

sites available, because the solid phases that precipitate as acidic tailings solutions

are neutralized.

Arnold and Crouse [49] conducted batch experiments with natural materials

and determined Kd values for radium. The solution used in the experiments was

composed of 152 Bq/L (4100 pCi/L) of Ra, 500 mg/L of Ca, 80 mg/L of Mg,

1000 mg/L of Na, 2500 mg/L of SO4 and 900 mg/L of Cl. The reported Kd values

[49] were 646 for clinoptilolite, 707 for chabazite and 490 for a naturally occurring

barite.
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Quartz and feldspar were the primary constituents of soil studied by Seme (in
Ref. [50]). Additionally, this soil from Utah contained 2-5% calcite and minor
amounts of muscovite and smectite. Radium distribution coefficients were studied by
adding radium to simulated river water and bringing four different samples of soil
from Utah into contact with the simulated river water. The pH values of the soil
ranged from 7.6 to 8.0. Reported Kd values ranged from 214 to 467 for the four soil
samples studied.

The mobility of radium from uranium ores was studied by Granger et al. [51]
and Granger [52] in a field site at Ambrosia Lake, New Mexico. These authors found
that radium migrated from the site and concentrated itself in barite (BaSO4) and
cryptomelane (KMn8O16-H2O). The radium substituted for the barium in the barite
and for manganese in the cryptomelane. Radium may also substitute for the calcium
in gypsum (CaSC>4) and the potassium in jarosite ([K,Na]Fe3(SO4)2(OH6)), both of
which are common precipitates when acidic uranium mill tailings solutions undergo
neutralization [53]. Moffett et al. [54] reported that significant quantities of radium
(up to 3000 Bq/g) were found to be associated with jarosite.

Radium migration has also been studied at a field site in Brazil [55]. The field
study took place at a thorium ore deposit located at the Pocos de Caldas Plateau.
Samples from wells drilled into the ore body and surrounding locations indicated that
the radium in the ore was readily mobilized by rain water percolating through the
ore body. However, the radium appeared to be immediately bound to soil particles
through adsorption processes which greatly reduced the quantity of radium reaching
the environment. The concentration of dissolved 228Ra in a stream that drains the
ore deposit averaged 0.06 Bq/L (1.7 pCi/L) compared with the 0.01 Bq/L
(0.33 pCi/L) found in a control stream that drains another hill in the area.

Benes et al. [56-59] studied the interaction of radium with bottom sediments,
ferric hydroxide, quartz, kaolinite and montmorillonite. Sediments were found to be
important in controlling radium concentrations in surface water. To gain a further
understanding of the dominant retardation mechanism in the bottom sediments, the
sediments were characterized and the individual components of the sediments were
studied. Many of these sediment components are mentioned in the preceding
paragraphs. Adsorption onto ferric hydroxide was strongly dependent on the pH of
the solution and the solid/liquid ratio. Maximum radium adsorption onto ferric
hydroxide occurred at a pH of approximately 7 and higher, while adsorption dropped
to almost negligible values at a pH of 6 and below. The same radium removal
was obtained whether the ferric hydroxide was preformed or whether it was
co-precipitated from solution with the radium. This led to the conclusion that both
processes are the same and the co-precipitation of radium with ferric hydroxide
proceeds by adsorption of the radium onto the ferric hydroxide being formed.
Adsorption of radium onto quartz was also strongly pH dependent, with maximum
adsorption occurring in the same pH region as ferric hydroxide. However, the
per cent removal of radium from solution was not as high with quartz as with ferric



CHAPTER 2-3 189

hydroxide. Radium adsorption onto quartz and ferric hydroxide at pH values of
less than 7 and sediment concentrations less than 100 mg/L was thought to have a
negligible effect on radium concentrations in natural water [57, 58], Benes et al. [56]
found that radium adsorption onto kaolinite was less strongly pH dependent than
adsorption onto quartz and ferric hydroxide. Additionally, significant quantities of
radium were adsorbed onto kaolinite below pH6.

Riese [60] studied radium adsorption onto quartz and kaolinite and found that
radium was 50% adsorbed at pH6 onto quartz and 50% adsorbed at pH5 onto
kaolinite. Radium adsorption onto quartz and kaolinite was inhibited in the presence
of calcium and the extent of inhibition was proportional to the concentration of
calcium in solution.

Radium migration has been investigated at a field site in Wyoming. This field
study involved an acidic uranium mill tailings disposal pond that was active over a
period of approximately 28 years. A documented plume has migrated up to 1000 m
from the disposal site. Seventeen wells exist at varying distances from the waste
disposal pond and have been sampled quarterly over a period of several years in
order to monitor the migration of leachate and radium. Although the migration of
several other contaminants has been observed, no radium migration has been
detected at this site.

Natural liner materials are very effective at retarding the migration of radium
not only through their physical properties (reducing seepage), but also through their
chemical properties. Apart from low hydraulic conductivities, liners should be
composed of materials that have high CECs. Additionally, the liner should be
capable of maintaining the soil pH between values of approximately 7 and 8.5. For
natural liners with low buffering capacities, this may require mixing lime and/or
calcium carbonate with the sediments. The pH range of 7-8.5 will help ensure that
most sediments will be above the pH value, where their radium adsorption edge lies.
Moreover, this pH range will cause many of the constituents of acidic uranium mill
tailings solutions to precipitate. Radium is found to be associated with many of the
common precipitates from acidic uranium mill tailings solution that are neutralized.
Thus, the pH range of 7-8.5 should help maximize radium retardation by encourag-
ing adsorption and co-precipitation of radium. If necessary, to further reduce radium
concentrations percolating through the liner material, barium chloride can be added
to the liner sediments alone, or in combination with calcium carbonate and/or lime.
This will increase the potential of radium removal through precipitation as
Ba(Ra)SO4.
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DECOMMISSIONING AND RECLAMATION OF MINES
BY THE USE OF COVERS
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Canada Centre for Mineral and Energy Technology (CANMET),

Department of Energy, Mines and Resources,
Ottawa, Ontario,

Canada

1. INTRODUCTION

After a mine/mill has ceased operation, the plant goes into the abandonment
phase. Unfortunately, the environmental problems that existed during the operation
of the plant often extend into the post-operation phase. As maintenance of tailings
is expensive during operation, it does not make economic sense to extend this
expensive care into perpetuity. Because of that concern there has to be considerable
research for each type of mining operation in order to devise sound decommissioning
procedures for abandonment which will minimize the long term maintenance costs
of tailings. To attain these objectives, the following must be carried out [1]:

(1) Delineate the environmental problems anticipated,
(2) Review the current pollution control techniques and recommend the best prac-

tical technology to ensure there is no problem,
(3) Identify areas where new technology is required.

According to the Atomic Energy Control Board of Canada (AECB), the
problems of tailings management can be divided into three time periods: the opera-
tional phase, the transition phase and the long term phase. Once a mine has closed
out, it is not necessarily a 'walk away' situation because:

(a) Access to the site is not restricted,
(b) Removal of potentially dangerous material from the site is possible,
(c) Monitoring will be required in the future.

The following are recent regulatory criteria, as prepared by the AECB for
uranium mines in Canada [2]:

"(i) The collective dose arising from radioactive waste management
practices shall be kept as low as reasonably achievable, economic
and social factors being taken into account;
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(ii) Access to tailings or other contaminated waste should be
minimized. The disposal objective should be kept in mind at all
times;

(iii) The use of passive barriers, natural or engineered, to contain
radioactive and non-radioactive contaminants within a decommis-
sioned site should be maximized;

(iv) Where containment systems may degrade continuously with time,
preference should be given to systems which degrade gradually;

(v) There should be no need for frequent maintenance of contaminant
systems;

(vi) The annual quantities of radioactive and non-radioactive
contaminants discharged to the environment after decommission-
ing and abandonment should not exceed those allowed during the
operational phase;

(vii) Where contaminants are released from a decommissioned site, the
concentrations at designated points in the environment should
comply with applicable federal and provincial water quality
objectives;

(viii) Reliance on institutional controls as a means of adhering to these
guidelines after abandonment should be minimized;

(ix) In support of a conceptual decommissioning plan, a detailed report
describing and quantifying the various radiation exposure and
other environmental pathways (operational, transitional and long
term) should be submitted to the AECB not later than 18 months
after the issuance of these guidelines;

(x) An update of a decommissioning plan and a pathways study will
be required whenever a significant change is proposed to the waste
management facility. These updates will be required prior to
AECB granting approval for said changes; and

(xi) For all new facilities, a preliminary decommissioning plan and
pathways study will have to be submitted and approved prior to the
issuance of a Mine Facility Operating License (MFOL).''

If the impoundment area has been suitably located and seepage into ground-
water has been considered in the original design, then the next stage is the devising
of an appropriate stabilization and reclamation plan. Reclamation may consist of
replacing the overburden, surface preparation, contouring, seeding and planting.
Each tailings impoundment area is site specific and therefore the extent and nature
of the measures taken for decommissioning and reclamation will vary, depending
upon such previous decisions as site selection, tailings disposal and design, and
management. The site usually requires contouring, covering and revegetation.
Besides the aesthetic reasons, the decommissioning is designed to:
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— Minimize dusting and therefore the transport of airborne particulates contain-
ing metals or radioactive substances.

— Minimize drainage of contaminated effluents which are often acidic, as well
as containing dissolved metals which are potential pollutants. In the previous
design of the tailings impoundment area, barriers or liners, such as with clay,
may limit the rate of leaching of contaminants from tailings. Clay capping can
provide a barrier for freshwater inflow and, in the case of uranium tailings,
can be an effective barrier for radon emanation.

— Avoid misuse of the tailings.

Dry and semidry tailings disposal systems are more quickly and economically
decommissioned than wet systems as dry systems can be decommissioned concur-
rently during the life of the mining operation. Integration of the cover with the
mining has economic advantages [3, 4],

In the case of sulphidic tailings, provision may have to be made for the preven-
tion of oxidation to sulphuric acid by limiting the amount of oxygen transfer into the
tailings. With uranium tailings, radionuclides have been precipitated as a mixed
Ba(Ra)SO4 compound and left in the retaining ponds. These sludges may contain an
activity of 1850 Bq/g 226Ra or greater. Arrangements must therefore be made either
to immobilize these sludges for long term disposal or store the sludges until a satis-
factory disposal method has been determined [5].

In the design considerations associated with the long term performance of
tailings impoundment areas, it is necessary to ensure the predictability of the facility
over time and weathering. The design for the abandonment of sites must consider
variables such as topography, hydrology, climate and geomorphological forces
acting on the site. The mechanisms which must be considered in the siting of the
tailings as well as in the planning of decommissioning and reclamation are wind
erosion, water erosion, floods, earthquakes, degradation of cover and geochemical
changes within the tailings. Although the factors noted above were given for the
decommissioning of uranium mines [6], they could be equally considered for many
other types of tailings.

In the Elliot Lake uranium area of Canada, the following decommissioning
concepts are being evaluated [7]:

(a) Direct vegetation, which would control wind and water erosion and reduce
pyrite oxidation. The vegetation tests to date on field experiments, in which
the tailings had application of limestone, fertilizer and seeding of grasses,
annuals and legumes, did not eliminate pyrite oxidation in the short term. Over
time the buildup of humus layers would possibly inhibit oxygen penetration and
therefore the oxidation of pyrite.

(b) Limestone addition and vegetation, involving the addition of limestone propor-
tional to the pyrite present. Vegetation would prevent wind and water erosion,
while the limestone would neutralize any acidity produced. A 3 m cap of lime-
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TABLE I. PRELIMINARY COST ESTIMATES OF VARIOUS CLOSE OUT

CONCEPTS [7]

Cost
C e p t (1982 Canadian $/ha)

Direct vegetation 12 500

Limestone and vegetation 47 500

Pyrite removal and vegetation 60 000

Physical cover and vegetation • 400 000

stone was stated as being required. This procedure has not been tried in a

tailings area.

(c) Pyrite removal and vegetation, which would be effective in preventing wind

and water erosion, as well as acid drainage resulting from pyrite oxidation.

Research at CANMET [8] successfully demonstrated that 90% of the pyrite

could be removed by flotation. Subsequent work at CANMET on small

controlled lysimeters indicated that essentially pyrite-free tailings subjected to

accelerated weathering did not produce significant quantities of acid [9].

However, the disposal of pyrite concentrate could be a problem. Also, any

residual pyrite remaining in the tailings may need an application of limestone.

(d) Physical cover and vegetation, involving the covering of the tailings with 3 m

of material, such as glacial till, sand, rock, or gravel prior to vegetation.

Although this route may be suitable for preventing wind and water erosion and

in reducing radon release, it is doubtful that the cover will prevent acid

drainage, except perhaps over the long term when a sufficient depth of humus

has accumulated.

The preliminary estimates are shown in Table I [7].

2. COVERS

The tailings impoundment area, if left to dry out on completion of the
mine/mill activity, will create a serious environmental problem. Wind and water
erosion can occur, as well as the escape of radon gas in the case of uranium tailings.
A cover made of natural earth materials or synthetics, such as cement or asphalt, can
reduce and minimize these concerns. In addition, if the barrier is stable (and it may
dry out and crack), the area is improved aesthetically and there may also be the
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possibility of 'grassing' the area to eventually produce crops. In North America,
restoration programmes are compulsory, as in many other countries.

The effectiveness of any vegetation technique used to stabilize an impoundment
area can be assessed using the following criteria [10-16]:

(a) Efficiency in dust suppression and water erosion;
(b) Speed in implementing the technique;
(c) Restoration of the land to productive use;
(d) Cost to initiate and maintain the system;
(e) Aesthetic appeal;
(f) Utilization of plants that, once established, require little or no supplemental

irrigation.

In sulphidic tailings, where no treatment has been carried out to prevent
sulphide oxidation, the oxidation and release of acid and other contaminants would
seriously influence and affect the capability of the tailings to support vegetation.
However, even if oxidation could be prevented or considerably reduced, it must not
be assumed that plant growth would be possible. In any tailings there are many
substances that can be deleterious to plant growth, including reagents from the mill
process, concentrations of heavy metals and insufficient aeration into the tailings,
perhaps due to fineness of the grind or the presence of slimes. Therefore, each
tailings impoundment area must be independently assessed for the potential of
supporting plant growth.

Various covers can be considered, ranging from good garden loam, municipal
sewage, compost, crushed rock, clay, limestone, slag, etc. Chemical binders have
also been investigated and will be discussed and compared elsewhere in this section.
The problems common to most tailings areas are [4, 11]:

— Low organic content compared with natural soil;
— Absence of a surface mulch of dead plants;
— Low levels of plant nutrients present, such as nitrogen and phosphorus;
— Toxicity of the tailings, particularly if pyrite or other sulphides are present;
— Chemical reactions that may occur between the fertilizer and the tailings.

The following is an overview of the several aspects pertaining to covers for
mine/mill tailings. This includes radon release (in the case of uranium tailings) and
earthen, vegetative, water and chemical covers. This chapter is taken from a more
comprehensive text by this author [17].

2.1. Reduction of radon diffusion using covers

The Australian Nuclear Science and Technology Organisation has done
considerable work on the investigation and development of measurement techniques
for radon diffusion through uranium tailings and through multiple layers of porous
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media. Hart and Levins [18] have reported that the radon flux from bare tailings is
strongly affected by the moisture content. The radon flux decreased by a factor of
100 as the moisture content was increased from 6 to 43%. During the operational
phase of the mine/mill facility, the tailings may be water saturated, in which case
the radon flux is estimated at 0.28 Bq m2/s. Their data indicated that gravel, soil
and clay covers resulted in a significant reduction. The most effective cover material
tested was clay at 15% moisture. Using a combination cover consisting of 0.45 m
clay at 15% moisture, 0.2 m gravel together with 1 m of soil, the radon flux in such
a proposed rehabilitation would be reduced by a factor of 11.7-0.13 Bq-nT2-s~'.

Rogers et al. [19] in the USA have prepared a small manual on the measure-
ments of radon over uranium mill tailings through cover materials. They stated that
the approach to estimating the required thickness of the cover consisted of two
phases. First, the tailings and cover characteristics, radon diffusion coefficients,
porosities and moisture must be measured. The thickness of the cover is then
determined by iteratively calculating the radon fluxes for various cover thicknesses
until the desired flux is achieved.

2.2. Earthen covers

In the USA, considerable effort and resources have been devoted to aspects of
the remedial action of treating tailings and the design of covers to minimize radon
diffusion. This programme is known as the Uranium Mill Tailings Remedial Action
Project (UMTRAP). In the following, some of the findings of that research and
assessment are given.

Gee et al. [20] have stated that earthen cover systems over uranium mill
tailings will likely be used in the USA as a means to decrease and minimize radon
diffusion. The amount of residual moisture present will determine the effectiveness
of the cover in controlling radon diffusion through earthen cover systems. The design
of earthen covers makes necessary the prediction of the long term moisture content
in order to provide the necessary degree of assurance for the radon barrier. Soil
compaction and soil bulk density can also affect radon diffusion. Moisture saturation
increases as compaction increases as a result of which there is a reduced radon flux.
A saturation ratio in excess of 0.6 was stated as the best for a radon barrier, clay
and pit run shale being suitable. However, compaction inhibits the growth of vegeta-
tion. A depth of at least 1 m of uncompacted surface soil was stated as being the
requirement for long term stabilization. Thus, the cover design would consist of two
layers, the lower compacted zone being a radon barrier and the upper, uncompacted
zone promoting vegetation and root growth.

Field test comparisons of two of the more promising cover systems inves-
tigated in the USA were carried out by the Battelle Pacific Northwest Laboratories
on 2.2 ha at Grand Junction, Colorado [21]. The cover systems tested were earthen
and asphalt. Multilayer covers were stated to be too costly to be considered for



CHAPTER 2-4 201

(a )

Uranium
tailings

Dump and
spread adobe clay

( b )

Bentonite
mix 30 cm

I
Bentonite/ i i ;
limemix | Gel mix

40 cm 30 cm
t

mm
Gel mix Ji5cm

Cross-section

(c )

Overburden . :
• ^ P y V • ' — ' ' / s Asphalt emulsion iL " o 6 m
• • . . - ' . " '. ") • ' • ' J L i admixseal [•. . i .

6.0 cm

FIG. I. Profile of radon covers tested at Grand Junction, Colorado, (a) Earthen; (b) multi-
layer; (c) asphalt.



202 RITCEY

remedial action, although they were technically feasible. The systems were moni-
tored over a two year period to evaluate their effectiveness after wetting and drying
cycles. The asphalt admix seal, sprayed on rubberized asphalt and earthen covers,
performed satisfactorily, meeting the United States Environmental Protection
Agency (USEPA) standard of 0.74 Bq-m^-s"1. Figure 1 shows earthen, multilayer
and asphalt cover systems [21].

Beedlow and McShane [22] discussed vegetation for the control of erosion in
inactive uranium tailings in the western USA. Vegetation or vegetation plus a layer
of surface rock will provide sufficient stabilization on slopes of less than 10% against
long term soil loss. This may vary for each particular site with the variation in
climate, soil and types of vegetation. Various plant species of grasses and shrubs
were evaluated.

2.3. Vegetative covers

The establishment of a 'vegetative cover' on tailings, besides being useful for
suppressing dust, erosion and for aesthetic reasons, can result in a neutralizing or
protective barrier. Metals may become sequestered, precipitated, or neutralized by
the developing humus layer and the various natural colloids present [14]. The vegeta-
tive cover can become a natural medium for pollution control. A vegetated acre1 in
a temperature zone will apparently transpire 5000-10 000 gallons2 of water daily,
thus eliminating any possible erosion effects [14].

Tailings must be in the right condition to provide for optimum conditions for
revegetation: moisture, nutrients such as nitrogen, phosphorus, potassium, and an
adequate bacterial population to promote and enhance growth [4, 14]. Inadequate or
irregular precipitation is probably the most frequent cause of seedling germination
or failure after germination [4].

The following are toxic to plants and their growth if they are above the range
of concentration found in normal soil: H + , OH", H2S, Fe2 + , Mn2+ , Al, Cu, Cr,
Ni, Zn, Pb, soluble salts of alkali metals and alkaline earths [23].

In order to optimize the proper vegetative cover required for particular tailings
in a specific climatic region, a great deal of research is necessary. Considerations
that are necessary will include the following [11]:

(1) Compilation of existing data

(a) Site
— climatic statistics,
— physical and chemical characteristics of the tailings,
— topography and problems of erosion and dusting.

' 1 acre = 4.047 X 103 m2.
2 1 gal (UK) = 4.546 X 10~3 m3;

1 gal (US) = 3.785 x 10~3 m3.
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(b) Botanical
— composition and intra-relationships of local flora,
— presence of any promising pioneering species,
— availability of surface soil,
— availability of commercial seed stocks.

(2) Experimental programme

— range of species,
— methods,
— treatments.

(3) Implementation

— field testing, supplemental with laboratory germination tests to confirm
viability,

— monitoring cover, yield.

(4) Evaluation of cost effectiveness

— each seed mixture combination,
— treatments investigated.

The selection of the plants will involve the assessment of certain properties
[4, 12], including: .;

(a) Native plants,
(b) Ability to establish and regenerate quickly,
(c) Proved effectiveness for reclamation elsewhere,
(d) Tolerance to the climatic conditions of the area,
(e) Tolerance to possible high or low water tables,
(f) High rate of root production,
(g) Should be easily propagated by seeds or cuttings,
(h) Nitrogen fixing ability.

Leroy [14] has shown how varying conditions of moisture and soil affect root
development in plants (Fig. 2). Tailings are by nature quite heterogeneous, but if the
soil is properly broken up and worked in, the plant roots will grow as would be the
case in well aerated, loose and moist loam.

The tailings materials vary from one area to another, even in the same mine.
They usually consist of heterogeneous mixtures of weathered and unweathered fine
and coarse material [24] (see Chapter 1-2 in this volume). Before any attempts are
made to establish vegetation, certain information is required, including the
mineralogy and size analysis, pH, composition of effluents and solids, particularly
those that would be harmful to plants, physical characteristics, climatic conditions,
topography and problems of erosion and dust [11, 12, 14, 15]. In the examination
of the revegetation of arid areas in Australia, as well as northern areas of Canada,
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it was seen that preparation involves ripping the area, grading and cultivation, mulch
application, addition of chemicals such as limestone or gypsum, fertilizing, seeding
and control of runoff [11, 12],

Various plant species were investigated and described in arid locations in
Australia [10-12], Arizona [15] and the cold climate of northern Canada [4, 14]. To
promote and establish vegetation in arid climates, such as in Australia and Arizona,
the essential elements required are humus, nutrients, moisture and bacteria or
microorganisms [11, 15]. Hay or straw mulch has been found to be effective as an
insulator for stabilizing the soil temperature, as a medium for the absorption of
water, for the prevention of erosion and it also assists in the growth of bacteria and
microorganisms. Thus, the right environment is created for fast seed germination
and root growth.

In Arizona, research [15] has been carried out on a combined chemical-
vegetation stabilization procedure using a resinous adhesive compound (Soil Seal)
which, when used in conjunction with selected vegetation, appears to be effective in

TABLE II. CRITICAL PARAMETERS FOR MINE WASTES [24]

~ , Waste
Parameter Overburden , Tailings

rock

Particle size distribution curve e*

Moisture retention curve </*

Bulk density

Colour

Microbial activity y*

Organic matter <̂

pH is

Acidity

Cation exchange capacity

Nutrients (N,P,K,...) ^

Electrical conductivity <-*

Soluble salts is

Total analysis (Fe,S,Mg,...)

Mineralogy e*
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CHAPTER 2-4 207

TABLE IH. RANGE OF COSTS TO PROVIDE A VEGETATIVE COVER [24]

Type

Standard mulching

Fertilizer

Limestone

Seed

Special aerial seeding

Hydro seeding

Surface- sealants

Slag or waste rock (20 cm depth)

Capping-soil, gravel, sand, clay
or combination:

10 cm depth
30 cm depth

Ripping, grading

Major recontouring, shaping

Planting shrubs and trees

Cost
Requirements

(Canadian $/ha)

50-2000

100-200 500-1000 kg/ha per year

10-200 t/a

80-200

625

625

250-1250

2500-3750

4000
12 500

125-250

625-12 500

125-500

the stabilization of mill tailings to promote growth. Soil Seal is applied at the
rate of 40-80 gallons/acre by hydroseeding, in which the seed, wood fibre, fertilizer,
water and Soil Seal are slurried and sprayed onto the tailings. Various types of grass
and plants were investigated for their effectiveness throughout the year.

The stabilization of tailings using a method of seed preparation, conditioning
and stabilization has been patented by McKnight [25]. The process involves using
a high molecular weight cationic polymer or latex to form coated and positively
charged soil particles. Reaction with an anionic, alkali treated lignin binder provides
a film of sufficient strength to resist water runoff. The treatment, in addition to
stabilization, accelerates seed germination and decreases the loss of fertilizer and
seed.

In Minnesota, USA, sulphide tailings from copper-nickel processing were
tested for various covers [26]. Topsoil and mineral soil were compared with no cover
added in which revegetation was tested. The study investigated the effects of soil
type, seed mixes and seeding rate on the growth of grass. Topsoil produced four
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TABLE IV. COMPONENT COSTS (IN CANADIAN DOLLARS) OF
RECLAMATION FOR THE ELLIOT LAKE AREA [27]

Treatment Costa Total

Exposed tailings (1.4 ha)

Lime addition, 44 t/ha

(9 man-days) 1500b

Capping of 8310 m3 glacial till 14 840c

Seed at 67 kg/ha 17 400

Fertilizer at 670 kg/ha 5-20-20 and
100 kg/ha 18-46-0 460

Cultivation and seeding, 2 man-days 600d

Water treatment

Access and treatment building 7171

Hypalon liner, 1465 m2 6637 14 822

Ditch excavation and installation
of liner, 5 man-days 1014

Total 32 222

Maintenance per year

Vegetation fertilization at 600
670 kg/ha, 5-20-20 11 780

Water treatment, BaCl2 at
287 kg/weeke and NaOH at
91 kg/weeke 11 180

Maintenance total 11 780

a 1973-1974 Canadian dollars.
b Includes lime at $18.40/ton and application.
c Includes retrieval, transport 8 km and placement.
6 CANMET staff and equipment.
c Includes materials, delivery and service to treatment plant.
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times as much biomass compared with mineral soil. A depth of 18 cm provided a
significant reduction in the percentage of runoff, compared with a 28 cm depth for
sandy glacial material which showed no significant reduction in runoff.

CANMET researchers in Canada have assembled a manual on tailings dams
as part of a pit slope manual. The aspect of vegetation on mine-mill wastes has been
described by Murray [24]. There are four characteristics of wastes which are signifi-
cant in a vegetative programme: climate, texture, moisture availability and
mineralogy [24]. To this could be added microbial aspects, as well as the topography
and time required to provide a plant cover. Table II shows a list of properties that
should be assessed in examining mine wastes — tailings, overburden and waste rock
for potential vegetation cover — and Fig. 3 shows a flow diagram procedure for
assessing reclamation by vegetation.

Murray [24] has reported a range of initial costs for alternatives which could
be used for vegetative cover. Maintenance costs for subsequent years will depend
upon the soil conditions, climate and the rate at which vegetation is established.
Table III shows the range of costs (in Canadian dollars) of the alternatives (1976
basis).

Revegetation in northern climates, as in northern Canada, has been carried out
by a number of companies, with considerable research having been performed and
still continuing [4]. In a co-operative programme between CANMET and Denison
Mines, in Elliot Lake, and following CANMET research involving seeding directly
onto tailings after prior treatment with lime and fertilizer [24, 27, 28], successful
reclamation was carried out at the Lower Williams Lake tailings area [27]. The
project involved two remedial actions: stabilization of the tailings surface with vege-
tation, and diversion and treatment of the water in the creek. The test reclamation
area was 2 ha, of which 1.4 ha were exposed tailings, with the rest being a settling
pond. Table IV [27] shows the cost breakdowns (in Canadian dollars) for revegeta-
tion at $17 400, for water treatment at a cost of $14 822 and an initial maintenance
cost of $600. This equates to $16 111/ha. Although the costs are dated, the relative
costs of various parameters may nevertheless be still useful.

Revegetation of acid tailings in Canada has been accomplished by many
companies [14, 16] including the Pb/Zn operations in Timmins, uranium mines at
Elliot Lake and copper operations by Noranda. A limestone application was used as
a neutralizing agent prior to seeding. Its proper use appears to be important because
of the variables of limestone composition, sizing of the crushed stone, method and
depth of application, interaction, if any, with fertilizers, as well as the physical and
chemical make-up of the tailings themselves [14, 16].

In the tailings containing sulphides the quantity of limestone required will vary.
At the Elliot Lake uranium mining area, the tailings contain about 2% pyrite. The
minimal crushed limestone requirement is reported to be 30-50 tons/acre,3 depend-

3 1 ton (long) (=22240 lbm) = 1.016 x 103 kg.
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TABLE V. CHARACTERISTICS OF WASTE ROCK [24]

Property Mean Range No.a

Particle size (% <2 mm)
Distribution (% sand)

(% silt)
(% clay)

Moisture retention

0.1 bar (%)
0.3 bar (%)
15 bar

Available water storage capacity (%)

Bulk density (g/cm3)

Particle density (g/cm3)

pH (water)

Cation exchange capacity (meq/100 g)

Organic matter (%)

Electrical conductivity (mmho/cm)

Available elements

P (ppm)
K (ppm)
Ca (ppm)
Mg (ppm)

Total analysis

N (%)

Fe (%)
Al (%)
Mn(%)

Na (%)
Mg (%)
Ca (%)
Cd (ppm)
Zn (ppm)
Ti (ppm)
Ni (ppm)
Mo (ppm)
Co (ppm)

24
70
24
10

15
12
5

9

2.04

2.73

7.7

11.4

2.5

0.9

4.4
85

14 900
260

0.01
0.04
7
6.2
0.12
1.09
1.29
4.3
4.5

175
15

8500
85
136
150

10-78
35-99
9-39
1-29

4-28
3-22
0-11

3-17

1.19-3.02

2.05-3.06

3.5-9.4

0.3-32.4

0.1-19.5

0.3-3.5

0-33.4
4-193

1540-45 500
15-1186

67
68
57
57

42
41
41

41

39

25

80

80

69

47

80
69
69
69

76
38
24
26
26
19
27
27
27
27
18
18
13
10
10

a Number of observations from 11 mine waste sites.
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ing upon location and drainage conditions, together with 2 tons/acre of fertilizer high
in potassium and phosphorus [14]. Such an application provides for neutralization
and rapid germination of grass and other growth. Tailings with a higher sulphide
content would require a greater quantity of limestone application or other neutraliz-
ing agent. For example, tailings at the Noranda Horn Mine in Canada contain about
35% pyrite, and, because there is no nearby source of limestone available, use is
made of asbestos tailings. Their application has been 90 tons/acre in one location and
60 tons of asbestos tailings plus 30 tons of crushed limestone at another site [14].

On highly alkaline tailings, such as asbestos tailings, the high pH will prevent
growth of vegetation unless preconditioned by lowering of the pH [14]. This has
been reported to be successful by the addition of sulphide tailings plus sulphur.

Waste rock, in contrast to process tailings which are normally fine, tends to
be coarse, with boulders and very little soil. With the lack of soil sized particles there
will be very little retention of water and drainage is rapid. Vegetation is therefore
difficult to support because of the problem of providing sufficient water storage.
Organic constituents are also usually low and therefore little microbial life exists
[24]. In waste rock dumps containing sulphides, disposal is therefore a problem
because of the difficulty in revegetation. Often, such waste rock is buried. The
characteristics of a number of waste rocks are given in Table V (tailings characteris-
tics are given in Chapter 1-2 in this volume). Vegetation, although difficult, can
possibly be achieved by adding a soil cover and hydromulching and hydro-
seeding [24].

Kalin has carried out a number of surveys of inactive uranium tailings areas
in Canada to determine the type and distribution of growth on the tailings [29]. Table
VI gives the different areas surveyed, the type of rehabilitation used and the surface
characteristics of the tailings. A total of 170 species of plants were identified and
most seemed indigenous to the particular location. Subsequent work was carried out
by Kalin on semi-aquatic and terrestrial areas at abandoned or inactive tailings [30].
Semi-aquatic areas of tailings had been invaded by cattails and formed wetlands. The
conclusions of the investigation were that the expansion of this vegetation appeared
to be controlled by hydrological conditions, rather than by the chemical character-
istics of the tailings.

A vegetative cover over tailings prevents dusting, reduces erosion and makes
the area aesthetically pleasant; with tailings containing pyrite no inhibition of pyrite
oxidation is apparent. Also, radium seepage from uranium tailings does not change.
Uranium tailings test pits were investigated by CANMET [31], in which the covers
evaluated consisted of wood chips, gravel and vegetation over tailings in pits each
containing 200 tons of tailings. None of the covers prevented oxidation of sulphides
and it took 2.5 a for acidic effluents to occur.



TABLE VI. SITE HISTORY AND DESCRIPTIONS OF ABANDONED OR INACTIVE URANIUM MILL TAILINGS
to

Name of tailings
site

Madawaska

Auger Lake

Bicroft Proper

Dyno

Williams

Nordic

Crotch

Stanrock Main

Olive

Lacnor

Site
codes

B-l

B-2

B-3

B-4

E-l

E-2

E-3

E-4

E-5

E-6

Dry surface
area3

(ha)

16

2

4

3

2

101

53

63

5

24

Operation of
tailings

(a)

Year amendment
initiated

Amendment
measures

Bancroft area (site code: B; dry surface

1957-1964

1957-1963

1956-1957

1957-1960

Elliot

1959C

1957-1968

1957-1964

1958-1964

1958-1959

1957-1960

1978

Unamended

Unamended

Unamended

Waste rock
overburden

—

—

Seeding
mixtures

area: 25 ha,

Grass and
legumes

None

None

None

Estimated area
with vegetation1"

(%)

)

80

70

50

90

Lake area (site code: E; dry surface area: 248 ha)

1976

1970

1970

1978

1977

1978

Glacial till
top soil

Neutralization

Neutralization
mulching

Neutralization

Neutralization

Neutralization

Grass and
legumes

Grass and
legumes

Grass

None

Grass and
legumes

Grass and
legumes

100

80

30

20

80

80

Comments

Three-quarters of site covered,
sampled only from exposed
tailings areas.

Vegetation belts in beaches and
forest edge.

Bare areas in centre of site.

Three-quarters of site wetland
not sampled.

Tailings beach, cattail stand.

Roadways of waste rock on site.

Extensive bare areas, experi-
mental plots with vegetation.

Extensive bare areas, moist
areas of vegetation.

Tailings beach, cattail stand.

Roadways of waste rock on-site.

I



Uranium City area (site code: U)

Gunnar Main

Langely Bay

Gunnar Central

U-1

U-2

U-3

45

11

12

1955-1964

1959-1964

1955-1964

Unamended

Unamended

Unamended

None

None

None

60

60

70

Moist areas, dense vegetation,
cattail stands.

Tailings beaches, denser
vegetation.

Denser vegetation on forest
edges.

i

a Based on aerial photographs and flights over Elliot Lake in 1973, Bancroft in 1977 and Uranium City in 1976.
b Estimate does not reflect percentage of vegetation cover.
c Spillage.
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FIG. 4. Schematic flowsheet of the composting operation.

2.4. Compost production at the mine site for assisting in vegetative cover

CANMET has carried out considerable research on the composting of
municipal wastes produced in the mining community that could be used as a tailings
cover for impoundment areas [32]. The compost can be used for the revegetation of
mine/mill tailings as its sorptive properties complement the chemical action of
inorganic fertilizers. In the Elliot Lake uranium area, which has a population of
approximately 13 000, the present production of compost from municipal garbage
is about 4250 tons/a. The organic portion of Canadian garbage consists of
70% paper matter, 10% garden wastes and 5% rags, plastics, etc. The remaining
15% consists of 5% metals, 5% glass, ceramic materials, etc.



CHAPTER 2-4 215

The first tests used wood wastes (-5 mesh) in view of the possible ready supply
of wastes from saw mills that might be operating near the mining sites. These tests
indicated that wood wastes could be used primarily to improve the porosity of the
garbage mixture. The most preferable particle size of the garbage was determined
to be 1/2-5/8 in.4 The ratio of components to produce the compost was determined
to be 50-75% garbage, 10-25% sewage sludge and a maximum of 20% wood
wastes, while recycling 10% compost. The schematic flowsheet of the composting
operation is shown in Fig. 4.

The cost of the composting operation was estimated at (Canadian) $1.5 million
for capital and $341 250 for annual operating and maintenance. The operating costs
were based on a requirement for seven men on a five day week at $25/h.

The following are the 1982 costs of municipal garbage disposal and revegeta-
tion in the Elliot Lake area:

(1) Town of Elliot Lake municipal garbage disposal costs.

Data
Total garbage produced per year: 16 000 t,
Disposal yard lift: 5 ft (4-6 ft),
Dirt cover on top: 6 in—1 ft,
Compact garbage density: 30 ft3/t.

Capacity

2 garbage collection trucks (residual): 25 yd3 each,5

1 commercial truck for containers: 30 yd3 each,
1 dump truck: 14 yd3 each.

Costs — collection

Collection and haulage, 2 trucks, 8 h/d
5 d/week, 52 weeks/a at $25/h each: $104 000

Commercial, $30/h, 40 weeks: $48 000

Total $152 000

Area covered (5 ft lift): = 96 000 ft2 = 2.2 acres

4 1 inch = 25.4 mm.
1 yard = 3 feet = 0.9144 m.
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Cover fill required (1 ft cover): 96 000 ft3 = 3560 yd3 = 254 loads

Cost of cover at $30/load: $7600

Cover spreading equipment costs: $2000/month, 12 months/a = $24 000

Total costs per year: $183 600
Total acres covered: 2.2 acres
Total cost per acre: $83 450

(2) Revegetation costs

First year

At 10-30 t of lime/acre,

40-50 lb seeds6/acre: $1000/acre

Next 2-5 years of fertilizer application

At $200/acre per year: $800/acre

Total for five years: $ 1800-2000/acre.

Work at CANMET subsequently involved an examination and comparison of
compost as a cover for tailings [33] using lysimeters to study the effects on radium
release and pyrite oxidation over a simulated weathering cycle. Tailings from Elliot
Lake were used in the 0.25 ton tests. Four lysimeters were set up in which iron
oxidizing bacteria were inoculated into three of the lysimeters which were to have
water application. After the application of 1 L of water/kg of tailings (one simulated
year of rainfall), a seed mixture and fertilizer [28] were applied directly onto the tail-
ings surface of one lysimeter and onto a 4 cm deep layer of compost [34] of another.
After six simulated years, the depth of the compost was increased to 30 cm and was
reseeded as before. No vegetation was initiated on the tailings of the other two
lysimeters. Tap water was applied to the two vegetated lysimeters and to one of the
unvegetated lysimeters and a 0.02% thymol solution was applied to the other
unvegetated lysimeter at ninefold the rate of precipitation at Elliot Lake
(966.1 mm/a). Figure 5 shows the pH and concentration of 226Ra, calcium,
sulphate, sulphur and iron in the effluents of the four lysimeters. No iron oxidizing
bacteria were detected on solid samples obtained from the uninoculated lysimeter
that had been leached with thymol solution. The concentration of the bacteria in the
bottom 13 cm of that lysimeter was 0.3 million cells/g and ranged from 2 to
17 million cells/g throughout the rest of the tailings.

1 lb = 0.4536 kg.
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FIG. 5. Leaching characteristics of 250 kg of Elliot Lake tailings, (a) Uninoculated and
leached with an 0.02 % thymol solution; (b) no surface treatment; (c) vegetation established
directly on the tailings surface; (d) vegetation established on a layer of compost.

The results of this investigation show that sulphuric acid generation in pyrite
containing uranium tailings is greatly decreased by the chemical inhibition of the iron
oxidizing bacteria with thymol or when the influx of oxygen into the tailings is
impeded by the deposition of an organic oxygen barrier on the tailings surface. That
most of the pyrite oxidation is the result of bacterial activity is indicated by the
absence of iron oxidizing bacteria in correlation with neutral pH values and low dis-
solved iron concentrations of the effluent from the lysimeter irrigated with thymol
solution. Similar to field observations at Elliot Lake [35], vegetation established
directly on the tailings surface of the lysimeters decreased, but did not eliminate,
sulphuric acid generation, confirming that this procedure is of limited value in con-
trolling acid tailings seepage.

Calcium and sulphate in the effluents originate from the dissolution of gypsum
from the tailings; iron and sulphate arise from the oxidation, predominantly bac-
terial, of iron sulphide minerals. The absence of sulphide mineral oxidation is indi-
cated by neutral pH values of the effluent, low concentrations of iron and molar
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ratios of calcium to sulphate of unity. These characteristics occur in effluents of tail-
ings in which the iron oxidizing bacteria are inhibited chemically, or when their
metabolism is arrested (presumably by the lack of oxygen) by being maintained
under water or under an organic oxygen barrier. Thus, the observations [36-38] that
depriving the tailings of oxygen arrests sulphuric acid generation are confirmed. The
establishment of vegetation by seeding directly on the tailings surface, or on a thin
organic layer, decreases sulphuric acid generation.

The conclusions drawn from these tests indicated that:

(a) The establishment of vegetation directly on the surface, or a thin (4 cm) layer
of compost on pyrite containing uranium tailings in laboratory lysimeter leach-
ing tests decreases, but does not completely eliminate, sulphuric acid
generation.

(b) Inhibition of iron oxidizing bacteria in the tailings by a biocide, thymol, greatly
decreases sulphuric acid generation.

(c) No sulphuric acid generation occurs in tailings when a 30 cm layer of a com-
post is deposited on the surface of these tailings.

The buildup of a soil by decomposition of vegetation takes many years and
requires high levels of nutrients, particularly in the presence of nitrogen poor organic
matter [23]. The possible use of bacteria in the cover material is discussed later in
this chapter.

2.5. Use of wetlands as a cover

The discussion up to this point has focused on the covering of tailings areas
by the addition of lime or limestone, fertilizer and seeding. Although such covers
have been proved to be satisfactory in most cases, revegetation is expensive. Volun-
teer growth has not really been very successful, especially over pyrite tailings which
are continually oxidizing and producing sulphuric acid. Maintenance is also required
for several years until permanent growth is achieved.

Wetlands have been examined over a number of years for their sorption quality
with respect to wastewater [23, 39]. Wetlands in Florida swamps were studied to
determine their capability for absorption of partially treated wastewater from
municipal wastes [39]. The research suggests that wetlands are ecological systems
that absorb as well as benefit from the fertilization that secondary effluents provide.
The particular Florida wetland that was studied had a layer of green duckweed vege-
tation on the surface which greatly reduced the amount of oxygen in the water, thus
affecting other aquatic plants and fish. Such conditions, together with organic sedi-
ments, were claimed to filter out microbes and retain 97% of faecal coliform bacteria
and heavy metals, as well as the nutrients contained in the effluent [39].

At CANMET, tests in lysimeters under controlled atmospheric conditions have
included the application of bog or wetland material, up to a depth of approximately
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( b )

10 15 20 t 0 5 10 15
Volume of water applied per kg mass of tailings (L/kg)

20 25

FIG. 6. Leaching characteristics of 0.75 kg of Elliot Lake tailings submerged under 10 cm
of leachant. (a) Leachant: distilled water; (b) ledchant: distilled water adjusted to pH4 with
sulphuric and nitric acids.

30 cm, to sulphide tailings ranging from 2 to 45% [33]. The results show that this
cover reduces the oxygen penetration to the pile, that the vegetation is excellent, and
the acid drainage of pH3 is converted to pH6 in a short time. This indicates that when
air is excluded, iron oxidizing bacteria cannot be supported and therefore oxidation
of the sulphides to sulphuric acid is either suppressed or certainly reduced. In addi-
tion, because of the reducing conditions of such a cover, there is a generation of
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Organic polymer

Encapsulation

1. Only small quantities of additives are
usually required to cause the mixture to set.

2. Techniques can be applied to either wet or
dry sludges.

3. End-product has a low density as compared
to other fixation techniques.

Very soluble contaminants are totally
isolated from the environment.
Usually no secondary container is required,
because the coating materials are strong and
chemically inert.

3. Thermoplastic materials are flammable.
4. Wet sludges must be dried before they can be

mixed with the thermoplastic material.

1. Contaminants are trapped in only a loose resin-
matrix end-product.

2. Catalysts used in the urea-formaldehyde
process are strongly acidic. Most metals are
extremely soluble at low pH and can escape
in water not trapped in the mass during the
polymerization process.

3. Some organic polymers are biodegradable.
4. End-product is generally placed in a container

before disposal.

1. Materials used are often expensive.
2. Techniques generally require specialized equip-

ment and heat treatment to form the jackets.
3. The sludge has to be dried before the process

can be applied.
4. Certain jacket materials are flammable.

E

to
to
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sulphide during the biogeochemical reaction which renders immobile any heavy
metals by precipitation within the tailings.

2.6. Water cover

The covering of tailings with water has been practised by a number of uranium
mines during the operational phase, with the main objective being to decrease the
amount of radon that escapes. The water cover also provides for the elimination of
dusting problems that normally occur with dry, uncovered tailings. Preliminary tests
at CANMET were carried out to determine the effect of a water cover on the inhibi-
tion of sulphide oxidation [40]. The results, in Fig. 6, indicate that sulphide oxida-
tion was prevented and the pH remained steady at 6-8, compared; with pH2-3, while
226Ra solubility remained low and constant, and the solubility of calcium and
sulphur decreased with time.

As a continuation of shallow water cover, CANMET is currently investigating
simulated deep lake disposal of uranium tailings containing about 5% pyrite, as well
as base metal tailings containing 20% pyrite. The tests are on 1 ton of tailings placed
in a 30 ft high column, 2 ft in diameter. Early data suggest complete inhibition of
pyrite oxidation. Profiles of pH, metals and radionuclide solubility and biological
activity are being measured over the total depth, including inside the tailings.

Deep water disposal has not been accepted by environmentalists for uranium
tailings disposal, at least in Canada, although marine disposal has been permitted at
certain locations for base metal tailings [17].

2.7. Chemical covers

The solidification of tailings by chemical means is a possibility for long term
stabilization in order to minimize environmental problems arising from migration of
contaminants through tailings. Waste stabilization implies the conversion of the toxic
components to a form resistant to weathering and leaching. Solidification denotes the
conversion of the wastes into a solid. One or the other may be suitable for certain
tailings. In the case of uranium tailings, both stabilization and solidification are
necessary. The waste solidification methods applicable are:

(a) Silicate and cement based (inorganic binder),
(b) Lime based (inorganic binder),
(c) Thermoplastic based (asphalt) (organic binder),
(d) Thermoset polymer based (organic binder),
(e) Encapsulation techniques (organic binder).

A technical comparison of the processes is given in Table VII [41].
The results of a study on the examination of four possible routes for the stabili-

zation of low grade tailings have been published [42]. The processes are briefly
described below.
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TABLE Vffl. SUMMARY OF AGITATION LEACH DATA [42]
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Sample

KC

Cl

c2

IU2

AECL

Tailings

Initial

Ra-226
(Bq/g)

13.1

11.3

11.0

7.9

10.2

13.0

pH1.5

-1.9 cm +1.3 cm
(-% in +Vi in)

9.10

5.96

8.07

5.0

7.22

—

Ra-226 (Bq/L)

pH3.0

— 1.9 cm + 1.3 cm
(-% in +'/2 in)

3.33

6.51

5.18

1.07

2.07

—

pH5.5

-1.9 cm +1.3 cm
(-% in +'/2 in)

6.59

3.59

2.81

2.22

12.6

—

The Chemfix process [43] is based on the reactions between soluble silicates
and silicate setting agents. The process consists of three stages: (i) waste homogeni-
zation; (ii) pumping of the wastes to the reactor, mixing of wastes and reagents and
discharge to the disposal area; and (iii) solidification within 72 h, producing soil-like
properties.

The Canadian waste technology (CWT) process [44] is based on activating
silica (sand and clay minerals) in water so that a complex metal silicate matrix is
formed. The waste sludge is treated with at least one of the following: H2SO4, HC1,
HNO3, CaO, MgO, CaCl2, Ca(OH)2 and Mg(OH)2, yielding a slurry which solidi-
fies on standing.

The IUC Poz-O-Tec process (IUCS) is an encapsulation process [45] that
involves the mixing of wastes with fly ash and lime rich material. The treated wastes
have the consistency of dry soil cement, but cannot be'pumped.

The Atomic Energy of Canada Limited (AECL) bituminization process consists
of mixing the paste with asphalt at 165-167°C. Water is volatilized at that tempera-
ture. The tailings are dried and ground prior to bituminization.

The tests on Elliot Lake tailings included shrinkage tests, compressive strength
tests, freeze-thaw resistance, porosity, radon emanation and chemical durability.
The freeze-thaw tests indicated that the order of resistance was AECL > IUCS >
Chemfix > CWT, while porosity tests showed the AECL process to be much less
porous compared with the other methods.

In addition to examining the physical stability of these cover materials, one
important parameter was the comparison of the relative effectiveness for radon
emanation.
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TABLE IX. COMPARATIVE MATERIALS COSTS [42]

$/tona

Canadian waste technology 1.50

Chemfix 7

IUCS 10-17

AECL bituminization 140

a 1981 Canadian dollars.

TABLE X. SUMMARY OF STABILIZATION TESTS [42]

Per cent tailings

Ease of placement

Shrinkage

Compressive strength

Flex strength

Freeze-thaw resistance

Porosity

Pore shape

Batch leach

Percolation

Radon emanation

Cost
materials
process

CWT

94

1

4

4

4

4

2

3

4

4

4

1
1

AECL

75

4

1

3

1

1

1

—

2

2

1

4
4

Chemfix

95

2

3

2

3

3

2

2

2

2

3

3
2

IUCS

50

3

2

1

2

2

2

1

1

1

2

2
3

36 24 29 22

Note: Processes are marked along a scale of 1 to 4, with 1 being the best and 4 being
the worst.
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From the tests, the AECL bituminization process was most effective in reduc-
ing the rate of radon gas release, while the Krofchak sample (KC) allowed the
greatest release of radon gas. The two IUCS samples were next best at hindering
radon release. The two Chemfix procedures of fixing were less effective. However,
when compared on a per unit weight of tails basis, only the AECL bituminization
process actually reduced the radon release relative to that of the untreated tails. When
compared on the basis of a unit weight of fixed material, both the AECL and IUCS
processes reduced the radon dispersion below that of untreated tails.

Agitation leach tests at 10% solids for 1 h at room temperature and at pH levels
of 1.5, 3.0 and 5.5 were carried out on the samples. The data shown in Table VIII
indicate that the lowest levels of 226Ra were obtained with the IUCS solidified tail-
ings. Column seepage tests also showed the IUCS solidified tailings to be the most
resistant at pH4.0. Comparative materials costs are given in Table IX.

In summary:

— The AECL and IUCS processes exhibited the best properties, but the former
is more expensive than the others tested;

— The CWT process was the worst of those tested;
— Total solidification of tailings may not be possible because of the costs

involved, but solidification as a thin liner or cap may be useful.

A summary of the results is given in Table X.

3. CONCLUSIONS

The foregoing has been a discussion of the importance of covers on close out
of the mine/mill treatment facility and the various types of covers under considera-
tion. The selection of the cover method will be dependent upon the ultimate close
out objectives and the costs that can be assumed at the time and for long term main-
tenance of the cover. The selection will therefore be dictated by climatic conditions,
topography, mineralogy and chemical composition of the tailings, the tailings
disposal method used, the availability and cost of cover materials and the time and
cost of long term maintenance. The design and selection of the cover will suppress
dust and water erosion, decrease or suppress radon diffusion, provide an aesthetic
appearance and restore the land to productive use.

The ultimate cover would be a self-regenerating one provided by nature, which
would fulfil the objectives of lowest cost, lowest maintenance, dust suppression and
effluent quality capable of satisfying environmental constraints.
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Chapter 2-5

REMOVAL OF RADIUM FROM DRINKING WATER

E. HANSLIK, A. MANSFELD
Water Research Institute,

Prague,
Czechoslovakia

1. SANITARY ASPECTS OF 226Ra

The World Health Organization's revised standard, Guidelines for Drinking
Water Quality [1], suggests that the annual effective dose equivalent attributable to
drinking water be limited to no more than 0.05 mSv for the level of gross alpha and
gross beta activity, based upon an adult drinking water intake of 2 L/d. This value
represents 1 % of the dose limit for members of the public as specified by the Interna-
tional Commission on Radiological Protection [2]. Levels of activity exceeding these
values were to be reported to the appropriate competent authorities, who would
determine what action was required.

Based on the standardization of the sampling method, measurement and evalu-
ation, a 'non-action level' was suggested for gross alpha and beta activities which
was not to exceed 0.1 Bq/L and 1.0 Bq/L, respectively. The level of alpha activity
was given with regard to the 226Ra content and the method permits the determina-
tion of other alpha emitting radionuclides, e.g. 228Ra, 210Po, 232Th, 234U, 238U, etc.

Similar reasoning underlies the recommended maximum contaminant levels
(MCLs) in various countries. For example, the Interim Primary Drinking Water
Regulations [3] of the United States Environmental Protection Agency (USEPA)
established MCLs for two categories of radioactive contaminants — alpha emitters
are 0.1 Bq/L for 226Ra; 0.2 Bq/L for 226Ra and 228Ra; and 0.6 Bq/L for gross alpha
activity, including 226Ra, but excluding radon and uranium.

The findings on 226Ra occurrence (see Chapter 2-1 in Volume 1 of this publi-
cation) show that MCLs for 226Ra are exceeded in certain hydrogeological forma-
tions, both in groundwater and in surface water, in the latter case due to the release
of liquid wastes from industrial uranium facilities, including mines and refineries.

With the consumption of drinking water increasing throughout the world, it
will be necessary to tap resources that have not been considered yet because of their
higher content of radioactive substances. Treatment technologies also require
modification in those cases where detailed investigations have subsequently revealed
the higher 226Ra content. The major concern with public water supplies is soluble
radium in groundwater. Soluble radium exists in water as a divalent ion, similar in

229
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chemical behaviour to calcium and magnesium. The 226Ra content must be kept as
low as reasonably achievable, economic and social factors being taken into account.

The problem of reducing the content of 226Ra has been studied in the labora-
tory and at the pilot plant and operational scales. The problems of sludges, solid
wastes and efficient technology costs are being dealt with. Data available so far are
presented in the following sections.

2. LABORATORY STUDIES ON REDUCING 226Ra CONTENT

Laboratory studies oriented to the reduction of 226Ra content are based on
examination of the possibilities of modifying the most widely used conventional
water treatment methods — sorption on impregnated acrylic fibres with iron hydrox-
ide and manganese oxide-dioxide and coagulation.

Using different types of water samples, the effect of barium salt, where high
efficiency of 226Ra co-precipitation is known, was studied in detail in connection
with methods of concentration and separation for analytical purposes.

The reduction of the 226Ra content in water was investigated in a similar
manner to investigations of other natural and man-made radionuclides. In particular,
the aim was to evaluate the efficiency of capture by natural substances not only for
use in water treatment technology, but also to explain 226Ra distribution between
the liquid and solid phases in the aqueous environment. Laboratory studies were
carried out mostly in the fields that were not investigated on a pilot plant scale, with
the exception of the sorption on MnO2, where wider application is expected.

2.1. 226Ra sorption on MnO2

Fair et al. note that
"Hydrous oxides of Fe(III) and Mn(IV) have high sorption capacities for
bivalent metal ions ... Sorption capacities for Mn + + at pH 8 are on the
order of 1.0 and 0.3 mole[s] of Mn(II) sorbed per mole of MnO2 and
Fe(OH)3, respectively" [4].
Loganathan and Burau [5] described the general mechanism of the sorption of

metal ions on oxides and hydrous oxides and the exchange of bound H + of the
oxide surface with cations by the following scheme:

Mn+ + x (=MeOH) ^ M (=MeO) * ( n" x ) + + xH+ .

in which M is the metal ion to be sorbed and (=MeOH) and (=MeO) are oxide
surface sites. These general findings were also applied to the special case of 226Ra.

The possibility of using acrylic fibres impregnated with iron hydroxide and
manganese oxide-dioxide for 226Ra capture, originally with the aim of concentrat-
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ing it out of natural water for analytical purposes, was studied in detail in Refs [6-8].
Krishnaswami et al. [6] were able to 'load' 5-7 g of iron on 100 g of fibres. Moore
and Reid [7] were able to load 15 g of manganese on 100 g of fibres. The fibres pro-
vide a matrix on which highly dispersed MnO and MnC>2 are, in part, chemically
bound. (Acrylic fibres (Monsanto 'Acrilan', 3.0 denier, Type B-16) are converted
to a cation exchange type resin by treatment with 6N of NaOH. Five hundred grams
of fibres are immersed in 2 L of NaOH solution at 80-90°C; when the fibres begin
to develop an orange-red colour, the reaction is stopped by squeezing the excess
NaOH from the fibres. The treated fibres are immersed in 1 L of 5N MnCl2 at
30-40°C. The MnCL2 solution is maintained at pHl-2 with HC1 to prevent precipi-
tation of the manganese. The manganese soaked fibres are drained and immersed in
1 L of 6N NaOH at 25 °C to precipitate Mn(0H)2. The fibres are then separated
(fluffed) and left exposed to the air to oxidize the Mn(0H)2 to a mixture of hydrated
MnO and MnO2.)

Column experiments indicated that while using iron treated fibres the enrich-
ment factor ranged from 200 to 900, the enrichment factors being defined as the ratio
of the amount of 226Ra recovered from 1 kg of fibres to the amount of 226Ra in 1 kg
of water. The enrichment factor for manganese treated fibres ranged from 10 000 to
30 000 for 1-8 h 'towing' times. The greatest enrichment factors were obtained for
towing times of 3-5 h. In one direct comparison of iron and manganese treated fibres
towing 350 g of each at the same time, the manganese treated fibres recovered
40 times more radium than the iron treated ones. The results achieved indicated the
possibility of using impregnated acrylic fibres in the treatment of wastewater to
remove dangerous trace elements and radioisotopes and to reduce the 226Ra content
in groundwater treated for drinking purposes.

2.2. Coagulation and co-precipitation of 226Ra

The effectiveness of coagulation and co-precipitation processes is evaluated
mainly in connection with investigating the possibility of modifying existing water
treatment processes and facilities in order to efficiently reduce 226Ra content. The
aim of these studies is to discover the factors significantly affecting 226Ra removal
and obtain more information regarding the optimization of reagent doses to achieve
the maximum effect.

The efficiencies involved in dosing common coagulants and precipitating
agents used in the water industry were compared in Ref. [9]. 226Ra was determined
in a filtrate by the emanometric or the ethylenediaminetetraacetic acid (EDTA)
methods with an error < 5 %. For the experiments, Mansfeld used the groundwater
of a cenoman aquifer which was characterized by low mineralization with a conduc-
tivity of 170 /xS/cm, and by a high 226Ra content of 14.06 Bq/L. The mixing time,
with a frequency of 20 rev./min was 30 min, the sedimentation time also being
30 min. The results are given in Table I.
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TABLE I. Ra-226 RESIDUAL CONTENT VERSUS 'AGENT DOSE'

Agent dose/L of water
Ra-226 content reduction

100mgFeCl r 6H 2 O

lOOmg A12(SO4)3-18H2O

120 mg BaCL2-2 H2O + 160 mg Na2SO4

80 mg Ca(NO3)2 + 300 mg Na2CO3

100 mg FeCl3-6 H2O + 10 mg MnCl2-4 H2O + 5 mg KMnO4

44.7

31.6

98.5

95.8

96.5

TABLE II. THE pH, CONCENTRATION OF THE RESIDUAL COAGULANT
AND THE RESIDUAL RADIOACTIVITY VERSUS THE COAGULANT DOSE

Coagulant dose/1 L of water pH
Fe total Mn Ra-226
(Mg/L) (mg/L) (Bq/L)

'Raw' water

100 mg FeCl3-6 H2O

100 mg FeCl3-6 H2O + 5 mg Fe2

+ 3.8 mg MnO4

8.3

6.0

5.4

0.15

0.10 0.4

0.89

0.56

0.48

In the case of FeCl3 and A12(SO4)3 coagulants, the efficiency for 226Ra is low.
The addition of manganese salt, which is accompanied by MnO2 production, results
in a marked increase in the efficiency. In co-precipitating with barium sulphate,
where a high efficiency was attained, the problem of Ba2+ residuals, representing
about 2 mg/L, remains unsolved.

The authors of this paper [10] proved the efficiency of adding barium chloride
to groundwater with a higher content of SO^" ions and an 226Ra content of
0.56 Bq/L. A 93% 226Ra removal efficiency was achieved by using a barium dose
of 6.0 mg/L.

Kosarek [11] states that the method of barium-radium sulphate co-precipitation
has been used in the mining industry, but has not been reported as being utilized in
public or municipal water supplies.

Similar conclusions on coagulation effectiveness were reached by Zdcek [12]
in utilizing water with higher rates of mineralization (800 fxS/cm) and an 226Ra
content of 0.89 Bq/L.
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The results in Table II show, under the conditions of the experiment, that the
clarification effect for 226Ra is 37, or 46%. In these studies the relationship between
the process and pH has not been pursued. However, these problems were tackled in
detail by Benes et al. [13] while studying the interaction of radium with freshwater
sediments and mineral components, for example with ferric hydroxide. The findings
on the dependence of 226Ra reduction on pH and the ionic strength of the solution,
used for the explanation of 226Ra behaviour in surface water (see Chapter 4-3 in
Volume 1 of this publication), can be applied in order to evaluate the efficiency of
coagulation with ferric hydroxide in water treatment.

The pH effect on 226Ra sorption by ferric hydroxide was studied by the
authors [10] using groundwater treated for drinking purposes. The results, shown in
Fig. 1, include experiments with water samples collected in the water treatment plant
of Saky, near Kladno, with a conductivity of 865 piS/cm and a 226Ra content of
830 mBq/L.

In the first series of tests (A), FeCl3 coagulant was added in a constant
amount of 0.2 mmol/L and the pH was adjusted by a CaO suspension of
0.25-1.75 mmol/L. The highest dose corresponds to a pH of 8.7, while the
efficiency of 226Ra and Ca2+ removal is 44.1% and 36.5%, respectively.

Test B was carried out without a dosing of ferric coagulant. Comparison of the
results in the figure indicates that 226Ra reduction, at comparable pH values, is
lower than with combined FeCl3 and CaO dosing. The increase in the 226Ra

100 i -

35 80

to
CM
CM

60

40

20 I
7.5 8.0 8.5

pH
9.0 9.5

FIG. 1. 226Ra content versus pH. The water source is Saky, near Kladno in Czechoslovakia. In
test A (o), FeCL3 and CaO were added; in test B (•), only CaO was added.
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removal efficiency with increasing pH values is in good agreement with the results
attained by Benes et al. [13]. However, it has been shown that by using natural water
samples, variations in pH can occur, as observed under model conditions. The possi-
bility of increasing the 226Ra removal efficiency was verified on water samples with
a 226Ra content of 0.28 Bq/L and uranium content of 0.2 mg/L collected from the
locality of Brandysek, corresponding to an alpha activity level of 5.0 Bq/L.

FeCl3 coagulant was added in an amount ranging from 0.75-2.0 mmol/L.
The results are shown in Fig. 2. The iron residual content was lower than 0.1 mg/L.
The radionuclide content expressed by the total alpha activity is seen to decrease with
increasing coagulant dose. The highest alpha emitter removal efficiency was
achieved by using the highest dose of 2.0 mmol/L, which corresponded to the result-
ing pH value of 5.75. The results of uranium determination were similar. This
explains the fact that the decrease in the total alpha activity with increasing coagulant
dose was controlled by the decrease in the uranium concentration.

The 226Ra content decreased with increasing coagulant dose up to a pH of
6.1, where the removal efficiency represented 71%. A further reduction in the pH
even with increasing Fe3 + doses resulted in a reduction in the 226Ra sorption
efficiency.

The relationship between a reduction in 226Ra content and pH in the coagula-
tion process indicates that a high rate of reduction efficiency can be achieved by the
optimization of pH and coagulant dose. This procedure can be applied on an opera-
tional scale, though reagent doses and other conditions must be verified for each case
separately.

1001—

0 0.5 1.0 1.5

Fe3 + (mmol/L)

FIG. 2. 226Ra, uranium and gross alpha activity contents versus added FeCl3. (o: 226Ra;
• : alpha activity; • : uranium.)
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2.3. Study of the effectiveness of adding natural materials

Another possibility for increasing coagulation efficiency is to add certain
substances. Properties of naturally occurring materials from the viewpoint of their
suitability for the reduction of the 226Ra content in water treatment were studied by
the authors [14]. They investigated the reduction of 226Ra in distilled and tap water
by sorption on silica, feldspar, limestone, dolomite, kaolin, biotite, bentonite and
phlogopite in batch experiments. The conductivity of tap water after standing for
some time was 385 piS/cm and the pH was 7.1. The substances mentioned above,
with a granularity of less than 0.1 mm, were added in increasing weight amounts to
the 226Ra model solution of 250 mL, which had a volume activity of 20 Bq/L.
Based on verified 226Ra sorption kinetics, a contact time of 2 h was chosen while
mixing in a shaker at an intensity of 180 min"1 at laboratory temperature.

The results were related to the 226Ra concentration determined under the same
conditions without the addition of the tested materials. 226Ra was determined by
means of the EDTA method. Sorption properties were compared using distribution
constants calculated from the relation

Kd = (ma/ms)V/m

where

Kd is the distribution constant (cm3/g);
ma ; ms are the quantities of 226Ra adsorbed and remaining in solution,

respectively (Bq);
Vim is the liquid/solid ratio (m3/g).

The subsequent processing of the results, including the evaluation of parameters of
the adsorption isotherm and modified distribution constant, was identical with that
given in Chapter 4-3 in Volume 1 of this publication.

The dependence of the reduction in 226Ra content on weighted amounts of the
tested substances in distilled and tap water is shown in Fig. 3, while the results of
the determination of distribution constants are given in Table III. Comparison of this
dependence (shown in Fig. 3) and the Kd values calculated for the tested materials
from distilled and tap water media indicate that in all cases ionic strength adversely
affects the efficiency of 226Ra content reduction. Least effects were observed with
biotite, where the ratio of average Kd values from distilled and tap water media was
2.1, followed by silica, phlogopite, dolomite, limestone and feldspar, with ratio
values of 4.3; 4.7; 4.9; 11.6 and 13.0, respectively. The most marked decrease in
efficiency was found in kaolin and bentonite, expressed by the ratio of the distribu-
tion constant as 82.7.

Owing to the addition of the tested materials, the conductivity rose to
5-60 £iS/cm in distilled water, with pH values being 7.2-9.0. In tap water, the
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FIG. 3. Effectiveness of 26Ra removal versus sorbent concentration. The batch system was
used, with a contact time oflh and shaking, (o : distilled water; • : tap water.)
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TABLE III. DISTRIBUTION COEFFICIENTS OF TESTED MATERIALS

Distribution coefficients
Tested (cm3/g; Kd ± a)
materials Distilled water Tap water

Silica 2040 ±420 480 ± 200

Feldspar 8720 ± 3260 670 ± 60

Limestone 1110 ± 260 96 + 10

Dolomite 11 200 ± 5000 96 + 10

Kaolin 11 500 ± 4100 139+21

Biotite 14 100 ± 5600 6660 ± 620

Bentonite 224 000 ± 76 000 2700 ± 170

Phlogopite 6400 ± 2500 1370 ± 170

resulting conductivity was 405-435 /*S/cm and the increase in the pH values was
lower compared with the experiments carried out in distilled water.

The results achieved suggest that the determination of the distribution constant
facilitates easy comparison of the 226Ra sorption properties of the tested materials.
The parameters ascertained can be used for the calculation of optimal dosages for
technological applications according to the relation proposed by Goldsmith and
Bolch [15] for man-made radionuclide sorption by clay slurry:

d(m/V) (K + mlV)1

The meaning of the symbols used is the same as in the case of the sorption
isotherm (see Chapter 4-3 in Volume 1 of this publication). This optimum dosage
is usually selected as the point at which very little additional radioisotope removal
is achieved by an increase in the quantity of tested materials. The slope at any point
of the curve equals the derivative of the function at that point. By setting the deriva-
tive equal to the desired limiting incremental per cent removal, the optimum dosage
of the tested materials can be calculated.



TABLE IV. TOTAL QUANTITY OF WATER THAT CAN BE TREATED BEFORE THE EFFLUENT REACHES A Ra-226

CONTENT OF 0.2 Bq/L [18]

Test

George West, Texas

Leesville, South Carolina

Springfield, North Carolina

South Congaree, South Carolina
1 column
2 columns

Flatonia, Texas
(loose)

Flatonia, Texas
(cartridges)

Flatonia,Texas
(multiple cartridges)

Ra-226 in

raw water
(Bq/L)

4.44

0.93

0.30

0.21
0.21

0.52

0.52

0.93

Mn fibres

used
(g)

80

40

40

40
80

40

200

6.9 x 104

Flow

rate
(L/min)

8

8

3

4
4

7

14

450

Water treated
before effluent

reached
0.2 Bq/L

6.0 x 104

1.1 x 10'

1.8 X 10'

5.8 x 10'
5.3 x 10'

6.0 x 10'

1.0 x 10'

5.4 x 104

Total Ra-222
deposited on
Mn fibres at

breakthrough
level of

0.2 Bq/L

266

100

56

122
111

311

52

52

Enrichment

coefficient
(cm'/g)

59.9 x 10'

107.5 x 10'

187.7 x 10'

580.9 x 10'
528.6 x 10'

598.1 x 10'

100.0 x 10'

55.9 x W3

a

1
SO

£

1
S
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FIG. 4. 226Ra content in raw and treated water versus the volume of treated water (water
source: Flatonia, Texas). ( • : Manganese fibre cartridge; o ; loose manganese fibres.)

3. PILOT PLANT TESTS

The main focus of the pilot plant tests was on 226Ra sorption on impregnated
acrylic fibres and waterworks sand with MnO2 preparation. Also tested was the
effectivity of softening processes using the lime-soda ash system.
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3.1. Sorption on MnO2

To establish the effectiveness of the manganese fibres in removing radium from
drinking water, numerous bench scale tests and one large scale test have been
performed by Moore and Cook [16, 17]. Both loose fibres and cartridge units were
tested [18]. Flow rates were 3-8 L/min using loose fibres and 14 L/min for the sin-
gle cartridge test.

226Ra in the water supply to the manganese fibre adsorber and in the effluent
water was used as an index of the effectiveness of the manganese fibres in each test.
The combined 226Ra and 228Ra activities of some of these supplies would require
that the 226Ra be reduced to below 0.2 Bq/L.

The 226Ra in the water tested ranged from 0.21-4.44 Bq/L and represented
numerous geographical locations. The total amount of water that could be processed
before the breakthrough point of 0.2 Bq/L is reached ranges by a factor of 10,
although the initial 226Ra content in the water ranged by over a factor of 20. The
total amount of 226Ra deposited on a given quantity of manganese fibres before the
breakthrough point only ranges by a factor of 6. The values mentioned are shown
in Table IV and the results from the location at Flatonia, Texas, are given in Fig. 4.
The last case in Table IV was implemented with the co-operation of the City of
Flatonia, the Texas Health Department and the USEPA using a commercial water
filtering system which housed 115 76-cm long cartridges. The variability with time
of radium in this groundwater illustrates that extensive data on the radium content
of the water are required before a treatment system can be designed. In the last
mentioned case, the manganese fibre system had been designed to reduce the radium
level from 0.6 to 0.2 Bq/L. The increase in radium in the input water to an average
of 0.9 Bq/L meant that 0.7 Bq/L had to be removed to meet the USEPA limit. This
removal rate was achieved for about one third of the test and the effluent water was
below 0.4 Bq/L (a removal rate of 0.6 Bq/L) throughout the test.

The primary problem identified in this test was the 'preferential' flow of water
through some of the cartridges. After completing the first test, fibre cartridges from
the centre of the housing contained up to six times more radium than did cartridges
from the outside.

The data obtained from these tests demonstrate that manganese fibres are effec-
tive agents for removing radium from drinking water. Between 54 000 and
600 000 L of water may be treated by 1 kg of manganese fibres. Clearly, more
engineering is required to develop optimum systems. In order to be able to compare
the high efficiency of the tested filter media with other processes, the environment
coefficient was determined from the specific 226Ra activity in the media and the
226Ra activity in raw water by volume, according to Table IV.

Although the method requires additional large scale tests in comparison with
various methods for removing radium from drinking water, adsorption of the radium
onto MnO2 coated fibres is a promising technique which is readily adapted to small
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TABLE V. WEIGHT DISTRIBUTION AND CHEMICAL COMPOSITION OF
WATERWORKS SAND FROM CENTRAL BOHEMIA (IN %)

Component

Weight (%)

Undissolved residue in the preparation

Fe2O3

CaCO3

MnO2

NH4
+

Tvrsice (A)

9.3

8.6

27

10.7

53.7

—

Location

Tlumacov (B)

27

—

2.4

27.8

43.0

0.03

water supply systems. Approximately 104-105 L of water may be treated by 1 kg
of manganese fibres before the effluent reaches the breakthrough point of 0.2 Bq/L.
Other chemical changes are minimal, so the water may be introduced to the distribu-
tion system without further treatment. Radioactive wastes produced by the treatment
are easily sealed for disposal as solid wastes.

Zacek [12] published results obtained in the investigation of 226Ra removal
from water withdrawn from a cenoman aquifer in central Bohemia, Czechoslovakia,
by sorption on waterworks sand. The sand was collected from filter media used for
Mn2+ removal in water treatment plants. The composition of the prepared sand is
shown in Table V.

The medium of filter I, with an inner diameter of 12 cm and height of 180 cm,
comprised a supporting layer of sand of greater grain size, with a depth of 8 cm and
with about 100 cm of sand from the Tvrsice location. The medium of filter II, having
the same dimensions, also included a supporting layer of larger grain size sand 8 cm
in depth, with about 80 cm of sand from Tlumacov, the upper layer formed by filtra-
tion carbon FU2, with grain size 2-3 mm and layer depth about 40 cm. The filters
were equipped with piezometers to measure pressure conditions.

Pilot plant tests to treat radioactive groundwater have proceeded continuously.
They were executed in two stages. In the first stage, aerated and filtered water was
delivered to columns, while in the second stage the columns were connected only
to the aeration device. Operational monitoring of the device covered discharge,
pressure, temperature and water composition. The filtration rate in the high columns
amounted to 15.9 m/h.
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FIG. 5. Efficiency of Ra removal from groundwater by filtration through impregnated
waterworks sand. 1: First filter (scale: 95-100); 2: second filter (scale: 80-100).

Chemical monitoring of filter performance led to the observation that there
were only negligible variations in the pH values, and in hydrogen carbonate, calcium
and magnesium ion contents and oxidization ability. Iron was generally not present
in 'raw water' (or only exceptionally up to approximately 0.3 mg/L, and even this
quantity was held back on the prepared medium). Only in the second stage of the
tests did raw water contain iron, at a concentration of about 1.5 mg/L. This quantity
of iron was also held back in the prepared medium. Manganese did not occur in the
treated water.

Figure 5 shows the high efficiency of the 226Ra removal achieved. Filters
packed with prepared sand with a high MnC>2 content from Tvrsice were substan-
tially more effective than filter II, which had sand from Tlumacov and filter carbon.

The use of a filter column containing about 11.3 L of a filter medium (location:
Tvrsice) resulted in satisfactory radium removal efficiencies being achieved after a
minimum cycle run of 200 h, even though there was a high concentration of radium
in the raw water. During the cycle run, a quantity of water corresponding to about
3190 multiples of the medium volume passed through the filter medium in the high
column containing filter sand from Tvrsice. The time of the protective action with
respect to radium was longer than the protective action of the filter for iron.
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The method of reducing radioactive water pollution using sorption on prepared
waterworks sand is very effective in removing radium from water. An advantage of
this process is also the possibility of at least partly regenerating the filter bed [19].
This effect is primarily dependent on the composition during preparation (i.e. the
MnO2 content in the preparation) and increases with growing MnO2 content in the
preparation. Sand with a higher CaCO3 content in the preparation is not only less
active, but also more difficult to regenerate.

3.2. Lime softening (Ref. [20])

Two test runs were carried out to determine the removal of 226Ra from raw
water obtained from Elgin, Illinois, by lime softening. The experiments were carried
out in a water treatment pilot plant that included two rapid mixed tanks (in series),
a flocculation basin, sedimentation basin and filters. The filters consist of 10.8 cm
diameter clear plastic cylinders providing 93 cm2 of media surface area. For the
radium removal studies, two parallel filters were used. One was a dual media filter
containing 50.8 cm of No. 1 Vz anthracite filter media over 30.5 cm of 0.4 mm effec-
tive size sand. The other filter consisted of 76.2 cm of granular activated carbon.
The filtration rate was controlled at 163 L-mnr ' -nT 2 .

For the first test run, lime at 220 mg/L was fed into the second rapid mix tank
to increase the pH to 9.5. Commercial grade lime was used and fed as a 4% slurry.
The water was then flocculated, settled and filtered.

Duplicate 1 L grab samples of the raw, settled and filtered water were
collected three times during the test period. The settled and filtered samples were
collected about 7 h after the raw sample, the approximate time required for the water
to flow through the flocculation and settling basins. All samples were preserved with
1.5 mL of nitric acid.

The pilot plant was operated in a slightly different manner during the second
test run. For this test, 270 mg/L of lime was added to increase the pH to 10.6. After
settling, the treated water was pumped through the other treatment system where the
water was recarbonated to lower the pH to 8.6, settled for a second time and then
filtered. Grab samples were also collected of the raw, settled and filtered water.
Water samples from the first settling basin were collected about 7 h after the raw
samples. Water samples from the second settling basin and filters were collected
about 14 h after the raw samples.

The results of the two tests indicated that pH affects the removal of 226Ra
(Table VI). Lime softening at pH9.5 resulted in a removal rate of 19% for settled
water and 84% for filtered water. Excess lime softening to pH10.6 achieved 92-93%
removal rates in the settled water and 93-95% in the filtered water. Little or no
difference in removal rates was noted between the two types of filters, indicating that
the carbon filter did not achieve any additional removal by adsorption.



TABLE VI. Ra-226 REMOVAL IN AN EPA LIME SOFTENING PILOT PLANT AT ELGIN, ILLINOIS

Water softened to pH9.4-9.5
Average (n = 3)

Step in water treatment process Concentration
(mBq/L)

Removal percentage

Raw

Settled

Dual media filter

Activated carbon filter

160.6 ± 17.8

32.9 ± 6.7

25.2 ± 3.3

24.8 ± 2.6

79.1 ± 5.9

84.0 ± 3 . 2

84.3 ± 2.3

a

I

2
Water softened to pHlO. 6, recarbonated to pH8.6

Average (n = 3)

Step in water treatment process Concentration
(mBq/L)

Removal percentage

Raw

First settling basin

Recarbonation settling basin

Dual media filter

Activated carbon filter

178.3 ± 7.0

14.1 ± 0.7

13.0 ± 0.7

11.1 ± 0.0

8.6 ± 2.6

92.2 ± 0.3

92.8 ± 0.4

93.8 ± 0.1

95.2 ± 1.3
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4. OPERATIONAL EQUIPMENT

The process involved in 226Ra removal during water treatment can be divided
as follows:

(a) Conventional processes with a relatively low rate of 226Ra removal efficiency.
These were:

— aeration;
— sedimentation;
— iron and manganese removal;
— coagulation and sorption, respectively, special methods derived from

demineralization processes, e.g. hardness reduction with high 226Ra
removal efficiencies;

— reverse osmosis;
— ion exchange;
— lime-soda ash softening system.

None of the indicated methods were specially designed for the reduction of
226Ra contamination in treated water, serving originally for water treatment
with regard to other water quality indicators.
The methods specially developed for 226Ra removal were those using acrylic
fibres impregnated with MnO2 according to available information (see
Section 3).

(b) 226Ra analyses. The investigation of potential radioactivity removal in water
treatment plants always involved co-precipitation with mixed barium and lead
sulphates, or the radon emanation method. The typical overall precision of the
226Ra analyses was roughly less then ±10% above 40 mBq/L and ±4%
below 40 mBq/L.

4.1. Aeration and sedimentation

The standard municipal water treatment processes mentioned above are used
to oxidize ferrous iron to ferric ion, and subsequently remove this undesirable
constituent in settling ponds. The removal of radium by aeration and settling is said
to be based upon adsorption on the precipitated ferric hydroxide and while the
suspended solids are separated in a settling pond.

Sedimentation is usually followed by filtration or oxidation by potassium
permanganate or chlorine dioxide. The 226Ra level reduction is most frequently
determined before these treatment stages (see Section 4.2).

Brinck et al. [20] noted for several supplies that there was a significant reduc-
tion in 226Ra content after aeration and detention alone, even before the water was



TABLE VII. Ra-226 AND IRON REMOVAL AT WATER TREATMENT PLANTS USING IRON AND MANGANESE
REMOVAL PROCESSES

City

Adair, Iowa

Stuart, Iowa

Eldon, Iowa :

Estherville,
Iowa

Herscher,
Illinois

Holstein, Iowa

Brandysek,
Czechoslovakia

Process

Iron and manganese
removal

Iron and manganese
removal

Ion exchange
pretreatment

Ion exchange
pretreatment

Ion exchange
pretreatment

Ion exchange
pretreatment

Iron and manganese
removal

Filter type

Greensand

Coal filter
media

Coal filter
media

Coal filter
media

Coal filter
media

Coal filter
media

Sand
prepared
with MnO2

Sampling point

Well
Filter effluent

Well
Filter effluent

Well
Filter effluent

Well
Filter effluent

Well
Filter effluent

Well
Filter effluent

Well
Filter effluent

Raw
water

pH

6.7-6.9

7.6-7.9

7.8

7.7

7.6-8.3

7.4-7.6

6.9

Ra-226

Amount ,
in sample
(mBq/L)

481
296

592
444

1813
1591

211
189

533
248

481
266

275
195

Removal

38

25

12

11

53

45

29

Iror

Amount
in sample

(mg/L)

1.1
0.02

0.94
0.03

2.0
0.3

2.0
0.67

0.1
0.0

1.8
0.05

0.36
0.1

I

Removal

98

97

85

66

:

97

72

Manganese

Amount
, Removal

in sample
(Wn\

(mg/L)

0.01 -
0.01 -

0.01 -
0.01 -

0.01 -
0.01 -

0.24 -
0.27 -

0.48 -
0.02 96

0.15 -
0.01 93

0.5 -
trace —

H
A

N
SL

IK
 and

1
5



Saky,
Czechoslovakia

Studeneves,
Czechoslovakia

Hajska,
Czechoslovakia

Iron removal

Iron and manganese
removal

Iron and manganese
removal

Sand
prepared
with MnO2

Dolomite
deacidifying
media
+ sand

Sand
prepared
with MnO2

(aeration)

Sand
prepared
with MnO2

(aeration)

Well
Filter effluent
First stage

Filter effluent
Second stage

Well
Filter effluent

Well
Filter effluent

7.2

6.8

7.1

530
382

245

70
27

16
5

28

36

61

69

1.2
0.2

Trace

1.6
0.05

4.3
0.1

83

97

98

Trace

0.65
0.01

0.5
0.01

—

98

98
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filtered. For the water resource at Grinnell, the efficiency of detention as a pretreat-
ment for 226Ra prior to ion exchange was found to be 15%. The 226Ra level in raw
water was 0.25 Bq/L and the iron content was 0.7 mg/L. The reduction in iron
content amounted to 42% at pH7.6.

Dickson et al. [21] reported their experiences with aeration and sedimentation
used for 226Ra reduction in mineral water. Studies revealed that the dissolved 226Ra
content decreased markedly when the spring water was aerated. The sediment
removed contained ferric hydroxide. The formation of such sediment in storage tanks
and its removal prior to bottling may create a possible radiation hazard.

Kosarek [11] presents a critical evaluation of the effectiveness of 226Ra reduc-
tion technologies, from which it is learned that the removal efficiency of the methods
averages 18%; they are thus unsuitable radium removal technologies.

4.2. Coagulation

Investigations carried out under operational conditions have shown that the
efficiency of coagulation processes for the reduction of 226Ra content is low. In a
USEPA report [22], it was demonstrated that coagulation without softening could
remove up to 25% of 226Ra; however, the results were variable and difficult to
control. The results of coagulation tests, described in detail in Section 2, show that
by optimizing the coagulant dosage and pH, a removal efficiency of 80-90% can be
achieved.

4.3. Iron and manganese removal

The presence of iron and manganese in drinking water is undesirable primarily
because of taste; the precipitation of these metals also turns the water a turbid
yellow-brown colour. The treatment processes employed in the removal or control
of iron and manganese are as follows (see Refs [10, 20, 23, 24]):

(1) Precipitation and filtration by aeration, detention (or sedimentation) and filtra-
tion, or by oxidation by potassium permanganate, chlorine, or chlorine dioxide
or combined aeration and addition of the above mentioned oxidants.

(2) Ion exchange with a continuously regenerated permanganate greensand filter,
or manganese sorption on waterworks sand prepared with MnO2

The efficiency of these processes was investigated in selected water treatment
plants with high raw water gross alpha or 226Ra contents. A list of the water
supplies and some pertinent characteristics are shown in Table VII. The 226Ra
reduction varied from 11 to 69%. With the object of explaining the factors affecting
226Ra removal efficiency, the authors of this paper investigated the 226Ra content in
waterworks sludges and preparations of waterworks sand in detail [25].
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TABLE VIII. CHARACTERISTIC DATA OF THE INVESTIGATED WATER
TREATMENT PLANTS, MEAN TREATED WATER STREAM, Q, CONCEN-
TRATION OF RADIONUCLIDES AND SPECIFIC CONDUCTIVITY, H, IN
RAW WATER

Treatment plant, Q Ra-226 U H
treatment processes (L/s) (mBq/L) Og/L) (^S/cm)

Saky

Two stage: pressure filtration.
First stage: sand prepared
with MnO2 10 530 8 890

Second stage: sand prepared
with MnO2 + deacidifying
material (9+1) — — — —

Brandysek

One-stage pressure filtration:
sand prepared with MnO2 7 275 200 1179

Studeneves

INKA aeration, sedimentation,
filtration — open filters 32 70 2.4 983

Hajskii

Aeration, sedimentation,
pressure filtration 25 16 0.4 250

The content of radioactive substances in waterworks sludges and filter beds
was investigated in selected groundwater treatment plants under normal operating
conditions. The technologies in the water treatment plants investigated were not
designed with the object of reducing the content of radioactive substances in water.
The investigations of water treatment plants that had been operating for several
years showed that radionuclide removal took place predominantly by means of
co-precipitation and sorption on waterworks sludges and on the MnO2 enriched
sand layer. The sludges were periodically removed under a selected regime of filter



TABLE IX. SPECIFIC ACTIVITIES OF

AND VALUES OF THE ENRICHMENT

Treatment plant

Sludge:

First stage Fl
F3

Second stage F2
F4

Filter media:

First stage Fl
F3

Second stage F2
F4

Sludge

Filter media

WATERWORKS SLUDGES

COEFFICIENTS

Total activity

Alpha

(Bq/g)

30.3
38.3

72.8
88.2

0.45/136.4"

29.2/3073.7a

44.9

3.6/235.5a

Beta

(Bq/g)

Saky

16.4
18.7

37.9
42.4

2.9/87.9a

11.3/1189.5"

Brandysek

38.9

1.4/92.8"

AND FILTER

Ra-226

(Bq/g)

8.9
12.5

16.9
21.0

1.9/74.4"
1.5/44.53

11.6/1003.3"
8.9/780.1"

4.0

0.32/21.2"

MEDIA RELATED TO

Enrichment

Sludge,
preparation

MnO2

(cm'/g)

17 x 10'
24 x 10'

32 x 10'
40 x 10'

140 x 10'
84 x 10'

1890 x 10'
1470 x 10'

15 x 10'

77 x 10'

DRY WEIGHT

coefficient

Filter
media

—

—

3.6 x 10'
2.9 x 10'

22.7 x 10'
16.2 x 10'

—

1.2 x 10'

250

X

1

>
en

3
S



Filter media

Sludge

Filter media

Sludge

1.7/223.63

0.55

3.4/15.03

Studeneves

- 22.8

0.97/129.3a

Hajsksi

0.70

11.3/5.8a

15.4

0.19/25.3a

0.08

0.70/3. l a

11.3

360 x

5 X

194 x

103

103

103

160 x 103

2.7 x 103

44.0 x 103

The specific activity referring to the MnO2 enriched layer is also expressed in the case of filter media.

se
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backwashing, clearing of sedimentation basins, etc. The specific activity of radio-
nuclides in the layer of the enriched waterworks sand layer containing iron
hydroxides, manganese oxides and other compounds was constant and represented
a steady state.

The water treatment plants investigated in central Bohemia were Saky,
Studeneves, Brandysek, and Hajska in south Bohemia. Brief characteristics of the
water treatment technologies and the quality of the treated water are given in
Table VIII.

The results of the specific activity of the analysed samples are given in
Table IX. The specific activity of the filter media are directly proportional to the
weight portion of the MnO2 enrichment of the waterworks sand. To facilitate a
comparison of the different processes, these activities were recalculated to give the
specific activity of radionuclides only in the MnC>2 enriched sand. In addition, the
values of the enrichment coefficient for 226Ra were calculated, as was similarly
done in Section 2.

The values of the enrichment coefficients for 226Ra and waterworks sludges
were in a range between 5 and 160 X 103 cm3/g. Based on knowledge of the
treatment technology in the different water treatment plants, it can be stated that the
highest distribution coefficient was found in the Studeneves water treatment plant,
where, in the first treatment stage, an INKA aeration system was included, reducing
the acidity by 41% following the addition of a KMnO4 solution. Both of these
factors increase the reduction in 226Ra content. The higher values of the enrichment
coefficients found in the Saky water treatment plant at the second filtration stage can
be accounted for by the increase in pH owing to the dolomitic deacidifying agent
which binds part of the free CO2. Lower enrichment coefficients found in the
Brandysek water treatment plant and at the first filtration stage at Saky were attained
when the initial raw water acidity was maintained; in both cases, filtration proceeded
along closed pressure filters. The lowest enrichment coefficients were found in the
Hajska water treatment plant, with the lowest 226Ra content in raw water. It can be
assumed that the increased calcium content (added in the form of a lime suspension)
interferes with 226Ra sorption.

The 226Ra distribution coefficients in MnO2 prepared waterworks sand,
including the dissolved part of the dolomitic deacidifying agent in the filter medium
of the second filtration stage at Saky, are markedly higher than those in the sludges.
The absolutely highest values, on the average 1890 X 103, were found for the filter
medium of the second filtration stage in the Saky water treatment plant when, in
addition to the sorption processes on iron and manganese oxides, ion exchange with
the deacidifying agent occurred. In the other cases, where common sorption on the
MnO2 prepared waterworks sand occurs, higher values were found at Studeneves
for reasons given in the sludge evaluation.

The enrichment coefficients for the specific activity of 226Ra in the filter
media are lower in relation to the weight parts of the MnO2 prepared sand. The
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higher efficiency of the dolomitic deacidifying agent indicates additional possibilities
for increasing the capacity of 226Ra removal. However, it is essential to exchange
the filter medium after the penetration of 226Ra above the required level.

From the comparison of the enrichment factors for waterworks sand and for
acrylic fibres impregnated with MnC>2, it is evident that the capacity of the fibres
for comparable activities is always approximately higher by an order of magnitude
of 1-2. The reason can be seen especially in the higher content of MnO2 in the
acrylic fibres. However, the efficiency of the fibres under various conditions must
still be tested, in particular because of the clogging by iron hydroxides that has to
be assumed is always present in groundwater.

4.4. Reverse osmosis (Refs [20, 26])

Reverse osmosis is a physical membrane separation technique by which an
applied pressure greater than the solution's inherent osmotic pressure is applied upon
a semipermeable membrane. A characteristic of semipermeable membranes used for
reverse osmosis is that their rejection of multivalent ions, such as Ca2+ , Mg2 + ,
Ra2+ and SO2.", is greater than of monovalent ions, Na1+, Cl1", etc. [27]. The
results are a:

— Purified or permeate stream containing 2-8% of the total dissolved solids
(TDS),

— Brine which retains the bulk of the dissolved solids and is an effluent
by-product.

The primary advantages of reverse osmosis are its high rate of rejection of
dissolved solids in raw water and its suitability for use in small systems. There are
some disadvantages to reverse osmosis, including:

— High initial and operating costs,
— Need for pretreatment of raw water using turbidity removal; treatment with

acid and other chemicals to prevent fouling of the membranes by slimes,
suspended solids, iron and manganese; and precipitation of calcium carbonate
and magnesium hydroxide.

— Need to stabilize 'finished' water with lime or other chemicals to prevent
corrosion in distribution systems.

Table X presents radium removal data from nine reverse osmosis plants and
further data about the TDS content, hardness in terms of CaCO3 and the composi-
tion of 'reject' water. The data for Sarasota Bay and Nokomis School are valid for
20 min after the start of the process. The differences between the TDS removal and
radium removal results from the quantity of monovalent ions that passed through the
membrane. It is assumed that a well operated reverse osmosis unit can remove 96%
of the influent radium activity.



TABLE X. Ra-226 REMOVAL IN REVERSE OSMOSIS PLANTS

Plant

Greenfield, Iowa

Sarasota Bay MHP,
Florida

Bay Lakes Estates MHP,
Florida

Kings Gate TP, Florida

Spanish Lakes MHP,
Florida

Sorrento Shores, Florida

Venice, Florida

Bay Front TP, Florida

Nokomis School, Florida

Raw

519

759

119

583

389

170

125

448

411

Ra-226

Product

22

12

5

74

44

8

10

23

19

(mBq/L)

Removal
percentage

96

98

96

87

89

95

92

95

95

Reject

1593

1401

—

759

291

290

718

440

Raw

2160

2430

2532

1620

1327

3373

2412

895

1442

TDS

Product

164

62

113

256

158

404

129

66

109

(mg/L)

Removal
percentage

92

97

96

84

88

88

95

93

92

Reject

—

4540

—

3380

5330

5328

1578

1582

Hardness as

Raw

610

1612

1620

1020

865

1980

1425

570

795

Product

29

34

68

134

98

70

44

32

56

CaCO3 (mg/L)

Removal
percentage

95

98

96

87

89

97

97

94

93

Reject

—

3000

_

—

2130

3100

3050

980

890

a

g
Z
t/i

I
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4.5. Sodium cation exchange

Radium removal by ion exchange is related to hardness removal [22-24, 28].
When hard water is passed through a sodium cation exchanger, the calcium,
magnesium and radium in the hard water replace the sodium on the exchange
medium. Because the reaction is reversible, the cation exchange medium can be
regenerated with a solution of sodium chloride after all of the readily replaceable
sodium has been exchanged. In the regeneration process, the calcium and magnesium
on the exhausted cation exchanger are replaced by a fresh supply of sodium from
the regenerating brine solution. Then, after washing to free it from the calcium and
magnesium cations and excess salt, the regenerated exchanger is ready to soften a
new supply of hard water. The ion exchange media studied included both naturally
occurring greensand and synthetic polystyrene resins (zeolite).

Well operated ion exchange plants can remove 95 % or more of the radium in
raw water. Because radium removal still takes place for a period of time after the
resin ceases to remove hardness (Ca2+ and Mg2+), regeneration to achieve good
hardness removal will assure good radium removal. Naturally, the blending of raw
and softened water recontaminates the treated water with radium. This practice is
common for ordinary municipal zeolite softening plants, but it could result, in some
instances, in the production of water exceeding the radium MCL. Blending must be

100

^ 80

o

60

40 60 80
Total hardness removal (%)

100

226-rFIG. 6. ^"Ra removal efficiency versus total hardness removal in ion exchange plants
before blending. ( A ; Dwight Correctional Center; A : Eldon; x .• Estherville; o Grinnell;
• : Herscher; a : Holstein.)



TABLE XI. Ra-226 AND HARDNESS REMOVAL AT WATER TREATMENT PLANTS USING ION EXCHANGE
PROCESSES

to

City

Dwight Correctional
Center, Illinois

Eldon, Iowa

Estherville, Iowa

Grinnell, Iowa

Softener
type

Greensand

Zeolite

Zeolite

Zeolite

Sampling
point

Well

Softener effluent

Distribution system

Softener influent

Softener effluent

Distribution system

Softener influent

Softener effluent

Distribution system

Softener influent

Softener effluent

Distribution system

Amount
in sample
(mBq/L)

120

13

24

1591

70

318

189

11

15

211

7

52

Ra-226

Removal
percentage

—

89

—

—

96

—

—

94

—

—

97

—

Amount
in sample

(mg/L)

286

43

67

360

10

136

915

46

76

387

11

120

Hardness

Removal
percentage

—

85

—

—

97

—

—

95

—

—

97

—

a
V3

>

!



Herscher, Illinois

Holstein, Iowa

Lynwood, Illinois

Zeolite

Zeolite

Zeolite

Softener influent

Softener effluent

Distribution system

Softener influent

Softener effluent

Distribution system

Well

Softener effluent

Distribution system

248

159

89

266

19

30

544

15

67

81

—

—

93

—

—

97

—

404

83

141

885

18

346

848

—

78

79

—

—

98

—

—

—

—

n
>
tnw



TABLE XII. Ra-226 AND HARDNESS REMOVAL AT WATER TREATMENT PLANTS USING LIME-SODA ASH £

SOFTENING °°

City
Sampling

point

Ra-226

Amount
in sample
(mBq/L)

Removal
percentage

Hardness

Amount
in sample

(mg/L)

Removal
percentage

pHof
process

Elgin, Illinois

Peru, Illinois

Well

Filter effluent

Well

Filter effluent

207

30

215

41

88

81

237

102

326

94

57

71

sn.

8.4

Webster City, Iowa
(August 1974)

Well

Clarifier,
first effluent

Clarifier,
second effluent

Filter effluent

226

70

96

33 85

507

333

282

262 48

10.0

10.1

9.3



Webster City, Iowa
(February 1975)

West Des Moines,
Iowa

Well

Clarifier
effluent

Filter effluent

Well

Contact unit
effluent

Filter effluent

289

22

11

344

96

89

96

75

482

150

106

376

215

190

78

50

11.0

9.9

10.1-10.4

9.4-9.5

to
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given careful study before it is used at a radium removal plant. The radium concen-
tration in raw water could be the controlling factor in the amount of blending that
would be permitted in order to meet the radium limit in drinking water.

The results of measurements at ion exchange process water treatment plants
are shown in Table XI and in Fig. 6. The data shown from the plants in Illinois were
the averages of nine separate data points. The ranges for the percentages of reduction
of 226Ra through softeners at the three cities were 70.7-98.3 at Dwight, 68.4-93.9
at Herscher and 94.7-98.2 at Lynwood.

It was determined that removal varies somewhat during a softener cycle
between regenerations. 226Ra removal usually continues for a short period after
hardness breakthrough occurs. However, if the cycle continues for a longer period
after hardness breakthrough, the 226Ra removal rate drops rapidly.

Samples of softener brine and rinse effluent during regeneration were taken at
various times during the regeneration cycle. Regeneration normally requires 1-2 h.
It was found that the major portion of 226Ra leaves the ion exchange media over
a rather short period: 10-30 min. The maximum 226Ra concentrations in the
softener brine and rinse effluents ranged from 11.8 to 129.5 Bq/L [20, 22-24, 28].

4.6. Lime-soda ash softening

This process of softening depends on the use of lime and soda ash to change
the soluble calcium and magnesium compounds into nearly insoluble compounds that

100

80

DC
CO
CM

60

40

20 -

pH
10 11

FIG. 7. 22 Ra removal efficiency versus pH of treatment for the lime-soda ash process.
(X: Peru; +: Webster City, 1974; D : Webster City, 1975; • .• West Des Moines; o : Elgin,
USEPA, pilot plant; A : Engelwood; A .- Venice.)
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TABLE XIII. RADIUM MEASURED IN LIME SLUDGE AND FILTER BACK-
WASH AT FOUR WATER TREATMENT PLANTS

City
Ra-226

in lime sludge

(Bq/g)

0.23

0.33

36.3

85.2

Ra-226
in filter backwash

(Bq/L)

0.68

1.37

1.85

0.23

Elgin, Illinois

Peru, Illinois

Webster City, Iowa

West Des Moines, Iowa

TABLE XIV. Ra-226 REMOVAL EFFICIENCY IN WATER TREATMENT

PROCESSES

Type
Efficiency
of removal

Separation
mechanism

Maximum allowable
dissolved radium
in feed to retain

USEPA standard of
0.2 Bq/L

Reverse osmosis

Ion exchange

Manganese impregnated
acrylic fibres

Lime-soda ash

softening

Aeration

Coagulation

Greensand filtration
and waterworks
sand

Sand filtration

96%

95%

96%

85%

15%

80%

50%

Varies with
the amount
of suspended
solids

Physical

Cationic exc

Adsorption

Precipitation

Adsorption

Adsorption

Adsorption

Physical
removal of
suspended
material

4.8 Bq/L

3.8 Bq/L

4.8 Bq/L

1.3 Bq/L

0.2 Bq/L

0.8 Bq/L

0.4 Bq/L
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are flocculated, settled and filtered. The conditions needed for carrying out the
precipitation of calcium and magnesium vary because different pH levels are needed
for each — approximately pH9.5 for maximum precipitation of calcium carbonate
and pH10.5 for maximum precipitation of magnesium hydroxide. Thus, if the
magnesium concentration is low, treatment to a pH level of 9.5 will be sufficient.
If the magnesium concentration is high, excess lime to produce a pH of 10.5 can be
used. A more economical treatment is to raise the pH to 10.5 in order to precipitate
the magnesium in a primary basin, then recarbonate with carbon dioxide to pH9.5
to precipitate excess calcium in a secondary basin.

Normally, soda ash is added as needed to precipitate non-carbonate hardness,
but, because of a shortage of soda ash, the West Des Moines, Iowa, plant was using
only a small quantity. The Webster City plant was using lime only during the
August 1974 measurements, but was using soda ash during the February 1975
restudy.

The results of measurements obtained at water treatment plants using lime-
soda ash softening are shown in Table XIII. That the pH of the softening process is
a parameter that controls radium removal, at least for water containing both calcium
and magnesium, is demonstrated in Table XII and Fig. 7. In plotting Fig. 7, data
from Elgin, Illinois, water at the USEPA pilot plant (see Section 3) and data for
Englewood and Venice, Florida, were used, based on their graphical treatment [22].
It follows from Fig. 7 that the radium removal percentages increased as the pH of
the process increased.

The data shown from the plants in Illinois are the averages of three separate
data points, taken at approximately one week intervals. Ranges for the percentage
reduction of 226Ra at the two cities were 86.0-89.9 at Elgin and 70.6-92.4 at Peru.

Samples of lime sludge and filter backwash water were also collected. The
results are shown in Table XIII.

4.7. Comparison of 226Ra removal technologies with a view to their efficiency

From findings about the effectiveness of the technologies used for 226Ra
removal, the technology for the given quality or 226Ra content in raw water can be
derived. For a one stage system, Kosarek [11] studied the possibility of using model
processes. The data are extended by findings regarding the reduction in 226Ra
content in laboratory coagulation tests and on waterworks sand (Ref. [10]; see
Table XIV).

In multistep systems, or combinations of the above mentioned methods, the
resultant efficiency of 226Ra removal can be appropriately improved.
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5. DISPOSAL OF TREATMENT WASTES

Each of the treatment processes for removing radium from potable water
generates some sort of waste stream. These wastes must be disposed of in an environ-
mentally acceptable manner.

Relatively high concentrations of radium in wastewater and sludge must be
considered in determining the final disposal of these wastes. Currently, such wastes
are generally discharged into water courses. An exception is the discharge, in most
instances, of lime sludge into evaporation lagoons. These practices may not be
acceptable for the safe disposal of radioactive wastes. Additional research is needed
to determine the most effective methods of waste disposal.

Alternative methods for waste disposal from lime softening processes, ion
exchange and reverse osmosis were reported by Singley et al. [29]. A brief summary
is presented (after Ref. [22]).

5.1. Methods for lime sludge disposal

Alternatives for the disposal of lime sludge are numerous and varied. The
following are several of the more important.

Discharge
— Into sanitary sewers;
— Into local receiving water;
— By wet pumping, or trucking to a local sanitary landfill.

Storage
— Permanent 'lagooning';
— Sanitary landfill: .

(a) with prior temporary lagooning,
(b) with prior mechanical dewatering — vacuum filtration, centrifugation,

etc.;
— Other natural or man-made depressions (all with some dewatering before

transportation):
(a) strip mine areas,
(b) borrow pits and quarries,
(c) others.

Use
— Direct without drying: farmland and pasturelands;
— With prior dewatering:

(a) farmland and pastureland,
(b) road stabilization,
(c) calcination and recycling.
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Disposal
— Direct recharge to aquifers;
— With prior dewatering: salt mines, coal mines, etc;
— As nuclear wastes.

5.2. Methods for lime softening backwash disposal

Alternatives for the disposal of filter backwash are fewer than for the lime
sludges. Some methods will depend on location, plant capacity and operational
factors. Several of the more important alternatives follow.
Discharge

— Into a sanitary sewer;
— Into local receiving water.

Storage
— Tanks or lagoons:

(a) for settling and decanting into receiving water;

(b) for settling and pumping the supernatant back to the plant.

Disposal as nuclear wastes

5.3. Ion exchange brine disposal

One of the problems created by sodium cycle ion exchange softening is the
disposal of spent brine from the regeneration cycle. In view of increasing water
pollution control requirements, this high salinity water may face severe limits on
discharge. The problem becomes even more sensitive when the wastes contain
elevated levels of radium.

The waste products from the brine and rinse cycle are composed primarily of
the chlorides of calcium and magnesium and the excess salt necessary for regenera-
tion. The total solids in a composite sample may vary from an average concentration
of 50 000-100 000 mg/L to a maximum of 70 000-200 000 mg/L.

Disposal techniques may be limited by considerations of salinity rather than
radium concentration. A list of potential alternatives for handling the wastewater
streams is as follows:
Discharge

— Into sanitary receiving water:
(a) streams,
(b) oceans.

Storage
— Evaporation lagoons;
— Land spreading.

Use-recovery



TABLE XV. CAPITAL AND ANNUAL PRODUCTION COSTS FOR WATER TREATMENT PLANTS FOR LOW, MEDIUM

AND HIGH LEVELS OF Ra-226 CONCENTRATIONS, BASED ON TREATING TO THE RADIUM STANDARD OF 0.2 Bq/L

(1977 COSTS IN US$)

Treatment

Plant capacity (1000 m3/d)

Low

Plant capacity (10 000 m3/d)

Ra-226 concentration

Medium High Low Medium High

Capital costs ($ x 1000)

Lime softening

Low exchange

Reverse osmosis

100

115

115

115

115

130

135

115

135

800

1020

1020

1000

1020

1100

1030

1020

1120

Annual production costs ($ per 1 m3)

Lime softening

Low exchange

Reverse osmosis

0.22

0.26

0.30

0.27

0.27

0.31

0.28

0.28

0.32

0.11

0.24

0.29

0.17

0.25

0.29

0.25

0.26

0.29
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Disposal
— In deep aquifers;
— In oil well fields;
— As nuclear wastes.

5.4. Disposal of reverse osmosis wastes

Dissolved solids rejected by the membrane in a reverse osmosis unit flow from
the unit in a more concentrated waste stream and in a continuous flow. The Green-
field plant was reported to have converted 67% of the flow to potable water, wasting
33 % of the raw water flow as brine. Because the wastes are produced continuously
in large volumes, the waste strength (three to four times the raw water concentration)
is lower than the ion exchange brine strength. Disposal into a sewer may be feasible
for reverse osmosis wastes.

6. TREATMENT AND DISPOSAL COSTS FOR REMOVAL

The costs of water treatment by reverse osmosis for exchange and lime-soda
ash softening for 226Ra removal were calculated by Singley et al. [29]. Their
computations were based in part on work by Volkert [30]. Cost comparisons were
made by Kosarek [11] and Moore [17]. Singley et al. [29] based cost calculations
on the need to treat water with low, medium and high TDS concentrations and low,
medium and high radium concentrations (see Table XV).

The unit costs of treatment for radium removal decrease as plant capacity
increases, but also increase with higher TDS values and higher raw water radium
concentrations. Reverse osmosis is the most expensive process, although it is the
most suitable for automated plant operation and use in small plants. Ion exchange
disposal, which is generally used in a batch process, is estimated to be the least
costly, whereas lime softening disposal has most frequently been the process of
choice in large treatment plants.
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1. INTRODUCTION

Uranium and its decay series are associated with phosphate deposits of marine
origin. Consequently, phosphate mineral extraction and processing, associated waste
management and product and by-product use can be sources of radium in the
environment.

About two-thirds of the world's commercial phosphate originates in Morocco,
the United States of America, and the Union of Soviet Socialist Republics. The
remainder comes from over twenty-five countries around the world (see Table II in
Chapter 1-5 of this volume for worldwide production). In the USA, commercial
mining takes place primarily in Florida, with additional operations occurring in
North Carolina, Tennessee, Idaho, Montana, Wyoming and Utah [1, 2],

The extracted mineral, phosphate rock, is further processed to produce phos-
phoric acid, fertilizer ingredients, animal feed ingredients, elemental phosphorus and
other phosphate products in chemical plants both near and remote from the mining
and beneficiation locations. Because of this diverse spectrum of activities, considera-
tion of radionuclide pathways to the environment is facilitated by dividing the indus-
try into five segments:

(a) Mining and beneficiation,
(b) Phosphate rock drying and dry rock handling,
(c) Wet process phosphoric acid production,
(d) Production of phosphate products,
(e) Elemental phosphorus production by the thermal process.

2. MINING AND BENEFICIATION

Phosphate deposits occur at varying depths, ranging from surface outcroppings
to those with 100 m or more of overburden. At the present time, operations in the
USA consist of surface mining of deposits with overburdens ranging from 1 to 15 m.
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In surface mining, the land is prepared by clearing and, if excessively wet,
draining and dewatering. The overburden is cast aside to 'spoil' piles to expose and
remove the matrix (the usable phosphate ore).

The commercial product of phosphate mining is known as phosphate rock. In
some locations (for example, the eastern USA), the matrix is beneficiated to yield
product rock with an increased phosphate content. On the other hand, the ore may
be used directly — in the western USA, almost half of the ore is used directly without
any beneficiation [2].

When beneficiation is performed, the matrix is transferred in slurry form to
the beneficiation plant, where washing, screening and flotation separation produce
several sizes and grades of marketable phosphate rock product, clay suspension
wastes and sand tailings wastes. The sand tailings are returned to the land where they
rapidly dewater. The phosphatic clays are pumped to impoundments, where they
dewater much more slowly. Water is recycled to the greatest extent possible. The
beneficiated phosphate rock product, identified by the term 'wet rock', is stockpiled
in the open in large piles, usually near the plant, pending sale or transfer to a phos-
phate chemical plant. The radionuclide concentrations in phosphate rocks are given
in Table I in Chapter 1-5 of this volume.

2.1. Environmental problems resulting from mining operations and procedures
for their control

In the undisturbed state, uranium and the members of its decay series are
essentially in radioactive equilibrium in the overburden and the phosphate deposit.
In a typical Florida profile, radioactivity levels are low in the overburden at the
surface, with concentrations of series members of the order of 20-40 Bq/kg. The
concentrations increase gradually with depth through the overburden; immediately
above and/or in the matrix, the concentrations reach values of the order of
700-4000 Bq/kg.

The primary potential environmental radiation problem associated with mining
and beneficiation concerns mining spoils and beneficiation waste products. As indi-
cated in Table III, mining spoils, sand tailings and waste phosphatic clays may con-
tain radionuclide concentrations that are elevated over those of typical soil. Surface
mining, disposal of beneficiation waste materials and land reclamation involving
various combinations of overburden spoils, sand tailings and settled clays have the
potential for producing waste material stockpiles and near surface land forms with
elevated levels of radioactivity. While these materials do not present a direct radia-
tion hazard, problems may be created by their use as a fill under or in the vicinity
of structures. Materials used for this purpose, with an elevated 226Ra content, may
result in exposure as a result of the inhalation of radon gas.
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The surface radioactivity levels of mined lands should be minimized to the
extent practical in the mining process by deep burial of the higher radioactivity spoils
and covering with material with lower radioactivity content.

The proposed use of mined lands as sites for building purposes should be care-
fully evaluated with respect to the potential for radon production. If these lands are
used for building construction, construction designs should be employed that
minimize the entry of radon from the soil [3]. Mining or beneficiation waste
materials with elevated levels of 226Ra should not be used as a fill for the construc-
tion of buildings.

Dissolved radionuclide concentrations in water from mining and beneficiation
are normally low. However, this water, especially from phosphatic clay slurries,
may contain suspended matter with elevated levels of radionuclides [4]. Effluent
problems are minimized if this water is recycled through the processes to the greatest
extent possible. Any water that is to be released should be sufficiently settled and
clarified to remove the radionuclide bearing suspended matter. Water that is released
should be monitored for radioactivity and the monitoring results compared with the
requirements of applicable permits and water quality standards.

3. PHOSPHATE ROCK DRYING AND DRY ROCK HANDLING

Although there is an increasing use of wet rock as a feed for chemical process-
ing, much of the wet rock production is dried and ground for shipment and/or
processing. Rock drying and/or grinding may take place at wet rock facilities, at a
separate dry mill, or at a chemical plant complex. Dry rock may be shipped to a
remote location or used as feed for a local chemical plant. In any event, operations
involve the handling of dry rock — i.e. conveyance, transfer to and from storage
bins, and loading and unloading of trucks and railroad cars.

A United States Environmental Protection Agency (USEPA) study of a large
Florida rock drying facility [5] found slight increases in the levels of radioactivity
in air surrounding the plant, but these concentrations were estimated to produce
individual lung doses of less than 0.1 mSv/a in persons living in the immediate area.

Modern dust control procedures should provide control of airborne radium
emissions. While it may be desirable to perform an evaluation of individual dusty
facilities, the observations cited above suggest that extensive radiological monitoring
of emissions from dry rock facilities is not warranted.

4. WET PROCESS PHOSPHORIC ACID PRODUCTION PLANTS

In the wet process for the production of phosphoric acid, phosphate rock (a cal-
cium phosphate mineral) is reacted with sulphuric acid and the resulting slurry is then
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filtered to separate the product phosphoric acid from the insoluble by-product, phos-

phogypsum (CaSO4-l/2 H2O or CaSO4-H2O). Most of the phosphoric acid so

produced is used in the production of fertilizer ingredients, either by treating further

phosphate rock to produce triple superphosphate, or by reacting with ammonia to

produce ammoniated phosphates.

TABLE I. Ra-226 CONTENT IN INPUTS,

PRODUCTS AND WASTES IN CENTRAL FLORIDA

PHOSPHATE MINING, BENEFICIATION AND

PROCESSING

Material

At mine cut

Matrix
Overburden spoils

Beneficiation

Pebble (product)
Rock concentrate (product)
Clays (wastes)
Sand tailings (wastes)

Phosphoric acid production plant

Phosphoric acid, 30% (product)
Phosphogypsum (by-product)
Residues and 'scales' (wastes)

Phosphate products

Triple superphosphate (product)
Ammoniated phosphates (product)
Animal feed phosphate (product)

Elemental phosphorus plant

Phosphorus (product)
Slag (by-product)
Ferrophos (by-product)

Concentration
(kBq/kg)

0.67-3.1
0.030-1.3

1.7-3.6
1.0-1.8
0.48-1.9
0.074-0.44

<0.04
0.78-1.3
3.7-3700

0.56-1.2
0.037-0.44
0.74-1.5

None detected
1.7-3.7
0.074

Note: Similar materials from other locations would be
expected to have concentrations that are approximately propor-
tional to the concentration in the input rock.
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Production of a kilogram of phosphoric acid (expressed as P2O5) requires
about 3.5 kg of phosphate rock and yields about 5 kg of gypsum by-product. A large
plant in the USA produces something on the order of 1.2 x 106 m3 of phosphogyp-
sum annually [6]. In a typical operation in the USA, the phosphogypsum is pumped
as a slurry to a storage site where the acid water is allowed to drain away into a pond
system and the drained gypsum accumulates in a pile.

In phosphoric acid production, the radioactive equilibrium in the phosphate
rock is disrupted, with the uranium, thorium and 210Pb appearing primarily in the
phosphoric acid, while the radium and 210Po becomes associated with the gypsum
waste product (see Table I). For phosphogypsum derived from central Florida rock,
the 226Ra concentration is of the order of 1 kBq/kg. The concentrations in phos-
phogypsum derived from other sources would be roughly proportional to the concen-
tration in the input phosphate rock.

226Ra can be concentrated in 'scales' and sediment in various places in the
'digestion', filtration, cooling and acid receiving systems of wet process phosphoric
acid plants [7-11]. Levels observed in Florida were shown to be quite variable and
ranged from a few hundreds of Bq/kg in acid reaction vessels and phosphoric acid
tanks to hundreds of kBq/kg in filter pans. While systematic studies of radium con-
centration as a function of location have not been reported, it appears that the highest
concentrations, of the order of 0.4-4 MBq/kg, may be expected in the scales
immediately below the filter in the filter pans. There are insufficient data reported
in the literature to indicate the extent to which concentrations vary with time or from
plant to plant owing to differences in rock sources or plant operating conditions.

Environmental radioactivity considerations associated with phosphoric acid
plants include (a) liquid effluents potentially carrying radium, (b) by-product phos-
phogypsum storage and disposal, (c) plant and equipment cleanup and maintenance
wastes and (d) the possible use of the gypsum by-product.

4.1. Process water and gypsum pond water

The water from the gypsum slurry is highly acidic and contains from 2 to
4 kBq/m3 of 226Ra [4, 12]. This water drains from the gypsum disposal pile into
ponds. Ordinarily, it is recycled for plant use. If it is necessary to release some of
this water, such as in the case of excess quantities due to rainfall, the water should
be treated to remove the radium and the release should be sampled and analysed for
radioactivity. 'Liming' to control the acidity is also effective in removing the
dissolved radium [4].

There have been few reported studies to determine the extent of (any) move-
ment of radioactivity from active phosphogypsum storage piles, associated ponds, or
chemical plant process water ponds to groundwater. Studies involving a north
Florida chemical plant site [13, 14] and two west-central Florida chemical plant sites
[15] have been reported. In at least some cases, site attributable radionuclides were
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observed in surficial and confined aquifer groundwater from wells near the gypsum
pile. Although there was evidence of further movement of other constituents, radio-
nuclide concentrations were not distinguishable from background beyond a few
hundred metres from the piles. Miller and Sutcliffe concluded that the migration of
radionuclides is rapidly retarded as acids contained in the process water are neutral-
ized by the aquifer minerals [15].

4.2. By-product gypsum storage and disposal

Phosphogypsum is either stored indefinitely on site, discharged into rivers or
the ocean, transferred to landfills, or used commercially. In North America, most
by-product gypsum is stored indefinitely in piles near phosphoric acid plants. A
small amount of the total production is applied to agricultural land as a soil amend-
ment, or used for such construction purposes as road beds.

As stated previously, the 226Ra concentration is of the order of 1 kBq/kg in
gypsum derived from central Florida phosphate rock. Gamma radiation levels
associated with a large quantity, such as a gypsum storage pile, will result in a dose
equivalent rate of the order of 0.3 jtSv/h at 1 m from the surface and a radon exhala-
tion rate of the order of 1 kBq/m2. Values associated with phosphogypsum derived
from other sources would be roughly proportional to the radionuclide concentration
of the input phosphate rock.

Several studies of radon emissions from central Florida gypsum piles have
been reported. Limited measurements directly over one pile indicated airborne radon
concentrations of the order of 10 Bq/m3, or about 7 Bq/m3 above background
levels. Modelling by the USEPA [16, 17] predicted pile attributable radon concentra-
tions of about 7 Bq/m3 for a location in the prevailing wind direction 800 m from
the centre of central Florida gypsum piles. Modelling and a limited number of meas-
urements for a west-central Florida pile suggested pile attributable radon concentra-
tions of the order of 10 Bq/m3 in the vicinity, less than 4 Bq/m3 at 300 m from the
pile edge and 0.4 Bq/m3 at 1000 m from the pile edge [18, 19].

Whether or not air monitoring in the vicinity of phosphogypsum piles and con-
trol of emissions from active and inactive piles are needed is not clear at the present
time. The USEPA recently sponsored a more intensive study of airborne radioactiv-
ity emissions from phosphogypsum piles; when the report of this study becomes
available, a more definitive assessment can be made of the contribution of phos-
phogypsum piles to community radiation exposure.

In addition to pond water from active chemical plants and phosphogypsum
storage piles, another concern might be radionuclide leaching from inactive phos-
phogypsum storage piles. From a study in Florida that included six active sites and
three storage piles that had been inactive for periods ranging from several months
to 12 years, May and Sweeney [20-22] concluded that radium is not leached from
gypsum stockpiles.
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4.3. Management of cleanup and maintenance wastes

Solid wastes potentially containing radioactive contamination include
(a) residues and scales from the cleaning of plant equipment; (b) disposable items,
such as filter cloths and miscellaneous metal, rubber and other scrap; and (c) piping
and equipment that has been removed from service. Such materials should be sur-
veyed to determine the relative degree of contamination. Low level contaminated
bulk residues should be transferred to the gypsum pile. Residues and scrap with
higher levels of contamination present a particular problem. It appears that the most
practical solution is to contain these materials on-site at the chemical plant at which
they originate. In the case of off-site repair shops, this would mean transferring
wastes back to the plants at which the contaminated equipment originated. Options
include storing at a designated place on the gypsum pile or storing in containers at
some other designated location on the plant site. Equipment and materials that have
been taken out of service in phosphoric acid chemical plants should be surveyed for
radioactivity and the items released only if not contaminated. If contamination is
detected, the item should be decontaminated or handled as contaminated wastes and
prevented from entering the salvage flow stream.

Liquid wastes potentially bearing radioactive materials should not be released
into non-controlled areas. Liquids from cleaning at the plant can be co-mingled with
the gypsum slurry and gypsum pond water, which is then either contained and recy-
cled at the plant or is treated to remove radioactivity before release. Liquid wastes
from off-site shops which contain elevated levels of radioactivity must be treated to
remove radioactivity before release. Most of the radioactivity will consist of sus-
pended matter, and thus some form of sedimentation and clarification should be
effective. Proper pH control, such as by liming, should be effective in removing dis-
solved radium. Sediment and sludges from water treatment should then be treated
in a manner similar to the solid radioactive residues.

4.4. Use of by-product gypsum

Phosphogypsum is a potential raw or resource material for productive uses,
including (a) as a chemical raw material; (b) for agricultural applications; or (c) as
a construction material [23]. Potential uses as a chemical raw material should first
be evaluated to determine the fate, and possible radiological significance, of the
radionuclides.

Phosphogypsum can serve as an 'amendment' to improve the physical proper-
ties of agricultural soil and as a fertilizer source of sulphur and calcium. Lindekin
and Coles [24] and Lindekin [25] concluded that there is little basis for concern
regarding the radiological hazard from the uptake of 226Ra by plants as a result of
this practice. Furthermore, concentrations of 226Ra and 210Pb in the soil from either
the intentional, accidental or incidental application of phosphogypsum to land would
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be considerably less than the values of 1.5 kBq/kg and 0.7 kBq/kg, respectively,
suggested by the United States National Council on Radiation Protection and Meas-
urements [3] as guides for agricultural land use.

The potential construction uses of phosphogypsum include non-domiciliary
applications, such as in road construction and in building construction materials. The
State of Texas [26] performed an environmental assessment of the use of phos-
phogypsum mixed with fly ash and/or cement for such non-domiciliary purposes as
a base or sub-base for roads, parking lots and storage areas, or as underground bed-
ding for pipes and utility lines. The assessment concluded that such uses do not
endanger public health and safety, and the State of Texas issued radioactive materials
licences for these uses. Such applications are also under review elsewhere in the
USA.

Gypsum by-product is a candidate ingredient for the manufacture of building
materials, such as cement, blocks, panels and wallboards. Phosphogypsum has been
used in the manufacture of wallboard in the USA on a limited basis in the past; it
is being used in other countries of the world [27]. Research into innovative uses is
currently under way in the USA [28-30]. The potential contribution to indoor radon
has to be carefully assessed as part of the process of determining whether this is a
reasonable use of phosphogypsum.

5. PRODUCTION OF PHOSPHATE PRODUCTS

Phosphate rock and phosphoric acid are used as the raw materials for a variety
of products, including fertilizer and animal feed ingredients. Airborne dust may be
generated as a result of dry rock handling at the input to the process, product grind-
ing and sizing, and dry product handling, storage, and loading. Emissions of radio-
nuclide bearing airborne dust should be less than for the rock drying and grinding
operations described previously. On the other hand, if an airborne dust problem
occurs, this can be mitigated by conventional dust emission control measures.

6. THERMAL PROCESS (ELEMENTAL PHOSPHORUS)

In elemental phosphorus production by the thermal process, phosphate rock,
coke and silica are treated in an electric furnace to 'liberate' phosphorus as a vapour,
which is condensed to liquid phosphorus. Two by-products are slag (primarily cal-
cium silicate) and ferrophosphorus (or 'ferrophos'), a mixture of iron phosphides.
In many thermal process operations, the phosphate rock is calcined at high tempera-
tures and 'briquetted' to provide a better feed material for the furnace. The calcining
process and heating in the furnace volatilize a significant fraction of the 210Pb and
210Po which appear as deposits in stack linings and as airborne emissions. The
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balance of the radionuclides from the input rock appear in the slag and ferrophos (see

Table I).

Electric furnace slag has been used as an aggregate in building products, road

building and septic tank drain fields, and as a crushed rock or 'ballast' for railroad

beds and electrical switching yards. Elevated gamma radiation levels would be

expected in the vicinity of phosphate slag but, because of the vitrified nature of the

material, low values would be expected for radium leaching and radon emanation.

Some state governments in the USA have placed restrictions on the type of use of

phosphate slag.
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1. INTRODUCTION

Approximately 70% of the original activity from uranium mining areas
remains in the tailings and it is essentially due to 230Th (Ti/2 = 80 000 a) and its
daughters, in particular 226Ra [1]. The half-lives of some of the radioisotopes
present in tailings make their control a long term concern. The large volume of tail-
ings severely limits the options available to isolate them from the environment over
very long time spans [2].

In uranium mining and milling, the radionuclides of main concern are 226Ra
and 222Rn, respectively, for aquatic and airborne releases [3]. 210Pb and 210Po are
other radionuclides of concern in mining areas owing to their half-life and radiotoxic-
ity [4-6]. Furthermore, 228Ra can contribute substantially to doses in places that
have large quantities of thorium in the uranium ores. Thus, while monitoring in
mining areas, determinations other than those for 226Ra should be also carried out.
These include analyses for other radionuclides and non-radiological con-
taminants [7], and direct radiation measurements [1, 8, 9]. However, this chapter
will deal mainly with radium, since it is the subject of this publication, with other
measurements being only briefly mentioned.

Reference will be made in this chapter first to monitoring objectives (Sec-
tion 2), after which the implementation of an environmental monitoring programme
will be discussed (Section 3). Finally, the monitoring programme at a specific site
will be described as an illustration of the principles outlined in Section 4.
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2. MONITORING OBJECTIVES

The primary objectives of environmental surveys in normal situations are the:

(a) Assessment of the adequacy of controls on the release of radioactive materials;
(b) Assessment of the actual or potential exposure to man or, at a minimum, the

estimation of the probable upper limits of such exposure;
(c) Demonstration of compliance with regulations.

Monitoring programmes can be implemented to satisfy subsidiary objectives which
may include, among others, the identification of new exposure pathways or changes
in the relative importance of those already known, the validation or improvement of
the relevant environmental transfer models, the acquisition of a continuing record of
the effect of the installation or practice on environmental radioactivity levels, the
acquisition of useful data for improving the basis for future predictions and for public
relations [10, 11].

The monitoring programmes should be appropriate to needs, that is, the types
of installation and their environment, the human utilization of this environment and
the quality and quantity of the radionuclides that are expected to be released, so that
unnecessary collection of samples and taking of measurements can be avoided [12].

3. IMPLEMENTATION OF AN ENVIRONMENTAL MONITORING
PROGRAMME

The effort expended on monitoring should reflect the significance of the dose
to critical groups and the collective dose to the population. At one extreme, a minor
source may require no monitoring of any type, potential doses being assessed by the
regulatory authorities and control established through administrative procedures,
such as licensing. At the other, comprehensive source and environmental monitoring
may be required [10]. A source giving an annual dose equivalent of 1 /*Sv to the
most exposed individuals could be regarded as minor from the point of view of
monitoring, provided that the potential to cause significantly higher doses is very low
or non-existent [11]. Uranium mining and milling facilities will normally fall in the
category of installations for which environmental monitoring is required.

3.1. Transfer pathways and critical groups

The predominant objective for environmental monitoring programmes is the
assessment of human exposure. The identification of transfer pathways and of critical
groups permits the development of the most effective and economical environmental
monitoring programmes [10].
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FIG. 1. Pathways of exposure in uranium mining areas.

Tailings contain a large reservoir of radium. Its dissolution and leaching into
the surrounding water courses or into groundwater is one hazardous aspect of ura-
nium tailings. Other concerns are the dissolution of the sludges and precipitates
produced in the treatment of effluents [13], the inhalation of radon, the contamina-
tion of agricultural land by wind erosion and the reclamation of contaminated soil.
All of the exposure pathways, ingestion of contaminated water and foodstuffs, inha-
lation of gaseous radionuclides or resuspended materials and external irradiation,
may co-exist in mining areas (Fig. 1). Their relative importance depends very much
upon the characteristics of the site and the time from the placement of the tailings [6].

In arid areas there is a negligible release of radionuclides into the aquatic
environment and the radiation doses to the public arise predominantly from airborne
effluents. In areas of high precipitation, it has been established that liquid effluent
population doses are dominated by 226Ra in drinking water and in aquatic food-
stuffs [1]. Some authors also refer to the importance of other terrestrial
pathways [14].

With regard to dietary contamination, it is usually found that the critical mode
of exposure is due to the presence of 226Ra in one or two foodstuffs consumed by
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a small group of people. If this is established, the dietary aspects of the operational
survey may ultimately be limited to the assessment of the doses due to the intake of
radium through the ingestion of these foodstuffs. A similar approach should be used
to determine whether pathways involving inhalation or external exposure are critical.

3.2. Preliminary investigations

Pre-operational studies are necessary to provide early data for estimating the
dose from planned releases and for the establishment of limits and conditions of
radioactive releases from an installation into the environment. Such studies should
take account of the radionuclides, the route of discharge, the chemical and physical
forms of the radionuclides, their transfer through environmental pathways and the
identities and habits of the people exposed [10].

Surface and groundwater hydrology requires a major study programme in the
case of uranium mining and milling. An exhaustive review of actual or potential
water sources used for consumption by humans or animals and for irrigation should
be performed.

Site topography, besides having a significant effect on local meteorology, is
also important for the identification of possible transfer pathways based on the use
of water contaminated by radium leached from the tailings. Other features of the
environment that also affect the movement of the elements, such as geological and
meteorological conditions, and characterization of soil and sediments, should be
included in these preliminary investigations. Demographic factors, including popula-
tion distribution, as well as dietary, occupational, domestic and recreational habits,
should also be considered.

Although agricultural land usage, including crop data, may be available, a
special survey will usually be necessary to discover the locations of small farms and
cattle, especially farms using their production for the family's own use [15]. Fishing
and hunting activities should also be identified. A local survey may also help in iden-
tifying biological and other indicators of radioactive contaminants.

In planning an environmental measurement programme, it is necessary to con-
sider the existing levels of radionuclides in the appropriate environmental media and
the feasibility of detecting any enhancement due to the source. In order to achieve
this objective, background concentrations of 226Ra should be determined prior to
the operation of the mining and milling facilities. Measurements should be taken
along the most important pathways and for a period long enough to allow the obser-
vation of its natural variability. It is recognized, however, that there were no pre-
operational studies in the environs of many old mining and milling facilities, thereby
making the study of control areas necessary. Such studies can be important because
of the potential for high variability in environmental levels. It is often necessary to
demonstrate that these are not due to the operations of the plant, but are natural
fluctuations.
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3.3. Design of an environmental monitoring programme

The environmental monitoring programme should deal mainly with the trans-
fer pathways identified during the pre-operational phase. It should also take into
account the information on background concentrations and on levels of discharge.
Every situation is different with respect to hydrology, topography, meteorology,
demography, etc.

When designing an environmental monitoring programme, it is also necessary
to verify that significant radiation doses are not being received through pathways
which are not usually considered as being important. In addition, analysis of indica-
tor materials may be useful in demonstrating compliance with authorized limits and
in order to follow trends. The design of the monitoring programme should also be
reconsidered from time to time to incorporate new information and to reflect updated
methods.

3.3.1. Sampling

The proper design of a sampling programme and the choice of samples are
essential to ensure that the monitoring programme conforms to the objectives given
in Section 2. For example, if a key item is not even sampled, its significance will
be unrecognized [15]. If the programme is directed primarily towards dose assess-
ment, care should be taken to obtain representative samples relevant to the popula-
tion being considered [12].

Water sampling is particularly important, especially when the water is used for
irrigation or drinking. Aquatic foods harvested from contaminated water and terres-
trial foodstuffs (which may be contaminated through aerial direct deposition) and
uptake from contaminated soil or use of contaminated irrigation water, should be
sampled. Animal products from these contaminated areas may also need to be
sampled.

Samples should be collected directly from the farms where they are produced.
Care must be taken to ensure that all pertinent information, such as origin, location,
time and other useful data, are recorded at the time of collection. An exhaustive
description of the types of samples, locations and sampling frequency is given in
Regulatory Guide 4.14 of the United States Nuclear Regulatory Commission [8].
The frequency of sampling is partly dictated by the rate of change in environmental
conditions, in plant processes and the types of samples. IAEA Safety Series
No. 44 [16] recommends that in mining areas the sampling be done initially quart-
erly; the frequency could then be reduced according to the results, but should be done
at least once a year.

The results obtained from the monitoring programme can also be used as feed-
back for its possible modification. It may become evident that the number, frequency
and types of samples collected and analysed should be increased, reduced, or even



286 BETTENCOURT et al.

completely eliminated [10, 12]. As the fluctuation of natural radioactivity in the
environment may be quite significant, the choice of control samples is essential for
the interpretation of the results. The control sampling sites should be located so that
they are beyond any measurable influence of the plant [17]. Owing to the variability
in natural radioactivity, they should, however, be collected close to the site and be
representative of the region. In cases of contamination through liquid effluent release
or infiltration, the choice of these sites is easily made taking samples located hydro-
logically 'up-gradient'.

3.3.2. Sample preparation and analysis

Methods for sample preparation and analysis are considered in Part 3 in
Volume 1 of this publication.

3.4. Quality control

When interpreting the results, due consideration should be given to the
reliability of the data, talcing into account the precision and accuracy of all of the
monitoring procedures employed and the variability of the environment [12]. This
is particularly relevant for 226Ra, a radionuclide naturally present in the environ-
ment. Quality control should be applied to all steps of a measurement programme,
which include sampling procedures, analytical methods, measurement of activity,
data interpretation, etc. [11].

3.4.1. Sampling procedures

To ensure the reliability of data, the quality of the samples, as well as the qual-
ity of the analytical methods, has to be verified. Care should be taken in the choice
of samples, in volumes and sampling locations to ensure that they are representative.
This is especially important if the analyses are used for dose assessments. Replicate
samples should be taken periodically to determine the reproducibility of
sampling [8, 18].

Samples should be collected, preserved, stored and prepared using proper sam-
pling equipment and procedures and care should be taken to avoid contamination
from one sample to other. When using the same sampling equipment, for example
in grab samples, it is advisable to begin sampling in less likely contaminated points.
Also, the possibility of losses to container walls from liquid samples should be
avoided by appropriate conservation methods.
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3.4.2. Quality of results

To ensure the quality of the reported data, monitoring laboratories should con-
tinuously evaluate the precision and accuracy of their analytical work. Precision can
be tested by duplication of analyses and accuracy by intercomparison [12]. Errors
in the analyses and intercomparison are discussed in Chapter 3-11 in Volume 1 of
this publication. Estimates should be made of random and systematic errors, and this
information should be presented as part of the results. Wherever possible, the results
should be interpreted in a clear manner to distinguish between the contribution of
the facilities to the 226Ra inventory in the environment from that due to natural
background.

3.5. Recording and reporting of results

Records should be maintained to demonstrate the adequacy of the monitoring
programme, to demonstrate that authorized limits have not been exceeded and to
evaluate the impact of a source or practice [11]. The records of the final results
should be kept longer than the lifetime of the facility or the monitoring programme
in the case of abandoned waste sites; such periods should be defined by the regula-
tory authorities.

Reported results should include the location of the sample, date of sample
collection, type of sample, analytical result and uncertainty. Other information of
interest should also be recorded, for example, values of the lower limits of detection,
discussion of the programme for ensuring the quality of results and a description of
the calibration procedures [8].

4. ENVIRONMENTAL MONITORING OF A REFERENCE SITE

4.1. Characteristics of the site

As a reference site, the Portuguese uranium mine of Urgeirica was selected.
It is located in a continental temperate and dry region. Jasper veins with pitchblende,
sulphides and secondary uranium minerals are enclosed in hercynian granites. The
mine's exploitation began in 1913 for radium extraction. The ore was first exported
and later on treated for radium sulphate production. This was abandoned in 1944,
the mine then being exploited for uranium. In 1951, a chemical treatment unit for
the production of poor U3Og concentrates was built with an annual capacity of
125 t. In 1967, this was transformed into a modern unit with the capacity to treat
about 150 t of ore per day. At present the mine is almost exhausted, but the facilities
are still used for the treatment of ores from other mines in the same region.
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FIG. 2. Map of the region under study.
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The environmental surveillance programme was started only in 1973. This is
thus a typical case of a very old mine 'suffering' from an evolution of the methods
of ore extraction and concentration over a period of about 70 years and with no pre-
operational environmental data existing.

The mine is surrounded by small farms and country houses, with most of the
local population, including miners and their families, living in a village within about
2 km of the mine. A tailings hill is located near the mine and liquid effluents, after
neutralization and decantation, are discharged into a streamlet (Pantanha) flowing
into the Mondego River (Fig. 2).

4.2. Pathways

Following a local survey, several potential transfer pathways for radium were
initially identified: use of streamlet water for irrigation; use of well water, located
hydrologically down-gradient from the tailings, for human or animal consumption
or for crop irrigation; irrigation with water from the mine; and agricultural land con-
taminated by mine stacks, wind dispersion during milling operations and erosion of
the tailings. The fishing pathway was initially considered, but then rejected because
there are no fish in the water course into which the effluents are discharged. Thus,
any contamination through aquatic food chains would only be possible in the
Mondego River several kilometres away from the mine; the results obtained for sam-
ples collected in this river have led to the conclusion that this would be an insignifi-
cant pathway.

4.3. Design of the monitoring programme

The installations had already been working for many years when the environ-
mental monitoring programme was implemented. The programme was thus designed
with the main objective of obtaining an evaluation of the radiological impact on local
population groups. The soil of the region being rich in uranium, and there being no
pre-operational values, special care was taken in the choice of control samples. They
were taken from the same region, but were beyond the direct influence of the
installations.

On the basis of the characteristics of the site and the environment, the follow-
ing samples were collected and analysed:

— Airborne dust deposition;
— Water and sediments from the streamlet and from the Mondego River;
— Water from wells located around the tailings and used for consumption or

irrigation;
— Water for the population;
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— Vegetables from small farms and gardens around the mine, the tailings and
along the streamlet which could be contaminated either by irrigation or by air-
borne particles from the operation or from the tailings.

In the beginning, sampling was done quarterly; the frequency was afterwards
reduced to twice a year. The number of samples and locations were also reduced
according to the results obtained.

This was the case for, among others, water from the Mondego River and from
the Pantanha streamlet, as sediments showed evidence of being better indicator
materials for contamination than water [19-21]. For drinking and irrigation water,
some wells showing higher radium concentrations were still regularly surveyed,
while others of less significance were abandoned. The same approach was adopted
for the selection of the most significant sampling points for foodstuffs. Later, during
the implementation of the programme, additional sampling was introduced. This
covered the analysis of soil samples and of vegetables grown directly on the tailings.

As this is a publication dealing with radium, only 226Ra results will be
presented and discussed here. However, as the main objective of this monitoring
programme is the assessment of doses, it is important to mention the need to analyse
other radioactive and non-radioactive contaminants, in particular 222Rn, 2I0Pb and
210Po.

5. RESULTS

Many results have been obtained during this monitoring programme, which
has now lasted for 13 years. As already indicated, several of the initial sampling
points and even types of samples were abandoned owing to the low concentrations
measured; sampling was subsequently started at other points. In this example, only
the most significant results are presented; they are averaged over several campaigns.
The location of the sampling points is shown in Fig. 2.

The methods used were direct gamma spectrometry on dry sediments and on
vegetable ash, and radiochemical separation of 226Ra from water, followed by alpha
counting [22]. The mean concentrations of 226Ra in sediments collected from the
Pantanha streamlet and the Mondego River are presented in Table I. Contamination
of the streamlet can be noticed through 226Ra analyses, as well as through total beta
counting, the activity of sediments downstream from the tailings (P2) being signifi-
cantly higher than that of those located upstream (PI).

Sediments collected from the Mondego River after the junction with Pantanha
(M2) do not show a significant increase in activity relative to the sediment collected
before it (Ml). Most of the radium discharged into the effluents is retained along the
streamlet owing to sedimentation, the resulting contamination in the Mondego River
being very low. Therefore, it was not considered necessary to proceed with regular
monitoring in this river.
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TABLE I. RADIOACTIVITY IN SEDIMENTS (IN Bq/g DRY) FROM THE
PANTANHA STREAMLET AND THE MONDEGO RIVER DURING 1975-1977

Sampling
place

Sampling
point

Type of
measurement

Note: n is the number of samples.

Mean
Standard
deviation

Pantanha
stream

Mondego
River

PI

(upstream)

P2

(downstream)

Ml

(upstream)

M2

(downstream)

Total beta

Ra-226

Total beta

Ra-226

Total beta

Ra-226

Total beta

Ra-226

9

9

9

9

10

10

10

10

2.15

0.16

11.9

0.70

1.70

0.16

2.15

0.18

0.15

0.01

2.5

0.20

0.15

0.12

0.15

0.03

TABLE II. Ra-226 CONCENTRATION IN WATER SAMPLES (IN Bq/L)

DURING 1975-1983

Type
of sample

Sampling
point

Mean
Standard
deviation

Drinking water

Mine water
(irrigation)

Well water
(consumption
and irrigation)

U2

U4

U6

14

12

13

0.07

1.24

0.04

0.04

0.99

0.03

Note: n is the number of samples.
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TABLE III. Ra-226 CONCENTRATION IN VEGETABLES (IN Bq/g ASH)

Sampling

point

Ul

U4

U6

UP2

UP3

n

1

10

22

11

6

Mean

0.20

0.37

0.24

0.13

0.11

Standard

deviation

0.10

0.11

0.12

0.04

0.03

Observations

Irrigated
with

mine water

Irrigated
with

well water

Located
near

Pantanha

Note: n is the number of samples.

From the results of 226Ra determinations in water (Table II), it can be seen
that the population water supply (U2) has a 226Ra concentration which is higher
than water samples from a background zone, for which a mean concentration of
0.023 ± 0.017 Bq/L (66 samples) was determined using the same method [23].
While the water samples from a well located near the mine (U6) show a mean value
of the order of the background value, some vegetable gardens are irrigated with
water from the mine (U4) with higher 226Ra concentrations. Except for this water,
no significant contamination was found in the samples collected from different wells
near the mine and the tailings.

From Table III, it can be seen that vegetables (usually cabbage) irrigated by
this water (U4) have higher 226Ra concentrations than those from other gardens
located nearby (Ul and U6). Nevertheless, vegetables from this last sampling point
(U6) show a broad range of values; these are not explained by the 226Ra contents
of the irrigation water and of the soil, but may be due to contamination by a mine
stack near which the garden is located. Cabbage is an important component in the
diet of the Portuguese population and, although the concentration of 226Ra is not
very high in these samples, their consumption provides a significant contribution to
the resulting dose equivalent to the critical group.

Vegetables collected near the Pantanha streamlet (UP2 and UP3) show lower
226Ra concentrations than other vegetables from the region close to the mine. This
suggests that the streamlet water has not been used for irrigation, at least for the past
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few years (as was subsequently independently confirmed). Vegetables grown on the

tailings and collected as indicators show much higher concentrations of 226Ra, up to

27 Bq/g ash. Although these vegetables are not currently eaten, this might be a cause

for concern in the long term after the mine is totally abandoned.

Some pathways initially identified as potentially critical, for example, con-

sumption of water from wells located close to the tailings and irrigation with water

from the streamlet, proved to be less important than consumption of vegetables, in

particular cabbage, contaminated either by irrigation with water from the mine or

by airborne particles from stacks. The annual effective dose equivalent from the

ingestion of 226Ra through the different food chains, calculated from the results of

this monitoring programme, would be of the order of 0.2 mSv/a [23]. A higher dose

equivalent is expected from radon inhalation and, in some cases, from external

irradiation.
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1. INTRODUCTION

For assessing radiation effects resulting from the intake of radionuclides, infor-
mation is generally required on their distribution and retention in tissues, on the sites
of the sensitive cells for the development of both stochastic (probabilistic) and non-
stochastic (threshold) effects, and on the relationship between radiation dose and
risk. For most radionuclides there is little or no information on their effects on man,
and reliance has to be placed on animal studies to assess the possible consequences
of human exposure and to provide a basis for setting limits on intake. In the case
of radium, however, there are substantial human data on both adverse health effects
and on its distribution and retention that are either available, or potentially available,
for a number of its radioactive isotopes. It is important that all of this information
is collated so that as much as possible is learned of the biological consequences of
internal incorporation of radionuclides in man. The physical characteristics of the
a emitting radium isotopes for which information on the effects on man are available
are given in Table I [1].

The aim of this review is to consider information on the metabolism and effects
of incorporated radium isotopes, using as far as is possible information obtained
from follow-up studies on exposed populations, and to supplement this with studies
on animals. The development of the model recommended by the International
Commission on Radiological Protection (ICRP) [2, 3] for calculating doses and risks
to tissues in adults is then described, and some consideration given to its limitations
and how age related models could be developed for wider application to the general
public.

2. BEHAVIOUR IN THE BODY

The two main routes of entry of radium into the body are by ingestion and
inhalation. After entry by either of these routes, a fraction of the material will trans-
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TABLE I. PHYSICAL CHARACTERISTICS OF THE MORE IMPORTANT

RADIUM ISOTOPES (FROM REF. [1])

Isotope
Maximum Gamma

Half-life particle energies ray energies
(MeV) (MeV)

Daughter
products

Ra-224

(thorium X)

Ra-226

(radium)

Ra-228

(mesothorium I)

3.64 d

1620 a

a 5.68 (95%)

a 5.44 (4.9

5.7 a

a 4.78 (94.3%)

a 4.59 (5.7%)

0.04

0.24

0.19

Rn-220

a + (3 to stable

Pb-208

Rn-222

half-life 3.8 d

a + (3 to stable

Pb-206

Ac-228

(mesothorium II)

6.13 h

a + /3 to stable

Pb-208

locate to the blood, the amount depending upon the physicochemical form taken into
the body and the affinity of the transportable fraction for the biological transport
systems in the lung and gut. After entry into the blood, the main site of deposition
is the skeleton, although some radium also deposits in soft tissues, and a substantial
fraction is rapidly excreted.

2.1. Ingestion

The ICRP Task Group on Alkaline Earth Metabolism in Adult Man [4] derived
values for the fractional absorption of radium from the adult gastrointestinal tract
(/",) in the range 0.15-0.21. An/! of 0.21 was calculated by the Task Group from
measurements of 226Ra in the bodies of prisoners who had ingested elevated levels
in drinking water [5]. In three adult controls, presumed to be under equilibrium
conditions, the natural level of body radium found by Stehney and Lucas [5]
represented 24 days of radium intake (mostly in food), giving an / i for radium
calculated to be 0.15 [4]. To determine the absorption of radium in luminous paint,
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a group of elderly male and female human subjects were given simulated radium dial
paint consisting of 224RaSO4, 234Th(SO4)2 and BaSO4 carrier deposited on ZnS
phosphor [6, 7]. The absorption of radium from the gut was determined by a
comparison of the levels of 224Ra in blood, urine, faeces and total body with those
obtained after the intravenous injection of carrier-free 224Ra in isotonic saline. The
results of the study gave/! values for radium in the range of 0.15-0.20, which is
very similar to that obtained for radium in drinking water and food. Based on these
limited data, the ICRP recommended an/i for adults, for all compounds of radium,
of 0.2 [3].

No data are available for radium absorption in children or young persons. It
would be expected, though, that because of the calcium requirement for skeletal
growth in the young, and its chemical similarity to radium, a higher level of uptake
of radium would occur throughout childhood and into adolescence.

The effect of age on the absorption of alkaline earths administered to rats as
their chlorides has been reported by Taylor et al. [8]. In suckling rats aged 14-18 d,
the absorption of strontium, barium and radium averaged 95%, 84% and 79%,
respectively; in young adult rats (6-8 weeks old) the corresponding values were
25%, 9% and 11%, respectively; and those for elderly rats (60-70 weeks old) were
11%, 9% and 3%, respectively. These data suggest that in newborn children, the

fx value for radium may approach 1.0, falling to adult values by about one year of
age. More data are needed, however, before any values can be recommended for
young persons.

2.2. Inhalation

There is little information on the clearance of inhaled radium from the respira-
tory system. Marinelli et al. [9] measured the transport of radium sulphate from the
human lung following a single accidental inhalation exposure by six individuals. The
data suggest that the material was moderately soluble in lungs, with a half-time of
clearance in the range of 32-140 d (average 120 d) within six months after exposure.
As radium sulphate is one of the less soluble compounds of radium, Committee 2
of the ICRP has recommended [3] that all compounds of radium be treated as inhala-
tion Class W (i.e. they are assumed to be cleared from the lung with a half-time of
weeks), unless specific information is available. On this assumption, about 12% of
radium inhaled as an aerosol with an activity median aerodynamic diameter of 1 (ixa
would translocate to the blood by about a year after the intake.

2.3. Clearance from blood

The behaviour of radium after its entry into blood is qualitatively similar to
calcium, but quantitatively different. Both of these elements and the other alkaline
earths (strontium and barium) are rapidly cleared from the blood, mainly to the
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TABLE II. BODY RETENTION OF Ca-47, Sr-85, Ba-133 and Ra-223 IN A
60 YEAR OLD ADULT MALE AFTER INTRAVENOUS INJECTION [10]

Days after
administration

1

4

7

25

60

Urine"

Faecesc

Ca-47

91.8

74.0

63.5

45.9

—

36.1

18.8

Percentage

Sr-85

78.3

47.7

36.2

23.1

—

62.3

15.1

administered activity

Ba-133

71.0

24.2

16.6

8.5

6.0a

9.1

82.5

Ra-223

81.5

25.0

16.5

9.0

5.5a

2.4

88.7

Calculated from faecal excretion and constant ratio of faecal and urinary excretion.
Cumulative excretion to 28 d.
Cumulative excretion to 26 d.

skeleton, but the rates at which this occurs are very different both in man and
animals. Harrison et al. [10] have compared the clearance of 47Ca, 85Sr, 133Ba and
223Ra from the blood of a healthy 60 year old man after intravenous administration.
To facilitate the analysis, the four injections were given in succession over ten
weeks, with a period of two to three weeks between consecutive injections. Both
133Ba and 223Ra were cleared from the plasma much more rapidly than either 47Ca
or 85Sr, the activity cleared from the plasma being either deposited in tissues or
excreted. Table II [10] gives information on the total body retention of the four
radionuclides; also shown are values for cumulative excretion in the urine and
faeces. There are considerable differences in the routes of excretion, with calcium
being excreted mainly in the urine and radium in the faeces. Overall, much more
radium was excreted than calcium owing to the high intestinal clearance of radium.
The results for the total body retention of barium were very similar to those for
radium and suggest that, at least in man, this is a good marker for determining the
short term clearance of radium from the body. Lloyd [11] used these data to calculate
that the relative rates of transfer of barium and radium between blood and bone at
2 d after injection are 4-5 times greater than for calcium and strontium, and at later
times (20-25 d) about 3 times greater. Despite this, the total body retention of
radium (and barium) is less than for calcium, indicating the much greater efficiency
of the excretory mechanisms in eliminating radium and barium from the body.
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A similar comparative study on the whole body retention of the alkaline earth
elements has been conducted by Domanski et al. [12] in rats. The relative rates of
plasma clearance of 45Ca, 85Sr, 133Ba and 226Ra were comparable to those reported
by Harrison et al. [10], with a much faster clearance of the heavier elements, I33Ba
and 226Ra being cleared at very similar rates. No information was given in the
paper on the total body retention of 226Ra, although levels in both femora and tibia
were similar to 45Ca at 24 h, but about 75% of those for 45Ca at 4 d. This indicates
a faster rate of loss of radium from the body. It was noteworthy that the retention
of 133Ba and 45Ca in the skeleton of the rat was very similar. These data demon-
strate, therefore, that there can be significant differences between species in the rela-
tive rates of transfer of the alkaline earths from plasma to bone, and presumably to
soft tissues.

Rundo and Holtzman [13] have measured the excretion of 226Ra in man
(11 females and 1 male) at between about 103 and 104 d after intake. At these
times, faecal elimination remained the main route of elimination, accounting for
about 98% of the total activity lost from the body. Overall, the rate of elimination
at 104 d was estimated to be about 1.5% of the body content per year, implying a
biological half-time of about 46 a.

2.4. Distribution in tissues

Radium cleared from the blood and retained in the body is mainly deposited
in the skeleton, although a fraction is also retained in soft tissues. The information
available on the initial tissue distribution in man is very limited and has been
reviewed by Schlenker et al. [14]. These data suggest that in the first few weeks and
months after the entry of radium into the blood the soft tissue deposit could account
for Up to about a third or more of the total body activity. The information available
comes mainly from referenes in the 1920s and 1930s [15, 16], although data on two
more recent cases are also available [17]. In one case, distribution data were
obtained from an 80 year old man with an epidemoid carcinoma of the face, who
died 141 d after injection of 226Ra. Total retention was estimated to be 6.5% of the
injected activity, with 80% in bone and the rest in soft tissue. There is the possibility
that this distribution would not be typical of younger persons with a faster rate of
bone turnover. Data are also available for a male cancer patient aged 41 years,
who died 426 d after injection of 226Ra [17]. At death, considerable loss of weight
of soft tissues had occurred, making an assessment of the radium content subject to
some uncertainty. The results of extensive tissue analyses indicated, however, that
total body retention of radium was about 3 % of the amount injected. Of the residual
radium, about 1-2% was in soft tissues and the remainder in the skeleton.

Because of the limited data in man, some reliance has to be placed on the
results of animal studies, although again the published data are very fragmentary.
The data in Table III [18] show the distribution of 226Ra in the rat at times between
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TABLE III. DISTRIBUTION OF Ra-226 IN TISSUES OF FEMALE RATS AT
DIFFERENT TIMES AFTER INJECTION OF THE CHLORIDE [18]

Femur3

Liver

Kidneys

Spleen

Ovaries

Gut

Muscle

Remaining carcass

1 d

3.0

0.02

0.06

0.005

ND

3.3

1.2

56.2

Percentage

4 d

2.3

0.01

0.02

ND

ND

1.6

ND

45.9

injected activity

14 d

2.4

NDb

0.007

ND

ND

0.2

ND

43.1

32 d

2.3

ND

0.002

ND

ND

0.2

ND

39.5

One femur contained 5.3% of the activity in the whole skeleton at 1 d.
b ND: not detectable.

1 and 32 d after intravenous injection. These data, from Priest[18],show that at 1 d
after injection the skeleton accounts for more than 90% of the total body activity,
the fraction of the total body content in the skeleton increasing with time. Similar
results have been obtained for 223Ra in mice [19], although the initial deposition in
the kidney, spleen and liver at 1 d was about an order of magnitude higher than in
the study by Priest [18]. In young adult beagle dogs intravenously injected with
224Ra as the chloride, the soft tissues contained only about 12% of the total body
activity at 7 d [20].

A comparison of these early distribution data suggests that a larger fraction of
the daily radium content is retained in soft tissues in man than in dogs and rodents.
However, the human data are very limited and more information is required.

For determining the long term distribution of radium in bone and soft tissue,
Schlenker et al. [14] reviewed data on the levels of naturally occurring 226Ra in
human tissues taken at autopsy. There were some problems in analysing the data,
as in many cases the amount of 226Ra in soft tissues was below the limit of detection
for the analytical techniques used. It was estimated that the naturally occurring
226Ra content of soft tissues is about 5.5% of the total body content.

Some information is available on the transfer of radium to the developing
embryo and foetus following intakes by the mother. The natural radium contents of
foetal tissues and tissues from unrelated adults in the Federal Republic of Germany
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have been reported by Muth et al. [21]. The results of the analyses showed that the
226Ra concentration in foetal bones is approximately equal to that determined in the
bones of adults (about 480 mBq/kg). Concentrations of about 7 mBq/kg were found
in the soft tissues of both foetus and adults. These data indicate no discrimination
against naturally occurring radium by the placenta.

Recently, Schlenker and Keane [22] have reported measurements of the
radium content in both mother and foetus for a case in which the mother, who had
been a radium dial painter for 5-7 years from age 16, had died (at age 26 years) on
the day of birth of her stillborn child. The foetus was thought to be in the eighth to
ninth month of foetal life, the cause of death being placenta previa. Analysis of the
mother's skeleton, which was recovered nearly complete, and that of the foetus
(about three quarters recovered) showed that about 0.12% of the mother's radium
content had been accumulated by the developing foetus, with about half (0.06%)
deposited in the skeleton. This distribution suggests doses to foetal tissues at birth
that were a few per cent of those of the mother. Information on the whole body reten-
tion of radium in man is reviewed in Section 4.3.

2.5. Structure of the skeleton

Radium is termed a bone volume seeking radionuclide [3] and its behaviour in
the body is determined by its chemical similarity to calcium. To understand how it
behaves in the body, it is necessary to appreciate the role played by calcium in the
development of the skeleton.

The details of the skeleton relative to the deposition and effects of bone seeking
radionuclides have been described very comprehensively by Vaughan [1, 23]. Bone
is a very specialized form of connective tissue, in which a complex mineral substance
consisting largely of calcium, phosphate and carbonate (hydroxyapatite) is laid down
in a soft organic matrix, about 90% of which is collagen. There are two main types
of bone in the human skeleton; hard compact bone (often called cortical bone), found
typically in the shafts of the long bones, which surrounds large marrow cavities; and
cancellous bone (often referred to as spongy, or trabecular, bone), which consists
of a branching network of fine trabeculae, or bone lamellae, enclosing cavities that
contain either red or fatty (yellow) marrow. Cancellous bone is found, for example,
in the vertebrae, in the majority of the flat bones, and in the ends of the long bones.
All of the bones of the skeleton contain both cancellous and cortical bone, although
the proportions of the two vary considerably [24].

A diagrammatic representation of a cross-section of adult cortical bone is
shown in Fig. 1, which illustrates the most important features and the different cell
types involved in bone metabolism. There are three main types of bone cells present:
osteoblasts, that lay down new bone on growing surfaces; osteoclasts, that are
responsible for resorbing bone to allow for remodelling; and osteocytes, that are
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Fibroblosts

Osteoblosts

Preosteoblasts

Resorption cavity
Cement line

Osteoblast

Mesenchyme

Pluripotent
mesenchyme cell

Haversian canal

Conaliculi

Osteocytes

Lomellar bone

F/G. 7. Diagram of the cross-section of the adult cortical bone indicating the arrangement
of Haversian canals, the resorption cavities and the location of the different cell types. The
periosteal surface is on the left and the endosteal surface on the right (from Ref. [23]).

thought to be mainly responsible for maintaining calcium homeostasis in the skele-
ton [23]. The processes of new bone formation and resorption go on both on the
outer (periosteal) surface and the much more extensive inner (endosteal) surfaces of
bone adjacent to the marrow cavity. At sites of bone formation new bone is laid down
on these surfaces in layers burying bone that has formed previously. Bone turnover
(remodelling) also takes place within the volume of the bone in Haversian systems
(Fig. 1). These are channels running through cortical bone which are lined with bone
cells and in which active bone resorption or deposition may occur. The blood vessels
that nourish these bone cells run in the canals of the Haversian system. Each system
is surrounded by a number of osteocytes which communicate with each other and
receive their nutrients by canaliculi. The area around each Haversian system is
bounded by a 'cement line', and the area within this cement line is termed an
'osteon' [23]. The degree of mineralization within each osteon is quite variable and
at any time bone may be in the process of being laid down or resorbed. Experiments
with 45Ca have shown that the initiation of mineralization in any osteon is rapid at
first so that about 70% of mineralization is complete within a few days; complete
mineralization takes much longer (weeks or months) [25]. The overall rate of
turnover of cortical bone in adults has been calculated to be about 3% a"1 [26].



CHAPTER 3-1 305

In cancellous bone, remodelling as a result of the action of osteoblasts and
osteoclasts takes place either by surface deposition and resorption, or by replacement
of trabeculae. The changing trabecular structure is necessary to accommodate vary-
ing stresses in the skeleton resulting from growth and ageing. With advancing age
there is also a tendency for a progressive loss of cancellous bone, resulting in the
development of osteoporosis. The overall turnover rate of cancellous bone appears
to be much faster than that of cortical bone, with an average rate in adults calculated
to be about 24% a"1, though with considerable variation between individual
bones [26]. The rates of turnover quoted for both cortical and cancellous bone must
be seen as only approximations, as they can be influenced substantially by the
methods used for their determination.

2.6. Deposition of alkaline earths in the skeleton

The main feature that distinguishes bone from other tissues is the fact that hard
bone mineral is laid down in an organic matrix that is largely collagen. The bone
salt is considered to consist mainly of microcrystals of calcium hydroxyapatite of
the type CaI0(PO4)6(OH)2 whose composition is determined largely by surface
exchange and, to some extent, by internal defects and substitutions. As well as the
crystalline apatite, there may also be some amorphous calcium phosphate
present [27].

Where new bone is laid down, there is an increase in calcium in the area and
apatite crystals form in the newly formed organic matrix. The mechanism respon-
sible for this is not known. Substitutions are possible in the crystalline structure and
if radium or other alkaline earths are present in the circulating blood and plasma,
then they may be incorporated into the bone crystals in place of calcium. As a conse-
quence, any bone being laid down when radium has recently entered the blood will
contain much higher levels of activity than bone laid down when the blood levels
were low. This enhanced deposition occurs on all growing bone surfaces, but is
particularly noticeable in Haversian systems, as those in which there was active bone
accretion at the times of radium intake become labelled with radium, while those in
a resting or resorbing phase retain only very small amounts as part of a more general-
ized 'diffuse' deposit. Growth frequently follows immediately after resorption has
occurred, so that new bone formed near a previous site of deposition of radium can
be labelled with recycled radium.

Calcium ions in the extracellular fluid are also constantly exchanging with
calcium in bone mineral by a process in which the ions diffuse from the blood stream
to the extracellular fluids, bathing the microcrystals of bone mineral. Because these
crystals are so small, they present a large surface area for exchange, resulting in a
continuous and rapid turnover of calcium in the skeleton [28]. Ultimately, some of
this exchangeable calcium is incorporated into the crystal lattice structure. Radium
or other alkaline earths can replace this exchangeable calcium component [29] and
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FIG. 2. Distribution of 2i6Ra in the proximal femur of a young adult rat at 30 min after
injection. The activity is deposited on all bone surfaces and is concentrated at the epiphyseal
plate (by courtesy ofN.D. Priest).

because this process occurs throughout the skeleton, the net effect is to produce a
generalized diffuse deposit.

The levels of deposition and retention of radium and other alkaline earths are
different for the various bones of the skeleton. This reflects varying proportions of
cortical and cancellous bone, which have different surface areas for deposition and
turnover rates, as well as differences in blood supply. In general, radium is initially
concentrated more by bones of the axial skeleton. Differences in surface area and
blood supply also result in differences in deposition within an individual bone. For
example, the autoradiograph shown in Fig. 2 indicates that in young adult rats at
30 min after injection there is a high uptake of 226Ra beneath the epiphyseal plate
cartilage of the proximal femur and an appreciable uptake by all bone surfaces, with
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very little activity remaining in the bone marrow. The overall uptake of activity by
the diaphyses is less than for the epiphyseal plate, reflecting differences in blood
supply and surface area. By 24 h after injection, some activity has already been lost
from non-growing surfaces (Fig. 3) and activity in newly forming trabeculae tends
to a volume distribution.

Autoradiographic studies on bones from a mother and her foetus, thought to
be eight to nine months old, have been reported by Schlenker and Keane [22] (see
Section 2.4). The study showed that activity in the foetal skeleton was uniformly
distributed, with no 'hot' spots, suggesting that radium had progressively trans-
located to the foetal circulation from the mother over the period of skeletal develop-
ment. The mother's bones showed a classic pattern of hot spot and diffuse
distribution.

FIG. 3. Distribution of 226Ra in the distal femur of a young adult rat at 24 h after
intravenous injection. The autoradiograph shows a loss of activity from non-growing surfaces
and volume distribution in newly formed trabeculae (by courtesy ofN.D. Priest).
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It is likely that the initial distribution pattern of all alkaline earths in the skele-
ton is very similar [30], although total retention will depend upon the chemical
characteristics of the particular element. Subsequent remodelling of the skeleton, and
loss of some of the rapidly exchangeable component, results in both a progressive
redistribution of radionuclide within the bone and a faster rate of loss from bones
with a higher proportion of cancellous bone (such as vertebrae) than from bone with
a high proportion of cortical bone. The tendency is for the activity in the skeleton
to become more uniform with time, although the average concentration in individual
bones remains variable (see Section 4.4).

3. EFFECTS

Extensive and continuing epidemiological studies have been carried out on
several thousand persons exposed to 226Ra (sometimes mixed with 228Ra). These
studies include persons who received intakes of radium in the course of their work
as dial painters, as radium chemists, or for a supposedly therapeutic effect. Studies
have also been undertaken on both ankylosing spondylitic and bone tuberculosis
patients treated with an injection of 'Peteosthor', a preparation containing 224Ra: it
was hoped that the radium localizing on bone surfaces would have a therapeutic
effect. Extensive research on the effects of 224Ra, 226Ra and 228Ra has also been
carried out in a very comprehensive series of animal studies conducted both in
Europe and North America. These animal studies are not referred to in detail here,
but have been discussed elsewhere [31, 32].

3.1. 226Ra

In the 62 years since the first reports of the deleterious effects of internal
deposits of 226Ra [33, 34], a considerable amount of information has accumulated
on its effect in man. Bone sarcomas, head carcinomas originating in the paranasal
sinuses or mastoids, and deterioration of skeletal tissue are still the only effects that
can be unequivocally attributed to its internal incorporation, although the effects on
other tissues cannot yet be excluded. A number of papers have detailed the various
studies on the effects of incorporated 226Ra in man, including those by Martland
et al. [33]; Evans et al. [35, 36]; Miller and Finkel [37]; Rowland and Lucas [38];
Rundo et al. [39] and Baverstock and Papworth [40].

3.1.1. Bone

The most comprehensive study on persons exposed to radium is that being con-
ducted by the Center for Human Biology at Argonne National Laboratory. This study
has recently been reviewed by Rundo et al. [39]. A total of 5784 persons have been
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identified who have been exposed to radium, 4863 of which were radium dial
painters, 410 laboratory workers, 399 were persons who received radium for a
possible therapeutic effect and 112 in other categories. Measurements either in vivo
or post mortem have been used to estimate the body content of radium in 1916 of
the dial painters and about half of the subjects in the other groups. For those
measured post mortem and those who died after measurement, death certificates and
medical records have been obtained. The initial body content of radium in these cases
has been estimated using the Norris retention function [41] (see Section 4.3). A par-
ticular problem in these studies arises from the fact that many of the persons were
exposed to both 226Ra and 228Ra. Correction for the radioactive decay of 226Ra
(T,A = 1620 years) is small (2.1% for a 50 year period), but the correction for
228Ra (Tw = 5.7 years) is substantial, amounting to a factor of more than 400 for
a 50 year period. As measurement of the body content of 228Ra is seldom possible
in cases measured in recent years, the initial intake of 228Ra is sometimes inferred
from the measured body content of 226Ra, and a knowledge of the ratio of intakes
of 226Ra to 228Ra in persons with a similar exposure history.

Sixty-two bone sarcomas and 32 carcinomas of the paranasal sinuses or
mastoids ('head' carcinomas) have been observed in 89 persons in the measured
population and 23 bone cancers and 5 head cancers in the unmeasured population.
Although the majority of the bone sarcomas and head cancers had appeared by 1969,
three of the bone tumours have appeared since then and head cancers have recently
appeared at a greater rate than bone cancers. To date, no US dial worker with an
estimated intake of less than 2.2 MBq (60 /*Ci) has developed a radium related
malignancy [39], although in the UK series [40], a bone sarcoma has been observed
in a radium 'luminiser' with an estimated intake to blood of 311 kBq [42]. The
appearance times of these sarcomas are plotted in Fig. 4 [43] against the estimate of
radiation dose at the time of tumour diagnosis. These data show that bone sarcomas
have arisen at appearance times of from 7 years after the initial intake to about 60
years. The appearance times were mainly short at high doses, but were variable at
lower doses. In 23 additional bone sarcoma cases of unknown dose (not shown in
Fig. 4), the appearance times ranged from 5 to 44 years. The first head carcinomas
appeared seven years after the initial intake.

For the induction of tumours in the paranasal sinus it is likely that the con-
tributing radiation dose arises not only from alpha emitters originating from the
underlying bone tissue, but also from radon and its decay products diffusing out of
the bone through the sinus epithelium into the sinuses. In air withdrawn from these
sinuses, the radon concentration has been found to be at least 30 times that in the
exhaled breath [44-46].

Inevitably, there are biases in this study as the population groups are not com-
plete and there was a long delay between the initial exposures and the recruitment
of persons into the study population. Nevertheless, this is a very important study
group and there is much that can be learned from it about the response of human
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FIG. 4. Bone sarcoma appearance times versus dose for persons experiencing radium intake
in the USA [43].

tissues to alpha particle irradiation. Some previous analyses of dose response rela-
tionships for bone sarcoma incidence in the radium cases have utilized either the
entire database [35, 47, 48] or the entire female population [49] to derive risk esti-
mates. The most complete data set is available for female radium dial painters and
this has been examined for possible dose response relationships by Rowland
et al. [50]. A dose squared exponential function gave the best fit to the data (Fig. 5),
although a linear quadratic exponential function would also provide a valid fit, and
the possibility that the actual relationship is linear cannot be excluded. The reduced
incidence of sarcoma at high doses is considered to be due to the killing of cells, thus
reducing the opportunity for tumour development. The dose squared function indi-
cated no age dependent sensitivity in female dial workers and a constant rate of bone
sarcoma induction.

In assessing the response of tissues to intakes of mixtures of 226Ra and 228Ra,
consideration has to be given to the greater effectiveness of intakes of 228Ra than
226Ra in inducing bone sarcomas. The increased biological effectiveness of 228Ra,
compared with 226Ra, is due to the greater retention of alpha emitting decay
products in the skeleton. Rowland et al. [46, 50] have shown that various approaches
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to determining the relative effectiveness of these two radionuclides give ratios falling
in the range of 1.7 to 2.8 and have used an intake ratio of 2.5 in assessing bone
sarcoma incidence data.

The susceptibility to sarcoma induction in different regions of human bone
varies widely, being highest near the knee joint and lowest near the vertebrae for
both naturally occurring and radiation induced bone sarcomas [51, 52]. Taylor
et al. [53] have observed that sarcoma induction by bone seeking radionuclides in
humans, dogs and mice tends to be highest in skeletal locations that have the highest
natural incidence of bone sarcoma.

The risk of a bone sarcoma resulting from irradiation of the skeleton from
incorporated 226Ra and 228Ra has been reviewed on many occasions [47, 54, 55].
In one review [54], a risk of 6 x 10~3 Gy~' (alpha), based on a linear dose
response relationship for persons with average bone doses up to 300 Gy, and a risk
of 9 x 10~4 Gy"1 (alpha) at 0.1 Gy, based on a quadratic formula, were calcu-
lated. Mays et al. [56] have assessed the risk of radiation induced osteosarcoma in
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FIG. 5. A semi-logarithmic plot of the bone sarcoma incidence rate as a function of systemic
intake for female dial painters employed before 1950, showing a dose squared exponential fit.
The shaded band indicates the range covered by the fitted function when the coefficients are
allowed to vary by ±1 standard deviation. The error bars represent the binomial standard
errors of the observed incidences [50]. (1 curie (Ci) = 3.70 x 10 Bq.)
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female radium dial workers with intakes less than 37 kBq (1 /xCi). They suggest that
the risk from 226Ra lies between zero (based on a dose squared exponential model)
and a yearly incidence of 2 x 10 ~5 D per 37 sarcomas per man-year (based on a
linear model, in which D is the intake to blood, in kBq). Their best estimate was
taken to be midway between these upper and lower bounds and corresponds to a risk
of a radiation induced bone sarcoma of 1.2 x 10 ~3 Gy ~'. As the dose to the cells
on bone surfaces from incorporated 226Ra is very similar to the average dose to the
marrow-free skeleton, these risks can also be applied to calculations of dose to the
endosteal cells on bone surfaces [55].

3.1.2. Soft tissues

A study of the relationship between radium exposure and cancers of other sites
in 1285 female radium dial painters exposed before 1930 has recently been pub-
lished [57, 58]. It was noteworthy that while some cancers of soft tissues appeared
to have occurred in excess when compared with US national statistics, this was not
the case when the incidence was compared with regional mortality rates. Cancers of
most soft tissues in the exposed population appeared to be unrelated to internal
deposits of radium, although external radiation exposure may have contributed to the
risk of cancer in some tissues.

Despite the fact that large quantities of radium were ingested by the dial
painters, cancers of the gastrointestinal tract appear to be unrelated to intakes of
radium. The data currently available suggest a possible association with the duration
of exposure, which would imply a correlation with external radiation exposure.

Information on lung cancer is at present equivocal, although there is a sugges-
tion of a relationship between the incidence of lung cancer and radium intake or
period of exposure. However, both external radiation exposure and the possibility
of inhalation of radon daughters may be involved and the duration of employment
could also be positively correlated with smoking habits. More work is therefore
required on all possible sources of radiation exposure of the respiratory tract and no
conclusions can yet be drawn.

Two other cancers have caused concern in the radium cases: breast cancer and
multiple myeloma. The conclusion by Cuzick [59] that internal exposure to alpha
particle emitters confers an elevated risk of multiple myeloma, compared with exter-
nal radiation, rested largely on the observation of six cases (0.86 expected) in radium
dial workers. It now appears from the work of Stebbings et al. [57, 58] that duration
of employment, and hence exposure to external radiation, are more likely to be the
explanation for the association between dial work and multiple myeloma. In a review
of the incidence of breast cancer in female radium dial painters, Adams and
Brues [60] concluded that there was a positive correlation between the incidence of
breast cancer and internal radium exposure in female radium dial painters in the USA
who were exposed before 1930. This conclusion was based on the observation that
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an excess incidence of breast cancer was observed only among those workers with
a radium intake that exceeded 1.9 MBq (50 ^Ci). However, Baverstock and
Vennart [61] have pointed out that, at least for radium dial workers in the United
Kingdom, the effective dose to the tissues of the breast from incorporated radium
isotopes (assuming a quality factor of 20 for alpha particles) would have been much
less than the external dose from radium in the workplace. Stebbings et al. [58] have
also cast doubt on the analysis of Adams and Brues [60], showing that adjustment
of the expected breast cancer incidence for local mortality rates reduced the observed
incidence to statistical non-significance. This and other observations, including a
very low incidence of breast cancer in one of the three major work forces in the study
and a similar high incidence of breast cancer in those exposed after 1930, when
levels of intake of radium were greatly reduced, are inconsistent with a causal
relationship with intakes of radium.

It is particularly noteworthy that no excess incidence of leukaemia has been
observed in this population [62]. In 2940 radium dial workers located, 10 cases of
leukaemia were observed; in a control group of this size and age distribution, 9.24
would have been expected. A complete absence of leukaemia has been observed in
a total of 262 'luminisers' in the UK, with estimated intakes of radium between
4 X 103 Bq and 4 X 106 Bq and who, in addition, received a component of low
linear energy transfer (LET) external radiation [40]. There is the possibility that
radiation damage to the bone marrow could kill potentially carcinogenic cells.
However, this analysis included those exposed to low and moderate doses as well
as the highly exposed cases. Allowing for the limited number of cases available for
analysis, and for the fact that the quality factors given by the ICRP are not intended
for use across the wide range of doses to which people have been exposed, Spiers
et al. [62] have shown that the relative biological effectiveness (RBE) for the induc-
tion of leukaemia by alpha irradiation of bone marrow may be much less than that
implied by the present quality factor of 20 for alpha particles. Alternatively, the
absence of an increased incidence of leukaemia suggests that the sensitive cells for
leukaemia induction may not be spread throughout the bone marrow, as is commonly
assumed, but instead may be located more centrally in the marrow cavity, and away
from the bone surfaces, where they are not readily irradiated by alpha particles from
deposited radium [63].

No significant increase in the incidence of soft tissue tumours has thus been
observed in persons exposed to 226Ra. However, for soft tissue tumours which have
a high natural frequency, it is much more difficult to evaluate radiation effects than
for bone sarcomas, where a risk of about one 'natural case' per 1000 deaths is
expected and for 'head carcinomas', where about one natural case per 2000 deaths
is expected [64]. Despite this, few, if any, radiation induced tumours would be
expected in soft tissues as the radiation dose to most tissues, other than the bone
marrow, from 226Ra entering the blood is only about 1 % of that to the sensitive
cells for bone sarcoma induction.
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3.1.3. The eye

In beagles, ocular changes have been reported to be early, sensitive indicators
of radium exposure [65-67]. The clinically observed changes include hyperpigmen-
tation of the iris and choroid, followed by loss of pigmentation and, in some cases,
malignant melanoma at higher levels of irradiation. Hyperpigmentation plaques
greater than 1 mm were noticed approximately 20 months after injection in young
adult dogs given intravenous injections of 0.4 MBq/kg of 226Ra, but did not appear
until about 56 months in dogs given 2.1 kBq/kg. In control dogs, hyperpigmentation
appeared at approximately 104 months [68]. The most sensitive tissue in dogs is the
tapetum lucidum, which overlies the choroid. Effects on the tapetum include changes
in the normal colour and texture at low injected doses of radium, with loss of cellular
structure at an injection level of 300 Bq 226Ra/kg given at 14 d intervals from 435 d
of age over a 4 month period. Changes were observed from 6.5 years of age at this
dose level and by 9.5 years, 46% of the treated dogs (6 out of 13) showed significant
effects. At higher dose levels (1.7 kBq/kg and above), all animals showed significant
tapetal changes which appeared with a shorter latent period, while at lower levels
(< 110 Bq/kg), no changes were seen [65, 67].

The ocular changes observed in the beagle do not, however, seem to have any
parallel in humans with significant burdens of radium [68]. The results reported by
Fisher et al. [69] suggest that the difference in response of the beagle and man may
be due to the presence of the tapetum lucidum in beagles which uniquely concentrates
226Ra, resulting in high local radiation doses. This tissue is absent from the human
eye. The canine tapetum lucidum contains 20-30% zinc cysteine, which may be
involved in this marked concentration of circulating radium. As the concentration of
226Ra in choroid tissue appears to be somewhat dependent on the distance from the
tapetum lucidum, it is possible that the tapetal cells act to concentrate and subse-
quently disperse 226Ra to the underlying melanotic tissue.

3.2. 224Ra

The effects of the intake of radium have also been studied in patients injected
with 224Ra in the Federal Republic of Germany shortly after World War II. The
study was initiated by H. Spiess in 1952 and has recently been reviewed by Mays
et al. [70]. The study group consisted of a population of 681 adults and 218 juveniles
(the age at first injection varied between 1 and 20 years), who received weekly or
twice weekly intravenous injections of 224Ra, mainly for the treatment of bone
tuberculosis or ankylosing spondylitis. The follow-up times from first injection to
death, or last known health status, ranged from 0 to 38 years and averaged 22 years.
By June 1984, half of the patients were known to have died. The injected dose of
224Ra (per unit of body mass) was, on average, twice as high in children as in
adults, but, because of the enhanced uptake of 224Ra in growing bone and its short
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FIG. 6. Bone sarcoma appearance times versus dose for 224Ra patients in the Federal
Republic of Germany [71].

half-life (T^ = 3.64 d), the calculated average skeletal dose for children averaged
five times that for adults.

3.2.1. Bone

As with the 226Ra cases, bone sarcoma has been the main effect of the intake
of 224Ra in this population, with 54 cases observed, compared with only 0.2 cases
expected naturally. Of these, 36 occurred in patients treated as juveniles and 18 in
adults [42, 71]. The last bone tumour occurred in 1983, 33 years after the injection
of 224Ra into a 3 year old boy. This is the only bone sarcoma reported in this series
since 1974. Among approximately 400 living patients, most of the follow-up times
now exceed 33 years. Very few new tumours are expected. Figure 6 shows the rela-
tionship between average radiation dose to the skeleton and tumour appearance time
for the 50 bone sarcomas among the 224Ra cases of known skeletal dose. At high
doses there are few long term survivors and most of the bone sarcomas occurred
early. At lower doses the appearance time ranged from 4 to 33 years [42]. The
lowest average skeletal dose to a patient in this series who later developed a bone
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sarcoma was 0.90 Gy. It is noteworthy that whereas the risk associated with the
intake of 224Ra seems to have been expressed approximately 30 years after intake,
the risk associated with intakes of 226Ra continue throughout life (Fig. 4), no doubt
reflecting the chronic irradiation of tissues.

Chemelevsky et al. [72] have analysed bone sarcoma rates in the adult and
juvenile populations. A competing, risk corrected analysis of the tumour incidence
data in terms of the Cox proportional hazards model indicates equal sensitivity and
an equal time course for bone tumour rates in juvenile and in adult patients at
comparable mean skeletal doses. Mays et al. [70] also calculated similar risk coeffi-
cients for radiation induced bone sarcomas in the adult and juvenile populations. In
this analysis, too, no significant differences were found in the sensitivity for the
induction of bone tumours between males and females or between the tuberculosis
and ankylosing spondylitis patients. The overall risk per gray of radiation induced
bone sarcoma in the population was calculated to be 1.69 x 10 ~2 ± 0.24 x 10 ~2

average bone dose from alpha radiation. This is higher than the risks of bone sarcoma
induction calculated for the 226Ra cases (Section 3.1.1). However, assuming that
skeletal 224Ra decays half on bone surfaces and half within bone volume as a result
of its short half-life, the dose to the sensitive cells on these surfaces which give rise
to bone tumours is about 7.5 times that averaged throughout the bone [55]. The risk
estimate for bone sarcoma induction as a result of irradiation of the cells on bone
surfaces is therefore about 2.7 x 10~3 Gy ~', which is within the range of values
calculated for 226Ra.

3.2.2. Soft tissues

Leukaemia was reported in five patients from this series, compared with two
cases expected (based on national statistics) [70]. However, it is uncertain whether
the three excess cases resulted from exposure to 224Ra; the pain killing drugs taken
by ankylosing spondylitic patients often include phenylbutazone, a marrow
depressive drug associated with an increased incidence of acute forms of leukae-
mia [73-75]. Kidney cancer has also occurred in excess in this group (four cases
observed, one case expected), while non-malignant kidney diseases (usually fatal)
were reported for 64 patients (three cases expected). Additional disease conditions
of elevated frequency were liver disease, cataracts, tooth breakage, exostoses
(benign osteochondromas) and growth retardation in children (a reduction of 2% of
potential growth per Gy) [70, 76, 77].

4. RADIATION DOSIMETRY

For calculating the radiation dose to the skeleton after intake of a bone seeking
radionuclide, information is required on the sites of deposition and retention of the
radionuclide, on the location of the sensitive cells and on the organ and tissue masses.
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4.1. Sensitive cells in the skeleton

The sites of the sensitive cells in the skeleton have been identified as the
haematopoietic stem cells in the marrow and osteogenic cells, particularly those on
bone surfaces [3, 78]. The haematopoietic stem cells are assumed to be randomly
distributed throughout the red marrow in cancellous bone. The dose equivalent to
these cells is therefore calculated as the average dose to tissues which fill the cavities
in cancellous bone. For the osteogenic tissue on endosteal surfaces (which includes
the surfaces of Haversian systems) and the epithelium on bone surfaces, it is recom-
mended in Ref. [3] that the dose equivalent is calculated as an average over tissue
up to a distance of 10 nm from the relevant bone surface.

For the purposes of dosimetry, a simplified specification for the dimensions
and location of the two target tissues has been adopted. From the work of Lloyd and
Hodges [79], the total area of the endosteal surfaces in adult man has been taken as
11.2 m2, although more recent work by Beddoe et al. [80], using improved tech-
niques, suggests a value of about 16 m2 [81]. By comparison, the area of
epithelium on bone is small. In Ref. [3], a value of 12 m2 has been adopted as the
total endosteal area of the skeleton which, with an average thickness of 10 jam,
implies a total mass for this sensitive tissue of 120 g. The mass of red marrow in
the cavities of trabecular bone is taken to be 1500 g, while the total mass of the
mineralized bone is assumed to be 5 kg, 80% of which is cortical bone and 20% can-
cellous bone. Only yellow fatty marrow (mass 1500 g) is assumed to be associated
with cortical bone. There is considered to be no risk of leukaemia associated with
irradiation of the fatty marrow. However, in some situations this may not be true,
as Custer [82, 83] has demonstrated the ability of blood forming elements to rapidly
replace inactive marrow as a result of such conditions as anaemia or infection.
Whether this increase in cellularity of the yellow marrow is due to the migration of
cells from areas of active red marrow, or the activation of resting cells in the yellow
marrow, does not appear to be known.

4.2. Bone seeking radionuclides

For the purposes of dosimetry, it is recognized in Ref. [3] that two groups of
bone seeking radionuclides: bone volume seekers, such as the alkaline earths, which
tend to distribute throughout the bone matrix, and bone surface seekers, such as
plutonium and americium, which tend to remain on bone surfaces for long periods
of time after deposition. The exception to this is that volume seekers with half-lives
of less than 15 d (such as 224Ra) are treated as surface seekers, since they are
unlikely to move far into the volume of bone before they decay.

For calculating radiation doses to the skeletal tissues, information is required
on the fraction of the decay energy liberated by radionuclides in bone or on bone
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TABLE IV. RECOMMENDED ABSORBED FRACTIONS FOR DOSIMETRY
OF ALPHA EMITTING RADIONUCLIDES IN BONE [3]

Source organ

Cancellous bone

Cortical bone

Cancellous bone

Cortical bone

Target organ

Bone surfaces

Bone surfaces

Red bone marrow

Red bone marrow

a emitter
uniform

in volume

0.025

0.01

0.05

0.0

a emitter
on bone
surfaces

0.25

0.25

0.5

0.0

surfaces that is absorbed by the sensitive cells. These fractions are energy depen-
dent [84]. For example, it has been calculated that for alpha emitters distributed
throughout the bone volume, the absorbed fraction deposited in a 10 pm layer on
bone surfaces will range from 0.018 for radionuclides emitting 3 MeV alpha parti-
cles to 0.032 for radionuclides emitting 8 MeV alpha particles. However, rounded
values are recommended in Ref. [3] for both alpha and beta emitting radionuclides
deposited either on bone surfaces or distributed throughout the volume of bone. The
absorbed fractions for sensitive cells on bone surfaces and in the red bone marrow
that are recommended in Ref. [3] for both bone volume and bone surface seeking
alpha emitting radionuclides are given in Table IV. Values are given for alpha
emitters deposited in both cortical and cancellous bone. The absorbed fractions for
bone volume seekers, such as 226Ra, are much less than for bone surface seekers,
such as 239Pu, because much of the energy per decay is harmlessly dissipated in
bone mineral. For alpha emitters situated in cortical bone, no energy is absorbed in
the red bone marrow as only fatty yellow marrow is considered to be associated with
cortical bone (see Section 4.1).

4.3. Models for the retention of radium in adults

For calculating the dose to the skeleton resulting from the entry of radium
isotopes into the blood, information is also required on its deposition and retention
in the skeleton and other tissues. A number of models for the retention of radium
in the adult human have been described, but probably the most important are those
published by a Task Group of the ICRP [4], Schlenker et al. [14], Miller and
Finkel [37] and Norris et al. [41]. All depend upon an analysis of the limited data
on the retention of radium in persons who have been given radium for therapeutic
reasons or in human volunteer studies.
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The 226Ra content of the human body cannot be determined directly by
gamma ray spectrometry since its single, low intensity (187 keV) gamma ray is
obscured by the numerous degraded scattered gamma rays from 2!4Pb (=RaB) and
214Bi ( = RaC). Consequently, determination of the whole body content of 226Ra
depends upon one of two methods: (a) the measurement of the amount of 222Rn
(radon) exhaled per unit time in order to calculate the so-called emanating 226Ra
fraction in the body, and a measurement of the RaB and/or RaC content of the body
to determine the fraction of the 226Ra whose radon is retained; (b) the total amount
of 226Ra can also be found indirectly by dividing either measurement by the
appropriate radon retention to 226Ra ratio or radon exhalation to 226Ra ratio,
respectively.

The main human data available for analysis come from a group of 32 mental
patients given radium injections (10 jug per injection) as a form of therapy at the
Elgin State Hospital in Illinois between 1931 and 1933. Radium was administered
at intervals of a few days to a week over a period of from two to six months. The
lowest amount administered to any patient was 70 /xg and the highest 450 /ig.
Schlundt et al. [85] measured the radium body contents of 13 of these patients during
the last week of December 1931 and again during July 1932. The retained fraction
of 222Rn was measured with a quartz fibre electrometer placed between the patients'
shoulders and the exhaled 222Rn fraction was measured by passing the breath
through an electroscope. During the interval between the first and second measure-
ments, these patients eliminated radium at the rate of about 13% per month
(T.A = 156 d). Of the original 32 patients in the Schlundt series, 19 were located
and measured for retained radium in the State Hospital by staff from the Argonne
National Laboratory in 1951 and 1953 [41, 86]. Further measurements were made
using the Argonne National Laboratory whole body counter from 1959
onwards [87].

Norris et al. [41], in a comprehensive analysis of the then existing data,
summarized information on the whole body retention, R,, of radium versus time,
following a single intravenous injection, with the function:

R, = 0 .54r 0 5 2 , t > 1

where t is the time (in days) after the entry of radium into the blood.
This model was based primarily on four measurements of radium retention in

eight patients (two by Schlundt et al. in 1931 and 1933 and two by the Argonne
National Laboratory group in 1951 and 1953). One limitation in the measurements
by Schlundt et al. [85] was that they relied primarily on breath radon measurements,
assuming a constant value for the volume of expired air (7.5 L/m). They did not,
therefore, reflect variation between individuals and, as the authors indicated in their
paper, retention can only be assessed as average values. The fact that injections were
given over a period and that precise information was not available on their timing
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also makes the analysis at early times uncertain. The accuracy of the injection sched-
ules is important as the parameters of the power function are highly dependent upon
the elapsed time between the last injection and the first measurements. The model
itself is not physiologically satisfactory at short and long times after exposure. As
t approaches zero, R increases without limit, implying that there is more activity in
the body than was injected. At long times, integrals of R increase without limit and
so would not predict an eventual equilibration of body and blood under conditions
of continuous intake. Modified power functions have been proposed to solve the
problem of infinite activity at t — 0 [88].

Alternative retention functions were derived by Holtzman et al. [89] from
principles based on the chemical kinetics of recrystallization and provided a theore-
tical basis for correlating calcium metabolism with that of its chemical analogues.
The fractional retention, Rt, of a single injection of an alkaline earth was described
empirically by a power fraction of the form:

where t is the time after injection and b and y are constants describing the reactions
of calcium (or an analogue) with bone mineral.

Miller and Finkel [37] revised the retention functions given by Norris
et al. [41] after an extensive re-evaluation of the data on the Elgin patients. They
proposed alternative power functions which arose principally from revisions in the
injection times rather than from the application of better data fitting techniques. In
the analysis, radon retention in man was assumed to follow the power function
expression:

222Rn retention = 0.0579r0 1 8

that had been found for mice [90], but which was in good agreement with pooled
radon retention ratios for rats at short times, dogs at intermediate times and man at
very long times after injection [91]. The reasonable assumption was also made that
radium retention after each injection followed the same power function, so that reten-
tion of each aliquot was unaffected by those given previously. For the eight patients
various power functions were found, ranging from a rather flat curve of
R, = 0.15f~019 to a relatively steep curve of Rt = 0.98?~063. The mean power
function obtained for the eight patients was R, = O.3Ot~0M. This model was
intended to describe retention from 1 to 33 years after a single intake of radium to
blood. Miller and Finkel [37] also noted that the retention of radium after one year
had elapsed since administration could alternatively be expressed by a single
exponential term with a half-time of 15 years for 2.46% of the administered activity.
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In the analysis by Miller and Finkel [37], no attempt was made to determine
whether there was an effect on retention of age at intake, although the data on the
Elgin patients suggests that at long times after exposure, retention in those injected
at ages 17 through 23 years of age is about twice that in persons injected at age 25
or more [4]. This may reflect a greater incorporation of activity in the skeleton in
younger persons. Studies on animals have shown a greater initial deposition of alka-
line earth radionuclides in young animals compared with adults [30].

4.4. ICRP dosimetric model for the alkaline earths

4.4.1. Structure

A much more comprehensive model of alkaline earth metabolism in adult man
has been developed by a task group of Committee II of the ICRP and is described
in ICRP Publication 20 [4]. Mathematical expressions are described which define
retention of radium, and other alkaline earths, in the whole body, blood and in vari-
ous components of the bone as functions of time after a single injection of activity
into the blood. Unlike previous models, which were either exponential functions or
power functions, the ICRP model combines both power function and exponential
retention in a single model. The power function retention at early times mainly
represents diminution of activity in bone by diffusion/exchange processes [92],
while the exponential retention at later times mainly represents the resorption rates
of compact and cancellous bone. By using different sets of parameter values in the
model, the expressions are used to describe the retention of calcium, strontium,
barium or radium. These values were determined by fitting the model equations to
retention data for the alkaline earth radioisotopes and were developed largely as
empirical fits to the available data, but with the constraint that they should be consis-
tent with known information about the behaviour of alkaline earths in man and
animals. It is possible, therefore, that small changes in some of the parameters would
give equally good, or possibly even better, fits to the data. Because of the uncertain-
ties in extrapolating information on the retention of radon in animals to man, radon
retention parameters measured by Schlundt [85] were used when they were available
in the development of the model for radium. Where Schlundt measured only the
gamma ray component, the total retention was computed using average radon reten-
tion values from the other cases. Some doubt still remains regarding the exact timing
of the injections in the Schlundt cases, which makes any estimate of retention in the
short term from these data alone very difficult. However, more short term data were
available to supplement the data from the Elgin series and were used in the develop-
ment of the model. The human data considered in developing the model range from
15 min to 50 years after the intake of radium and are described in detail in Ref. [4].
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TABLE V. VALUES OF THE PARAMETERS USED IN THE ICRP MODEL [4]

FOR ALKALINE EARTH METABOLISM IN ADULT MAN, TOGETHER WITH

THE MODIFICATIONS RECOMMENDED IN REF. [14] FOR RADIUM

Parameter

b

e
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k

V

a

P

m

03

c

^-surface

^sur

fc

/ ,

Vl

\Or)k

r

Aslc

INTRSOFT

V

fr

DIFRATIO

h

Units

Dimensionless

d

%/a

gCa/d

Dimensionless

Dimensionless

Dimensionless

d-1

Dimensionless

gCa

gCa

d"1

Dimensionless

Dimensionless

gCa/d

L/d

Dimensionless

Dimensionless

%/a

%

Dimensionless

Dimensionless

Dimensionless

d

a

Dimensionless

Calcium

Independent

0.10

0.76

2.5

0.275

1

4

0.79

0.10

1

1000

4

0.3

2.29

—

1

Dependent

2.75

0.532

0.826

15.2

0.403

1

2.01

3.14

730

20

4.86

Radium

0.415

0.12

1.5

0.275

36.5

4

0.821

0.4

1.31

1000

12

0.3

3.0

0.15-0.21

1

100

0.608

0.997

52.0

14.4

1.50

1.94

1.87

42

21

244

Radium (Sch)a

1.436

5.629

0.6254

0.9953

1.521

Modifications by Schlenker et al. [14]. The remaining parameters are unchanged.
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4.4.2. Whole body retention function

The whole body retention function developed by the ICRP [4] is shown below:

where

Rbody is the fraction of the injected activity remaining in the body following a
single intravenous injection (excluding radioactive decay);

e is a small time, related to the turnover of an initial pool;
b is the power function slope related to the diffusion of activity from bone

to blood and excretion of part of that activity from the body;
X is the rate of apposition and resorption in compact bone (time"1);
a is the ratio of the turnover rates of cancellous and compact bone;
13 is the fraction of bone volume activity deposited in compact bone;
r is a factor which corrects for redeposition of activity in new bone at sites

of resorption long after injection. In the case of radium, this is nearly
unity (0.997), implying minimal recycling at late times;

m is the rate constant of the initial exponential in R (time"1), included to
take account of the fact that early retention of strontium and barium could
not be explained solely by a power function;

p is the fraction of activity not associated with the initial exponential in R;
t is the time (from 0 to any time after injection).

The values of these parameters for both radium and calcium are shown in Table V.
this is essentially a six parameter model of retention because /3 and r follow

from the other parameter values. The time derivative and integral of RM)/ are used,
together with additional parameters, to generate consistent internal retention func-
tions for bone surface, new and old compact and cancellous bone, blood and soft
tissues. The bone functions separate loss of activity by diffusion (diminution) from
that by resorption. All of the retention functions are assumed to be independent of
age. A limitation in the model that was identified by the ICRP was that the model
does not take account of osteoporosis in the later years of life. A rate of loss of bone
of about 1 % per year greater than the steady state value is to be expected after
50 years of age in normal men, more in women and osteoporotics [4]. The final
exponential in radium retention could therefore be about 1% a"1 greater than the
steady state value given in the model, although the radiation dose may not be affected
provided the rate of loss of bone and the incorporated radium are about the same.
Figure 7 [93, 94] compares the predictions of the model for the whole body reten-
tion of radium with the data available for adult man. Also included in Fig. 7 is the
retention function predicted by the Norris model [41]. For all times from 1 d to 25 a,
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FIG. 7. Radium retention in the whole body, a summary of virtually all data available for
adult man. The heavy curve represents the ICRP model [4J. Most of the points lie above the
model curve for the first 1-2 d because no correction for faecal delay has been made.

the ICRP model prediction of retention is within 20% of the Norris function. Thus,
for many purposes the Norris function is still reasonably valid.

There are a number of other features in the model that should be mentioned.
First, 80% of the bone is considered to be compact bone and 20% cancellous bone,
these proportions applying to bone volume, bone mass and bone calcium. Compact
bone has a surface/volume ratio of approximately 30 cm2/cm3 and cancellous bone
a ratio of about 120 cm2/cm3 [79]. This implies equal surface areas of compact and
cancellous bone. Since linear apposition rates where growth is occurring (about
1 /wn/d, Ref. [95]) in different parts of human bone are largely independent of the
site [96], the rate of new bone formation in both compact and cancellous bone will
be about the same. The implication of this is that following the entry of radium or
other alkaline earths into the blood, the amounts deposited in compact and cancellous
bone will be about the same. The key postulate in the model is that the two processes
which result in the loss of radium from the bone, diminution and resorption, are
associated with individual terms of the retention function for bone and the whole
body. Diminution is represented by the power function and resorption by exponential
functions for cancellous and compact bone. Finally, it is assumed that the rapidly
exchangeable alkaline earth activity in bone occurs at bone surfaces and can be
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represented by a single compartment in direct exchange with the blood. The calcium
content of this compartment is assumed to be the same throughout all of the bone.
The resorption rate for radium used in the model (1.5% a"1) was based on meas-
urements of the retention of radium in persons at long times after exposure, as well
as some information by Rowland [97] on rates of bone resorption and apposition for
periods of from 19 to 36 years after radium acquisition.

4.4.3. Retention in body compartments

The models developed by the ICRP Task Group [4] to predict the retention of
alkaline earths in blood, soft tissue, bone surfaces and bone volume for new and old
compact and cancellous bone are described in full in the Task Group report and are
not detailed here. For compact (comp) bone, the fractional retention of radium in
the volume is given by

^comp volume = Pfe* <t + 9)~b e~rXt

while for cancellous (can) bone the fractional retention is given by

*can volume = />0 ~ fo\t + 9)~b e~°rX<

where d is a time dependent factor equal to

[0.8/ccXw(l - R)/ebPnk]-1/b

in which c is the total mass of bone calcium, fc is the ratio of total activity deposited
in compact bone volume to that deposited in new compact bone, n is the ratio of
excretory plasma clearance of radium relative to that of calcium and k is the
endogenous excretion rate of calcium (urinary plus faecal). Finally, it is assumed that
for any new bone formed, its activity per gram calcium equals co times the current
activity per gram calcium of blood plasma, where the discrimination factor w is 1.31
for radium, implying a greater transfer of radium to the skeleton than calcium. The
evidence for this value of o> for radium is very limited, however, and while some
data do suggest a greater transfer of radium to the skeleton than calcium [11, 98],
other results suggest that there is little difference between the two [99]. Figure 8
shows the predictions of the ICRP models for the retention of radium in blood, soft
tissues, a number of compartments of the bone and the whole body after a single
injection into the blood.

4.4.4. 226Ra decay products

In calculating the radiation dose to bone mineral and to soft tissue from 226Ra,
allowance has to be made for the behaviour of its decay products. 226Ra decays to
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TABLE VI. RETENTION OF RADIUM IN THE SKELETON AND SOFT

TISSUES IN ADULTS [101]

Component

A

B

C

D

E

Cortical

Per cent

51.7

43.1

2.6

2.6

bone

T* (d)

0.0

3.6

1300

9600

Cancellous bone

Per cent

52.6

43.9

1.7

1.7

T« (d)

0.02

3.6

800

3500

Other

Per cent

29.1

54.5

10.9

4.6

0.9

tissues

Tv4(d)

0.05

1.0

35

200

1400
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222Rn (radon), which has a half-life of 3.8 d. Since radon is a noble gas, any 222Rn
produced in soft tissues can be assumed to escape from the body without decay-
ing [3]. The fraction of 222Rn retained in mineral bone will be determined by the
extent of burial of the parent 226Ra and is thought to vary from about 9% at 10 d
after intake to about 40% at 27 years [91]. By use of the radium retention functions
developed by Norris et al. [41], it has been estimated by the ICRP [3] that the aver-
age fraction of 222Rn retained in mineral bone, evaluated over the 50 years follow-
ing intake, is about 0.3 and this is the value recommended for use in dose
calculations. Other, shorter lived, isotopes of radon are assumed to remain totally
with their parents. A similar value (0.33) is used in Ref. [100] in calculations of the
dose to bone mineral from incorporated 226Ra. This value is also used, conserva-
tively, by the United Nations Scientific Committee on the Effects of Atomic Radia-
tion (UNSCEAR) for calculating the dose to soft tissues. The tissue doses calculated
are strongly dependent on the assumptions made about the retention of 222Rn and its
daughters. Thus, assuming no retention of 222Rn, the calculated doses to tissue are
about half of those calculated on the assumption of 30% retention, while with 100%
retention the doses would be increased by a factor of about 2.5.

4.4.5. Limitations of the ICRP model

The model fit to the data developed by the ICRP [4] may in practice be
unnecessarily complicated for dosimetric purposes. The radium retention data can
be expressed in terms of a series of exponentials. Thus, Adams et al. [101] have
represented the retention of radium in cortical and cancellous bone in adults by two
different series of four exponential functions and in other tissues by five exponential
functions. These functions are given in Table VI. The radiation doses to the tissues
of bone calculated on this basis are within about 10% of those calculated using the
ICRP Task Group model. This representation of the retention data has the advantage
that age specific data can be readily incorporated.

The model parameters adopted by the ICRP give a good fit to the whole body
retention data for radium in adults at medium and long terms after exposure to
radium. However, it has been pointed out by Schlenker et al. [14] that the predic-
tions of the model for the amount of radium in soft tissues (68% of the body content
after 10 d and 22% after 1000 d) are at variance with some published results. As
a consequence, he has modified a number of parameters in the model in order to give
a better fit to the human data on levels of radium in soft tissues. At the same time,
these modifications to the model also give an improved fit to the retention data for
bone and the whole body. The main alteration suggested by Schlenker et al. was to
6, the time dependent adjustment to the power function for the retention of radium
in bone volume. This necessitated small changes to a number of the other
parameters. A further change was to modify the proportion of the body content of
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naturally occurring radium present in soft tissues from 14.4% given in the ICRP
model to 5.5% based on more recent information on soft tissue levels (see
Section 2.4). The new value of 6 for radium is:

6 = {0.1247 (1 - flbody)} -2.410

The values of the new parameters suggested by Schlenker et al. [14] are given
in Table V. The fitted functions indicate that the soft tissue level of radium rises to
58% of the whole body retention at 18 days after single intake and then falls steadily,
reaching 33% at 100 days, 14% at 1 year and 1.7% at 10 years. These percentages
are less than for the ICRP model.

Figure 9 shows the predictions of the Schlenker et al. modification to the ICRP
model for the retention of 226Ra in bone and soft tissues. Also shown are the values
for the ICRP model.

From the point of view of radiation protection, however, the doses to the skele-
tal tissues from 226Ra calculated using the modified ICRP model are not very differ-
ent from those calculated using the standard model (about 15%), and so far the ICRP
has not found it necessary to recommend any modifications to the standard model.

There must remain some doubt as to the adequacy of the data upon which this
model is based. As detailed in Section 2.4, the human data on the relative deposition
of radium in the skeleton and soft tissues at early times are very sparse. Although
the information that is available suggests that a substantial fraction of radium initially
deposits in soft tissues, this is open to question. Animal data are also limited, but
they indicate that the fraction of radium deposited in soft tissues at early times may
be much less than predicted even in the Schlenker et al. [14] modification to the
ICRP model (see Section 2.4). While this uncertainty will have little effect on the
calculated dose from 226Ra, because of its long retention time in the body, it could
have a considerable effect on the dose calculated from 224Ra as most (>90%) of the
dose to the skeletal tissues will be received within about two weeks of the intake.
If the deposition in skeletal tissues is underestimated, as seems possible, then the
dose to skeletal tissues will also be underestimated.

While the ICRP model gives a good fit to whole body retention data for radium
in those persons for whom the initial intake is known reasonably well, it is not so
good at predicting concentrations in individual bones. Holtzman et al. [89] have
compared the predictions of the model for 226Ra/Ca ratios in over 650 samples of
compact and cancellous bone from 66 female and 26 male subjects who died from
less than 1 to 60 years after exposure to radium. The 226Ra/Ca ratios were normal-
ized to the terminal 226Ra skeletal content. For female cortical bone (taken from the
shafts of the femur, tibia or humerus), the normalized 226Ra/Ca ratios tended to be
less than predicted, while for female cancellous bone (all bones not in the bone shaft)
the ratios tended to be greater. The data for males were fitted better by the models.
A main feature of the results, however, was the great range of results obtained,with
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marked differences in the retention of radium between different individuals and
different bones from the same individual. The data suggest that the ICRP models,
while providing a reasonable representation of the retention of radium in the whole
body and in different bone types averaged throughout the skeleton, do not adequately
represent retention, and therefore radiation doses, in individual bones. Similar
results have been obtained by Evans [102]. Rundo et al. [103] have reported an
analysis of whole body scans of 40 patients containing radium. The scans were
conducted using seven detectors equally spaced along the length of the subject. The
results demonstrated that the distribution of radium in different individuals is
extremely variable, that the variability is unrelated to the mode of intake (ingestion
or intravenous injection), and that the general pattern of distribution is stable over
periods of some years. The measurements showed no correlation between regions
of high levels of radium and sites of malignancies. The reason for the extreme varia-
bility in distribution throughout the skeleton is not fully understood, but it may relate
to the metabolic activity of different bones of the skeleton at the time that the concen-
tration of radium in the blood was at a maximum and subsequently.

4.5. Age related dosimetric models

A further limitation of the ICRP model is that it was developed specifically for
adults and the model parameters are assumed to be independent of age. While it may
therefore be used for calculating radiation doses to workers who are occupationally
exposed and adult members of the public, it cannot be used satisfactorily in its
present form for children and adolescents. In younger persons the initial deposition
of radium is greater than in adults [4], reflecting the higher rate of bone apposition;
at the same time the rate of loss is also likely to be increased, reflecting the faster
rate of bone turnover.

A number of authors have developed age related dosimetric models for the
alkaline earths, but only a few deal with radium explicitly. All of the models tend
to be empirical fits to the observed data in both man and animals and are limited by
the small amount of information available in young persons. Model validation, there-
fore, has to rely largely on the results of animal studies.

Johnson [104] modified the ICRP Task Group model for adults to specifically
include recycling. He represented retention in mineral bone by second compart-
ments, rather than the product of a power function and an exponential. In his model
(Fig. 10), radium or other alkaline earths entering the blood are taken up by soft
tissues, bone surfaces, compact bone or cancellous bone, or are excreted. The com-
bined processes of apposition, addition and augmentation [4] for uptake to mineral
bone from blood and of elimination and resorption from mineral bone are
represented by two compartments in each of the compact and cancellous bones.
Transfer from each compartment is assumed to be proportional to the amount of
material in that compartment. For adults the parameters X, a, )3 and a in Fig. 10
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were assumed to be constant and values were calculated that gave the best fit to the
retention data predicted by the ICRP Task Group model for calcium, strontium, bar-
ium and radium. To make the model age dependent, the rate constants to and from
the bone compartments (XcOm, Xcan, acom, acan, f?com, &„„) were made to vary with
age. For calcium retention, model parameters were developed which gave a good
fit to data for total body calcium as a function of age [105], on the assumption that
daily calcium intake varies linearly from 0.3 g at birth to 1 g at 0.75 years of age
and thereafter [2]. An/i value of 0.36 was applied to obtain a total body calcium
content of 1070 g for male adults [2]. The model gave percentages of calcium in cor-
tical and cancellous bone of 80 and 20% at about age 40 years, values consistent with
the recommendations of the ICRP [3].

The model was extended to strontium by developing parameters of the model
that were reasonably consistent with observations on the levels of ^Sr in infants
resulting from weapons fallout. The ^Sr in the diet was caculated from
^Srxalcium ratios reported by Papworth and Vennart [106] and it was assumed
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TABLE VII. MODEL VALUES FOR PERCENTAGE RETENTION OF RADIUM
IN BONE AFTER INJECTION AT DIFFERENT AGES [104]

Time
after intake

(a)

Cancellous
bone

Compact
bone

Cancellous
bone

Compact
bone

1

2

4

10

45

1

2

4

10

45

Age at intake

1.1

0.61

0.17

0.007

0.0002

Age at intake

0.72

0.54

0.36

0.16

0.011

0 a

1.1

0.62

0.26

0.026

0.006

10 a

0.84

0.57

0.42

0.32

0.12

Age

0.46

0.23

0.078

0.019

0.001

at intake 5 a

0.59

0.31

0.14

0.058

0.021

Age at intake adults

0.75

0.64

0.48

0.22

0.015

0.91

0.66

0.53

0.44

0.16

that the/! ( = 0-3) did not vary with age. The age dependent parameters were modi-
fied by multiplying them by a function that decreased linearly from unity at birth to
0.2 at age 2 years, in agreement with the age dependent observed ratios of ^Sr to
calcium in diet and bone reported by Comar [107]. The model does not, however,
predict the large increase in 90Sr content in the bones of children aged approxi-
mately 1-5 years that occurred in 1957 and 1960 [106], The possible inclusion of
an age related change in /j could, at least to some extent, have accounted for this
limitation in the model.

The model was further extended to radium by assuming that discrimination
against radium would show the same age dependence as that for strontium, but that
this discrimination would be greater than for strontium by the same extent that the
strontium is greater than calcium. This was based on the observed result [108] that
up to 10 days after injection the ratio of excreted amounts of 223Ra:85Sr:47Ca was
about 80:60:40. The age dependent functions were, as a consequence, modified by
multiplying them by a function that decreased linearly from unity at birth to 0.04 at
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age 2. Model results were calculated for injection at ages 0, 2, 5, 10 and 15 years
and adults. The model predicts that for persons above age 10 years, radium retained
in cancellous bone and cortical bone is not greatly different than in adults
(Table VII). The model also predicts that retention at 1 year after injection decreases
initially with age at injection and has a minimum at about 5 years. It then rises to
a maximum at about 15 years, subsequently decreasing to the adult values. Retention
at 20 years after injection increases steadily with age at injection to a maximum at
age 15 years and then decreases. These general trends are consistent with the age
dependent retention of strontium in rats and mice [109], strontium in dogs [110] and
radium in dogs [111]. The model results are also consistent with the data on humans
summarized by the ICRP [4], where it was shown that long term radium retention
was about a factor of 2 higher for persons injected at ages 17 through 23 years than
in those injected at age 25 or more.

Using a rather different approach, Parks and Keane [112] examined the propo-
sition arising from studies in beagle dogs that the initial retention of radium varies
in proportion to the calcium addition rate at the time of intake. Human calcium addi-
tion rates were scaled from those in beagles, the relative calcium accretion rates in
the two species at equivalent stages of skeletal growth providing the scaling factor.
The variation in radium retention with age was determined by fitting a modified
power function to data on the retention of radium from about 30-15 000 d following
a series of therapeutic injections of 226Ra in humans ranging in age from 18 to
63 years [4]. The fractional retention, R,, at t days following a single injection of
226Ra was described by

(t/d)) -0.44

The age dependent parameter d in the retention function was found to be proportional
to the calcium accretion rate at the time of injection in subjects receiving < 7.4 MBq
of 226Ra. The analysis suggested that although estimates of total absorbed dose to
the skeleton made at long times after injection are largely unaffected by the value
of d, the greater initial retention of radium in adolescents, consequent upon the
greater bone formation rate, suggests an increased risk per unit intake of radium over
that in adults. The further development of age related models for radium is at present
limited by the lack of human data.

4.6. Radiation doses and risks

In 1977, the ICRP stated that it is the principle of radiological protection to
ensure that no practice is used unless it can be justified and that all exposures should
be kept as low as is reasonably achievable. In addition, dose equivalent limits for
both stochastic and non-stochastic effects were recommended. The biological bases
for these limits are provided mainly by studies on human populations exposed to
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ionizing radiation, some of which have been discussed in this review. A subsequent
publication [3] discussed the practical application of the 1977 recommendations for
the protection of workers exposed to radioactive materials. No recommendations
were made for members of the public.

For radionuclides with a short effective half-life, such as 224Ra, virtually all
of the radiation dose is delivered within a few weeks following the intake, but for
radionuclides with a long effective half-life, such as 226Ra, the radiation dose is
accumulated over the remaining lifespan of the exposed individual. In establishing
exposure limits for radionuclides which enter the body by inhalation or ingestion,
account is therefore taken of the total dose accumulated by tissues in a defined period
after an intake (50 years in the case of workers). This is called the 'committed dose
equivalent' to the tissue(s). Furthermore, the ICRP recommends that the doses
received by individual tissues are weighted by modifying factors which take account
of the different sensitivity of tissues to radiation. The sum of these weighted commit-
ted dose equivalents is called the committed effective dose equivalent, which is the
dose equivalent that, applied uniformly to the whole body, would give the same risk.
To implement the recommendations on dose limitation for occupationally exposed
workers given in ICRP Publication 26 (50 mSv for the annual whole body dose
equivalent limit with overriding non-stochastic limits of 150 mSv for the lens of the
eye and 500 mSv for all other tissues), the annual limit on intake (ALI) has been
introduced [3]. This is the amount of a radionuclide which, if taken into the body
on its own, would deliver a committed dose equivalent equal to the annual dose limit
for either individual tissues or the whole body, whichever is the more restrictive.
Within the annual limit, no restriction is placed on the rate of intake. Intakes at the
ALI level for each year of the working life would result in the tissues of the body
being irradiated at the annual dose rate limit by the fiftieth year after the start of
exposure.

The ALI for 226Ra by ingestion (7 X 104 Bq) is set by the non-stochastic dose
limit for the cells near bone surfaces; however, there will also be a risk of cancer
induction associated with this intake. Based upon the metabolic and dosimetric
models for 226Ra recommended by the ICRP, it is possible to estimate the commit-
ted dose equivalents to the sensitive cells of the lower large intestine (the tissues most
at risk in the gut), the cells near bone surfaces, the bone marrow, and other soft
tissues following ingestion of 226Ra by an adult. By multiplying these doses by risk
coefficients for radiation induced fatal cancers for the different tissues [2], the risk
of cancer following the ingestion of 226Ra can be estimated (Table VIII). Following
the ingestion of 1 ALI of 226Ra, for example, the risk of developing bone cancer is
calculated to be about 1 in 4000, with an overall risk of cancer of about 1 in 3000.
The risk of leukaemia as a result of irradiation of the bone marrow is calculated to
be about 1 in 12 000, about a third of that of developing bone cancer.From the
evidence obtained from the follow-up studies on the radium cases, this is likely to
be an overestimate of the leukaemia risk. The risks calculated are clearly a maximum
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TABLE VIII. ESTIMATION OF THE RISK FROM THE INGESTION OF
Ra-226 Cl2

Tissue

LLIf' «•h

Liver1'h

Cells near bone
surfaces^

Bone marrow'

Lung1

Sv/Bq
ingested3' b ' c

1.2. x 10"7

8.4. x 10 "8

6.8. x 10"6

5.8. x 10~7

8.4. x 10"8

Risk coefficient
(cancer deaths:

Sv- ' ) d

1.0. x 10"3

1.0. x 10~3

5.0. x 10~4

2.0. x 10"3

2.0. x 10"3

Risk for
7 X 10" Bq

ingestede

8.4. X 10~6

5.9. x 10~6

2.4. x 10~4

8.1. x 10~5

1.2. x 1O"5

3.5 x 10"4<k)

a Assuming the gut transfer factor (/i) is 0.2.
b Assuming the ICRP Task Group model for retention in bone and soft tissues.
c 50 year committed dose. Based on a quality factor, Q, of 20 for a radiation.
d Ref. [2].
e 7 X 104 Bq is the ALI for Ra-226 Cl2 by ingestion.
f Average dose absorbed by mucosal cell layer is 1/200 of the average dose to the gut con-

tents for a particle irradiation.
8 LLI: lower large intestine.
h One of the five remaining tissues defined in Ref. [2], each of which is assigned a risk

coefficient of 1 x 10 "3 Sv"1.
' Average organ doses.
J Average dose calculated to cells within 10 jim of the endosteal bone surface.
k That is, the overall lifespan risk of cancer developing in an individual is about 1 in 3000.

and depend upon the full risk to the tissues being expressed. They therefore apply
only to intakes received early in life.

The doses calculated in Table VIII using the dosimetric parameters recom-
mended by the ICRP are supported by information given in Ref. [100] on tissue
levels of 226Ra in the general population. For the population as a whole, inhalation
is a minor route of entry of 226Ra into the body with an intake calculated to be about
0.01 Bq/a. Food is generally the main source of intake, with an average annual
dietary level estimated to be about 15 Bq. The contribution of drinking water is
generally small when drinking water supplies are drawn from surface water.
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However, activity concentrations of 0.1 Bq/L are not exceptional in well and mineral
water [100]. Fisenne et al. [113] have summarized available data from 26 countries
on measured activity concentrations of 226Ra in human bone. The population
weighted distribution was found to have a median of 850 mBq of 226Ra/kg of
calcium (170 mBq/kg of bone, GSD: 1.6). Based on this value, Fisenne et al.
estimated annual absorbed doses to endosteal cells within 10 pm of bone surfaces of
4.0 X 10~5 Sv. Assuming this is an equilibrium value and the average annual
intake of 226Ra is 15 Bq, this would correspond to committed dose equivalents to
endosteal cells of 2.9 X 10~6Sv/Bq, a value in good agreement with that in
Table VIII (6.8 x 10~6). These data on naturally occurring 226Ra therefore
provide good validation of the uptake, retention and distribution assumptions in the
ICRP model for radium in adults.

5. SUMMARY

This review has outlined the information available for man on the radiation
effects and dosimetry of incorporated radium isotopes and their behaviour in the
body. Where human data are lacking some animal data have also been included. The
review indicates that data available on the consequences of intakes of radium isotopes
in man are substantial and provide a valuable source of information on the effects
of incorporated radionuclides in man. Information on the behaviour of radium in the
body is much less complete, with only very limited data on such aspects as the effect
of chemical form on the level of absorption from the gut and respiratory system, on
the distribution of radium in the different tissues of the body and the effects of age
on retention. The dosimetric model for adults developed for radium by the ICRP,
and the future development of age related models, depends upon the adequacy of
information on the behaviour of radium in the body and this is therefore an area of
research where more work is required.
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1. MODELLING CONCEPTS

In most countries today, the approval of nuclear facilities requires that some
form of environmental impact analysis be undertaken, regardless of whether these
facilities are to be used for the production of power or for the management of wastes.
A key objective of such an analysis is the estimation of doses to individual members
of the public from routine releases of radioactivity to the atmospheric and aquatic
environments in both the near and long term. This type of analysis relies heavily on
predicted values produced by mathematical models. These models have been formu-
lated to calculate the release and environmental transport of radionuclides and the
exposure and dose received by critical population subgroups and larger segments of
the population. Examples of the types of models and associated parameter values
commonly used for radiological assessment have been described in detail in
Refs [1-3].

A typical model developed for radiological assessment is composed of an
ensemble of submodels or equations representing a large number of different
processes and mechanisms. For example, a typical model for estimating the potential
dose to critical population subgroups from the operation of a uranium mill may
include a system of equations and parameter values that represent (1) releases into
the air and water phases from the tailings management system; (2) dispersion in the
atmosphere, groundwater and surface water environments; (3) transfer to terrestrial
and aquatic biota; and (4) exposure and dose to humans (Fig. 1, Ref. [4]). Specific
physical or biological processes may be either described explicitly by an equation or
implicitly combined into an empirically derived parameter value or mathematical
expression [3].
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FIG. 1. Pathways for the transport of contaminants from source to humans [4].
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A distinction is often made between 'equilibrium models' and 'dynamic
models'. The term 'equilibrium model' refers to a class of environmental radiologi-
cal assessment models that are composed predominantly of parameter values that
represent conditions approximating a steady state relationship between environmen-
tal compartments. 'Dynamic models', on the other hand, are composed
predominantly of parameters that describe the rate of transfer of radioactive material
among the environmental compartments and human receptors. Thus, equilibrium
models are mostly made up of multiplicative equations using a series of steady state
transfer factors (also called 'concentration factors'), while dynamic models are
mostly made up of rate constants that may or may not vary as a function of time
[3, 5, 6].

For a given assessment, the type of model chosen depends on the available data
and the types of questions being asked. For example, if one is required to determine
how a radionuclide concentration or dose rate will change as a function of changes
in management strategies and release rates over time, a dynamic model must be
employed. However, the assessment of time integrated doses (or committed doses)
resulting from a unit release or the assessment of dose rates and environmental
concentrations resulting from prolonged chronic releases are often easily handled by
the more simple formulations associated with equilibrium models. The most common
type of model in current use is the equilibrium type and, in fact, most rate constants
used in dynamic models have been derived from published steady state or
equilibrium concentration factors [1-3].

The purpose of this chapter is not to undertake a review of the broad spectrum
of models which have been used in environmental assessments. Rather, emphasis is
placed on the types of models and parameter values that are specific to the radiologi-
cal assessment of radium as an element. Special emphasis has been placed on tabulat-
ing parameter values for use in equilibrium models of the transfer of radium through
the terrestrial and aquatic environments because of the wide use and acceptance
given to these types of models. A brief discussion of the approach to dose estimation
is provided in the example of application (Section 5). The reader is referred to
Part 4 in Volume 1 of this publication for a more detailed discussion of the scientific
bases for the transfer of radium into the environment.

2. TERRESTRIAL PATHWAYS

Figure 1 illustrates the principal pathways of radionuclide transfer from air to
terrestrial plants and animals. Airborne materials can be transferred to the edible
portions of vegetables consumed by man or to forage consumed by domestic or wild
animals through two mechanisms: direct foliar interception of wet and dry deposited
material and uptake from soil by roots. Grazing animals may also consume contami-
nated soil directly. The models and parameter values applicable to predicting radium
transfer through these pathways are reviewed below.
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2.1. Atmosphere to vegetation transfer

For continuous releases and time integrated concentrations resulting from a
single release, the following expression is commonly used to model the concentration
of radionuclides on vegetation as a result of direct deposition from the atmosphere:

~ CaVdF,Ev I — I (1)

where:
Cv is the concentration of the radionuclide in type v vegetation (Bq/g wet

weight);
Ca is the atmospheric concentration of the radionuclide (Bq/m3);
Vd. is the deposition velocity (m/d);
Fr is the fraction of the total deposition retained on the plant surface (0 to 1);
Ev is the fraction of the foliar deposition retained on edible portions of type v

vegetation (0 to 1);
\w is the decay constant accounting for weathering losses (d"1);
tv is the duration of plant exposure for type v vegetation to atmospheric

deposition (d) (see below, and Section 2.2);
Yv is the yield density for type v vegetation (g wet weight/m2).

The structure of Eq. (1) is similar to the models used by the IAEA [2], the United
States Nuclear Regulatory Commission (USNRC) [7, 8] and the National Council
on Radiation Protection and Measurements [3].

The deposition velocity, Vd, depends in a complex fashion on various physical
and chemical processes affecting the transfer of aerosols from the atmosphere to the
ground. This parameter has not been found to be specific for radium. Values of Vd

vary typically from less than 0.1 to more than 1 cm/s (i.e. 86-860 m/d), depending
on particle size, density and local conditions of meteorology and surface roughness
[3].

In some discussions the product of air concentration, Ca, and deposition
velocity, Vd, is represented as the deposition rate, in units of Bq-m^-d"1. A sum-
mary of deposition research published by Sehmel [9] is suggested for those readers
interested in the relevant published results in this area. Also, the atmospheric concen-
tration of the radionuclide, Ca, is normally provided as an input to this transfer
model. For a comprehensive discussion of atmospheric science and procedures to
estimate airborne concentrations, the reader is referred to a recent publication of the
United States Department of Energy (USDOE) [10].

The parameter Fr is the fraction of the total deposition per unit area retained
on the plant surface. It is also sometimes referred to as the interception fraction. The
parameter is vegetation specific and is influenced by such factors as plant spacing



TABLE I. COMPARISON OF DEFAULT VALUES FOR Fr/Yv USED IN THE ABSENCE OF SITE SPECIFIC INFOR-
MATION. THE TABLE IS ADAPTED, WITH MODIFICATIONS, FROM REF. [11]. CAUTION SHOULD BE USED IN
APPLYING THESE DATA TO RADIUM PATHWAYS AS DATA SPECIFIC TO THIS RADIONUCLIDE ARE OFTEN NOT
AVAILABLE.

Vegetation type

Pasture0

Leafy vegetablesf

Non-leafy vegetables5

Below ground vegetablesf

Grains'

Units

m2/kg

m2/kg

m2/kg

m2/kg

m2/kg

ABG

5.95d

0.42d

0.42d

—

—

AIRDOS/EPA

2.0

0.105

0.35

—

—

Models3

BIOPATH

5.0

0.53

0.53

—

—

IAEA

2.0

0.10g

0.33g

—

0.83'

NRC

1.14=

0.10=

0.10=

—

—

NRPB

2.5

0.3

0.3

0.12h

0.125

Min.b

0.75

0.03

0.011

—

—

Max.b

4.3

0.33

0.32

—

—

Geometric

1.8

0.1

0.06

—

—

a The models referred to in this table are six internationally recognized terrestrial food chain models developed in the Federal Republic of Germany
(ABG), USA (AIRDOS (EPA) and NRC), Sweden (BIOPATH), the International Atomic Energy Agency (IAEA) and the United Kingdom
(NRPB).

b The minimum and maximum values were calculated as 2 standard deviations about the geometric mean, as cited in Ref. [11].
c Values are based on dry weight of vegetation.
d For wet deposition, a value five times lower is assumed for rain and four times lower for spray irrigation.
= A value 1.25 times larger is assumed for wet deposition.
f Values are based on fresh weight of vegetation.
g These values are presented by the IAEA as examples rather than default values because site specific information should be readily available; for

table vegetables, F/Yv is derived from individual estimates of Fr and Yv, in which Yv is given as an example value.
h Does not include translocation from above ground surfaces to edible portions of vegetation that are below ground. Translocation factors for each

radioelement are 5 x 10~2 for cobalt, 1 X 10"2 for strontium, 1 x 10"' for iodine and 1 X 10"1 for caesium.
1 Value presented for caesium only.



TABLE II. SURVEY OF PARAMETER VALUES FOR MODELLING VEGETATION CONCENTRATIONS OF

RADIONUCLIDES DUE TO AIR DEPOSITION

Parameter
(units)

Grass
Above ground

vegetables
Below ground

vegetables
Reference

Fr (0 to 1)

Ev (0 to 1)

(d)

\w (d ') expressed
as tw (d)

0.2
Range 0.02 to 0.82
1.0
Not included

a. b

a, b
1.0
1.0
Not included

30
45"
30
Geometric mean: 30
max.c 200; min.c 15

14
Geometric mean: 17; range 9 to
34
Geometric mean: 12; range 8 to
26
18
14

0.2

0 . 6 a b

Not included

1.0
1.0ab

Not included

60
90"
60
Geometric mean: 100
max.c 180; min.c 60d

14

Geometric mean: 20; range 6 to 63d

18
14

0.2
—
0 . 6 a b

Not included

0.1
i . o a - b

Not included

60
90"
60
100

14

—

14
18
14

[7]
[12]
[14]
[15]

[7]
[14]
[15]

[7]
[14]
[15]

[11]

[7]

[12]

[11]
[14]
[15]

>
05

H



Yv (kg/m) 0.75 (wet)
Range 0.04 to 1.6 (dry)
0.28 (dry)
1.5b (wet)
0.7 (wet)

2.0 (wet)
Range 0.36 to 5.3 (fresh)
Leaf: 1.9; non-leaf: 0.57 (fresh)
1.0b (wet)
0.145 to 1.35 (wet)

2.0 (wet)
—
2.6 (fresh)
1.0" (wet)
0.357 to 1.30 (wet)

[7]
[12]
[15]
[14]
[16]

a Actually represents Ev x Fr.
b Author states intentionally conservative.
c 95% range.
d Non-leafy vegetables.

t
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and leaf type and surface area. The term Yv, the yield density, is also vegetation
specific. One of the authors of this paper and co-workers [11] combined the
parameters Fr and Fv into a single factor (F,/]Q because the quantity intercepted by
vegetation is strongly correlated with the amount of vegetation per unit area of
ground. This term is referred to as the 'mass interception factor'. Table I summa-
rizes their review of this factor.

The variable Ev is the fraction of the foliar deposition retained on edible
portions of the vegetation. This parameter simply allows the user to specify which
portion of the plant is to be used for the pathways analysis. It is vegetation specific;
for instance, the edible portion of beans, which grow under a canopy of leaves,
would be expected to receive a smaller percentage of the total deposition on the plant
than the edible portion of leaf lettuce, although these plants might have similar values
for Fr. The term Ev is also used to characterize chemical/biological processes affect-
ing radionuclide transfer within the plant tissue. For instance, root vegetables are
usually assumed to receive a portion of the paniculate deposited on the above ground
part of the plant. For this reason, Ev is sometimes referred to as the 'translocation
factor'.

The decay constant, X ,̂ accounts for weathering losses and is usually com-
bined with the radioactive decay constant to derive an effective decay constant (Xeff)
as follows:

Xeff = K + K (2)

In the above expression,

X, = ™- (3)

and

V - ^ (4)
tr

where
tw is the time necessary for one-half of the initial contamination deposited on a

plant to be removed by environmental processes, i.e. the environmental
half-life (d);

tr is the radiological half-life (d).

The parameter Xr is often ignored for radionuclides, such as radium, with a long
half-life (tr) relative to the environmental half-life (tw) since, in this case, the effec-
tive decay constant (Xeff) is controlled by Xw. If radionuclides with short half-lives
are modelled (e.g. 210Po), this term should be included in the transfer model. The
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environmental half-life (fw) is especially important when tr is long and tw is short
compared with the period between initial deposition and the harvest of
vegetation [12].

A number of physical processes affect the concentration of deposited radio-
nuclides on vegetation with time:wind removal (particularly for particles greater
than 1 /tin); water removal via wash-off and/or leaching; growth dilution, which is
particularly important before herbaceous plant maturity; grazing, which acts as a
removal mechanism; and the stage of plant growth, which may affect any of the
above processes [12]. Thus, factors affecting the variability of tw are related to the
physicochemical form of the radionuclide paniculate, vegetation type and growth
form, climate, season and agricultural methods (i.e. spray irrigation). The reader is
referred to Refs [12, 13] for more details.

The parameter tv, the duration of plant exposure to atmospheric deposition, is
perhaps the easiest term to quantify in the model. However, this parameter must be
specified for each vegetation type under consideration.

It should be noted that this model does not allow for the decay of the radio-
nuclide between the period of harvest and consumption, or for ingrowth from a
parent. As 226Ra has a relatively long radiological half-life, decay and ingrowth can
usually be ignored. For short lived radionuclides, these processes can be considered
through inclusion of additional terms in the model. The reader is referred to
Chapter 5-6 in Volume 1 of this publication for more details on the above
parameters.

The literature indicates that some of the parameters used as inputs in the model
of direct deposition to vegetation do vary with the physical/chemical characteristics
of the depositing material (i.e. \w and Ev). However, no information specific to
radium was found. Rather, information was classified by the type of vegetation.
Table II [14-16] summarizes the values presented in recent publications. The vegeta-
tion categories are those most commonly found in the literature.

2.2. Atmosphere to soil transfer

In Section 2.1, the deposition rate of the radionuclides from the air was noted
to be given by

d = CaVd (5)

where
d is the deposition rate or net flux of the radionuclide from the air to the

ground surface (Bq-m"2-d"');
Ca is the atmospheric concentration of the radionuclide (Bq/m3);
Vd is the deposition velocity (m/d).

Each of these parameters has already been discussed in Section 2.1.
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In order to convert the radionuclide deposition rate, d, to a soil concentration,
the soil density and the effective rate of radionuclide removal from the soil are used
as follows:

d [1 -

where
Cgis the concentration of the radionuclide in the soil rooting zone (Bq/g);
d is the deposition rate of the radionuclide from the air to the ground surface

(Bq-m^-d-1);
p is the density of soil in the rooting zone times the depth of the rooting zone,

typically the uppermost 15 cm of the soil (g dry soil/m);
Xfris the effective removal constant of the radionuclide from the soil (d"1);
tb is the time for the buildup of the radionuclide in the soil layer (depends on

the duration of deposition) (d).

The effective radionuclide removal rate from soil used in Eq. (6) can be
represented as the sum of the removal constants for various factors, such as radioac-
tive decay, leaching by water and subsequent downward migration, loss of soil with
harvesting of crops and soil erosion. The evaluation of the effective removal constant
needs to be evaluated on a case by case basis.

In many applications, only radioactive decay has been considered. However,
as noted in Ref. [3], this simple approach tends to be very conservative and leads
to higher soil concentrations than should reasonably be expected. This is particularly
so for a radionuclide such as 226Ra, which has a long radioactive half-life, resulting
in a low soil removal rate by radioactive decay. Hence, it is considered advisable
to include additional removal mechanisms in evaluating soil buildup. It is worth
noting that the radionuclide losses via harvesting and soil erosion are radionuclide
independent. However, removal through leaching is typically modelled using a dis-
tribution coefficient exchange process and, hence, would be radionuclide specific.
For a further discussion of this topic, the reader is referred to Chapter 2 of Ref. [3].

The surface soil density, p, varies with soil type and depth of root
zone. According to Ref. [3], for a root zone (plough depth) 15 cm deep,
p = 200 X 103 g/m2 for mineral soil and 75 X 103 g/m2 for peat soil.

2.3. Soil to vegetation transfer

The concentration of a radionuclide in vegetation attributable to root uptake is
conventionally modelled as follows:

Cv = Cfiv (7)
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where

Cg is the concentration of the radionuclide in the soil rooting zone (Bq/g);
Cv is the concentration of the radionuclide in type v vegetation (Bq/g wet);
Bv is the the soil to plant transfer factor for the radionuclide to type v

vegetation (Bq/g wet plant per Bq/g dry soil).

Plant uptake of radionuclides from the soil is affected by numerous processes and
factors. As a result, Bv may vary widely. Some of the influencing factors include:
the physicochemical form of the radionuclide; type of vegetation; soil characteristics
(including stable element concentrations and the presence of fertilizers, agricultural
chemicals and chelating agents); and the distribution of radionuclides within the soil
[13]. The reader is referred to Chapter 5-6 in Volume 1 of this publication for
further details. It should be noted that this model differs from that presented in
Chapter 5-6, as the latter does not provide for calculating the concentration of
radium by plant type.

The literature on radium transfer from soil to vegetation was found to lack a
common approach for defining and reporting concentrations and transfer factors.
The calculation of transfer factors by various authors has been reported on several
different bases: wet plant to dry soil; dry plant to dry soil; wet plant to wet soil;
and, occasionally, as plant ash weight to dry soil. Some authors provide inter-
conversion data; for example, Ng et al. [17] gave the water content of fresh vegeta-
tion as 75%, while Baker [18] (cited in Ref. [19]) used 80%.

An extensive list of the water content of food and forage crops is given by
Spector (cited in Ref. [20]). The water content of the edible portion of food and
forage crops spans a wide range: vegetables 73.9-96.1%, fruit 74.8-89.3%, grain
8.3-12.5%, feed grain and hay 8.8-15.7% and forage grass 80%.

In this review, grass, hay and herbage are regarded as cattle fodder and the
transfer factors from soil to plants are calculated on a dry weight basis. Note that
the air to plant transfer is calculated on a wet weight basis and so must be converted
to a dry weight before combining with the soil to plant concentration for grass, hay
and herbage (or vice versa). For all other vegetation, transfer factors have been
calculated on, or converted to, a wet plant to dry soil basis, which is the form used
in calculating the internal dose from food intake. The transfer factors for each radio-
nuclide and plant category are tabulated with source references and notes on any spe-
cial features of the data.

Soil to plant transfer factors (5v's) are also influenced by various interrelated
soil properties, including texture, clay content, dominant clay mineral, cation
exchange capacity, exchangeable cations, pH and organic matter content (Nichita et
al. cited in Ref. [21]). Uptake varies with the chemical and physical forms of the
nuclide, plant species, plant part and stage of growth, as well as with experimental
conditions and the manner in which the isotope is introduced into the soil. As a
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result, the 5v 's exhibit much more variability than transfer coefficients for animal
products [21]. Generic transfer factors for soil to plant can vary by up to 3 orders
of magnitude [22]. The distributions of transfer factors are generally skewed in
shape, with a peak (modal) concentration at some relatively low level and a long tail
toward the high end of the scale.

2.3.1. Soil to grass, hay and herbage

In 19 examples from 8 references, the radium concentration in grass, hay and
herbage was shown to be lower than in the medium in which they were grown, i.e.
natural soil, uranium mine and mill tailings, or experimental pot soil. Table III
[23-30] lists the transfer factors and data sources.

Most of the transfer factors shown are based on related soil and vegetation
samples. Equilibrium conditions are assumed in all cases. The data are seen to vary
over a wide range; the minimum and maximum values given in Table III are 0.008
and 0.71, respectively. The experimental results reported by Kirchmann et al. [25]
are in the upper part of the observed range and seem to reflect, for rye grass at least,
differences in method. Soil surface contamination by radium seems to penetrate the
plants only about 10% as much as the 'evenly mixed' contamination which surrounds
the root system. The difference between first and second cut transfer factor values
suggests that the available radium is absorbed and transferred to early growing parts
of the plants, while later growth, supported by about the same root system, receives
less radium.

2.3.2. Soil to vegetables (above ground)

Transfer factors for vegetables from soil were obtained from six main refer-
ences. Because of a scarcity of data on above ground edible portions alone, transfer
factors were calculated for some foliage and pods which would not normally be eaten
by people, but which appeared to be not unlike the more favoured portions with
respect to radium concentrations. Further, some of the values used for calculating
transfer factors were not from closely related vegetables and soil [31]. Table IV
[32, 33] gives transfer factor values, as well as notes, on some of the samples or test
conditions and references. These factors have a median value of 0.0065 and a range
of from 0.000 08 to 0.704.

It is noteworthy that Kirchmann's transfer factors [25], based on field and
greenhouse experiments, fall into the upper part of the range of transfer factors
extracted from the literature and that pea pods had the highest value of any in his
data set. McDowell-Boyer et al. [22] suggest that the loose, sandy texture of the
Belgian test soil may account in part for transfer factors above the North American
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TABLE III. Ra-226 TRANSFER FACTORS: GRASS, HAY AND HERBAGE
FROM SOIL

Plant species B* Notes Reference

Grass, unidentified
Pine grass

Grass, unidentified

Rye grass
first cut
second cut

Clover
first cut
second cut

Rye grass

Mixed grasses

Pasture grass
Hay

Mixed grasses
Alfalfa

Herbage

Forage, feed, hay

Mixed grasses
Mixed grasses

Mixed grasses
Mixed grasses

0.135
0.064

0.133

0.71
0.53

0.48
0.32
0.08

0.03

0.018
0.082

0.21
0.04

0.008

0.09

0.035
0.035

0.23
0.28

Collected from
U mineralized site

Soil uniformly
contaminated

Soil surface
contaminated

Grown on U tailings

Unweighted average
based on 89 derived
values

Natural background
U tailings reclama-
tion area
Exposed U tailings
U tailings pond edge

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[22]

[30]

* Transfer factor (Z?v) is based on the Ra-226 content on a dry weight plant/dry weight soil
basis.
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TABLE IV. Ra-226 TRANSFER FACTORS: VEGETATION (ABOVE GROUND)
FROM SOIL

Crop

Cabbage, leaf
Beans, pod
Beans, foliage
Peas, pod
Peas, foliage
Carrots, foliage
Beets, leaves
Potato, foliage

Broccoli
Broccoli

Cabbage, leaves

Swiss chard
Carrots, foliage
Beets, leaves
Cucumber
Beans
Swiss chard
Carrots, foliage
Beets, leaves
Cucumber
Beans
Carrots, foliage
Beets, leaves

Edible portions
of mixed
vegetables

Green vegetables

B*

0.170
0.011
0.082
0.704
0.136
0.232
0.314
0.243

0.014
0.005

0.016

0.008
0.005
0.003
0.0004
0.0002
0.010
0.008
0.007
0.000 08
0.0006
0.004
0.002

0.0013

0.006
0.0007
0.016
0.0018

Notes

Converted from dry
weight basis as per
Ref. [20]

Low calcium soil
High calcium soil

Control area
Control area
Control area
Control area
Control area
Contaminated area 1
Contaminated area 1
Contaminated area 1
Contaminated area 1
Contaminated area 1
Contaminated area 2
Contaminated area 2

Tomatoes, beans,
lettuce, pumpkin,
in equal parts

Unrelated soil and
vegetable samples
in Fed. Rep. of
Germany

Reference(s)

[25]

[27]

[20]

[32]

[29]

Vegetables: Muth et al.
in Ref. [33].
Soil: Bundesminister
in Ref. [31].

* Transfer factor (Sv) is based on the Ra-226 content on a fresh weight plant/dry weight soil
basis.
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TABLE V. Ra-226 TRANSFER FACTORS: ROOT VEGETABLES FROM SOIL

Crop

Carrots
Beets
Potatoes

Potatoes
Other below

ground vegetables

Turnips

Carrots
Beets
Onions
Potatoes
Carrots
Beets
Potatoes
Carrots
Beets
Onions
Carrots
Asparagus

Potatoes

Root vegetables

0.066
0.048
0.005

0.0007

0.003

0.011
0.007

0.001
0.002
0.0012
0.001
0.0025
0.0009
0.0005
0.005
0.003
0.004
0.0007
0.0002

0.0006

0.004
0-0005
0.04
0.005

Notes

Low calcium in soil
High calcium in soil

Control area
Control area
Control area
Control area
Contaminated area 1
Contaminated area 1
Contaminated area 1
Contaminated area 2
Contamianted area 2
Contaminated area 2
Contaminated area 3
Contaminated area 3

Unrelated soil and
vegetable samples

Reference(s)

[25]

[27]

Lindelcen in Ref. [34]

[32]

[29]

Vegetables: Muth et al.
in Ref. [33].
Soil: Bundesminister
in Ref. [31],

* Transfer factor (5V) is based on the Ra-226 content on a fresh weight plant/dry weight soil
basis.
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average. In sandy soil, relatively more of the radium present is available to be
absorbed by plants, while in more organic soil the radium tends to be bound and
unavailable to plants.

2.3.3. Soil to root and stem vegetables

Root and stem vegetables showed low transfer factors for radium in all loca-
tions for which data were found. A summary of 24 data points obtained from six
references is presented in Table V [34]. The median value of the data set is 0.002 25.
As evidenced from the data, the transfer factors for root vegetables are highly varia-
ble, ranging between 0.0002 and 0.066.

Kirchmann's 1966 data [25] again fall into the upper part of the transfer factor
range. On the other hand, the Federal German data from Muth et al. (cited in
Ref. {33]) and Bundesminister (cited in Ref. [31]), which use unrelated soil and
vegetable concentrations, yield transfer factors that are not unlike those reported by
Tracy et al. [32], where both contaminated and control garden plots and their
produce were measured.

Corey et al. [35] found that most of the radium in root crops was incorporated
into the consumable portion and not merely associated with surface skin and adhering
soil. Corey's results, however, are all based on ashed weight (at 550°C) and are not
reported here, as moisture content data were not provided to permit conversion to
a wet weight basis.

2.3.4. Soil to fruit

The database reported in Table VI for radium in fruit is quite limited and relies
almost entirely on the observations of Tracy et al. [32]. This may be the result of
a general preoccupation during the past 25 years with transuranic elements released
from nuclear tests. The very low observed transfer factors for radium may also be
a factor.

Since fruit is formed mainly after the period of most active plant growth, it
seems likely that the available mobile radium supply is tied up in new leaves and
stems and thus is not available for deposition in fruit. The low values for transfer
factors reported in Table VI clearly suggest that radium does not concentrate in fruit.
As with the other vegetable crops, the observed transfer factors vary widely, ranging
from 0.000 08 to 0.0068.

2.4. Irrigation to vegetation transfer

Several different methods may be used to irrigate cultivated crops. These
include total flooding of fields (i.e. for growing rice), and distribution of water
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TABLE VI. Ra-226 TRANSFER FACTORS: FRUIT FROM SOIL

361

Crop

Raspberries

Raspberries

Strawberries

Apples

Apples

Tomatoes

Tomatoes

Tomatoes

Mixed fruit,
edible portions

0.0014

0.0068

0.0034

0.0009

0.0007

0.0005

0.000 12

0.000 08

0.0005

Notes

Contaminated area 4

Contaminated area 5

Contaminated area 5

Control area

Contaminated area 2

Contaminated area 1

Contaminated area 2

Contaminated area 4

Equal parts of peaches,
pears, apples, plums
and grapes

Reference

[32]

[32]

[32]

[32]

[32]

[32]

[32]

[32]

[29]

* Transfer factor (Bv) is based on the Ra-226 content on a wet weight plant/dry weight soil
basis.

through surface furrows, porous subsurface pipes, drip irrigation systems or sprin-
klers (Foth, cited in Ref. [13]). The use of water containing elevated levels of a
radionuclide in any of these irrigation systems can result in the contamination of the
vegetation, either directly or through uptake from soil contaminated through the irri-
gation process.

Direct contamination from spray irrigation is most commonly modelled using
a modified version of Eq. (1), in which the deposition rate VdCa is replaced by LCW,
where

L is the spray irrigation rate averaged over the growing season (L-m"2-d"1);
Cw is the concentration of the radionuclide in the irrigation water (Bq/L).

Zach [19] has recommended a value of 2.0 L-m"2-d"' for L. It should be
noted that there are few experimental data to support the selection of \w for the irri-
gation situation as most data have been obtained from fallout and relatively 'dry'
experiments.
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2.5. Animal products

For equilibrium assessment models, transfer factors are most commonly used
to specify the degree of transfer of a radionuclide from feed, forage and/or drinking
water to animal products. The most general type of model is as follows:

cP=fP D (cv2v + CWQW) (8)
V

where
Cp is the average concentration of the radionuclide in type p animal produce

(Bq/kg, excepting milk, which is in Bq/L);
fp is the transfer factor of the radionuclide from the daily intake to type p

animal produce (d/kg, excepting milk, which is in d/L);
Cv is the concentration of the radionuclide in forage or type v feed ingested

by the animal (Bq/kg);
Qv is the average daily intake of contaminated forage or type v feed ingested by

the animal (kg/d);
Cw is the concentration of the radionuclide in the animal's water supply (Bq/L);
<2wis the average daily intake of contaminated water by the animal (Lid).

This model assumes that the radionuclide concentration in animal produce is
in equilibrium with the concentrations in the feed, forage, or water. The concentra-
tion of the radionuclide in the feed or forage must be specified in the same manner
as the daily intake, i.e. they must both be on a wet weight or dry weight basis. The
calculated concentration in animal produce is almost always on a fresh weight basis,
although the user must be careful to investigate the exact basis for the transfer factor
(see below).

It should be noted that the daily intake rate is only for the portion of the
animal's diet that could contain elevated levels of the radionuclide owing to the facil-
ity in question. This model allows for more than one type of vegetation making up
the animal's diet.

Either domestic or wild animals may be modelled. Domestic animals most
commonly include beef cattle (meat), dairy cows (milk), poultry (eggs or meat) or
pork (meat). Wild animals may include deer, moose, caribou, or wild fowl. No
radioactive decay term has been included here owing to the long half-life of radium,
as compared with the short time lapse between the production and consumption of
animal produce.

Although food and water consumption is generally the principal route of radio-
nuclide intake by grazing or foraging animals, there are two other potential sources
of radionuclide contamination. One pathway is inhalation of airborne radionuclides
and subsequent transfer to animal products. Zach [36] has examined this pathway in
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TABLE VII. DAILY WATER INTAKE BY ANIMALS
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Animal
Daily water intake

(L/d)
Reference

Dairy cows

Beef cattle

Chickens

Pigs

Caribou

Moose

80
60
75
80(50-110)
60

50
50
50
30-60
50 (30-70)

0.3
0.3
0.5 (0.2-0.6)

7
10

11.5

36

[15]
[18]
[38]
[14]
[3]

[15]
[18]

[3]
[38]
[14]

[15]
[18]
[14]

[15]
[18]

[39]

[39]

detail. While Zach's general conclusion is that this pathway may contribute signifi-
cantly to the dose to man (relative to other pathways), his analysis also suggests that,
in the specific instance of radium, this pathway is not likely to be important. In view
of this observation, and the recognition that there is a scarcity of data for the animal
inhalation pathway, we do not feel there is a justification for including the pathway
in the radium models at this time. However, the situation should be monitored and
periodically re-evaluated.

Soil adhering to forage consumed by the animal is also a potential source of
contamination. Soil can contribute 4% of the dry matter consumed by cows and up
to 20% of the intake by sheep [37] (also cited in Ref. [13]). These figures are relevant
to the fairly damp and often heavy soil conditions of the United Kingdom; they may
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TABLE VIII. DAILY FOOD INTAKE BY ANIMALS

Animal

Dairy cows

Beef cattle

Chickens

Pigs

Caribou

Moose

Daily food intake

50
10
55
16
70 (40-100)
16

50
10
68
12
10

9.1-13.6
70 (40-100)
12
12

0.1
0.12
0.5

3
4.2

7

27

Units

kg wet wt/d
kg dry wt/d
kg/d
kg dry wt/d
kg wet wt/d
kg dry wt/d

kg wet wt/d
kg dry wt/d
kg/d
kg dry wt/d
kg dry wt/d

kg dry wt/d
kg wet wt/d
kg dry wt/d
kg dry wt/d

kg dry wt/d
kg/d
kg wet wt/d

kg dry wt/d
kg/d

kg wet wt/d

kg wet wt/d

Reference(s)

[7]
[15]
[18]

[2]
[14]

[3]

[7]
[15]
[18]

[2]
[22]

[13]
[14]

[3]
[40]

[15]
[18]
[14]

[15]
[18]

[20]

[41]
(see also
Ref. [39])

not be valid elsewhere. Soil intake can easily be added to the model presented above.
Consumption rates (animal specific) and transfer factors (animal and radionuclide
specific) are discussed below.

2.5.1. Daily intake rates

Tables VII [38, 39] and VIII [40, 41] summarize literature values for the daily
water and food intakes, respectively, of various animals. These numbers should be



TABLE IX. ANIMAL PRODUCT TRANSFER FACTORS

Animal product/intake fp Units Reference

Milk/feed 5.9 x 10" d/L [7]
2.0 x 10" d/L [18]
6 x 10" d/L [2]
4.5 x 10" d/L [13]
4.5 x 10"4 d/L [40]
9.0 x 10"5 to 7.0 X 10" d/L [3]
4.5 x 10" d/L [43]
4.0 x 10" d/L [21]
6.5 x 10"5 to 5.9 X 10" d/L [44]

Unweighted arithmetic mean: 2.7 X 10"

Beef/feed 5.9 x 10" d/kg
9.9 x 10" d/kg
5.0 x 10" d/kg
5.1 x 10" d/kg

Undetectable to: 2 x 10~3 d/kg
Mean: 5 x 10"

Undetectable to: 2 x 10"3 d/kg [21]
Mean: 5 x 10"

Undetectable to: 8.6 x 10"3 d/kg [44]

Unweighted arithmetic mean: 6.8 x 10"

Egg/feed 2.0 x 10'5 d/kg [18]

Chicken meat/feed 9.9 X 10" d/kg [18]

Pork/feed 9.9 x 10" d/kg [18]
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used with care, and in most situations must be altered to reflect locally available food
sources and site specific consumption patterns. A few examples will serve to illus-
trate these points.

In the case of dairy cows, the herd produces year round. Therefore, when
calculating the dose to humans, the average annual concentration of the radionuclide
in milk is required. In Canada, for example, the daily intake of the cow would be
adjusted to reflect that for about 50% of the year it eats feed and 50% of the year
it eats forage.

Caribou present a much different problem. During the summer months,
caribou eat mainly fresh green vegetation. During the winter months, they eat mainly
lichen. Lichen tend to have much higher concentrations of radionuclides than annual
plants [42]. It is for this reason that the levels of radionuclides in caribou flesh show
considerable seasonal change. Thus the time of the year that the animal is likely to
be slaughtered must be taken into consideration when choosing the type of vegetation
to be consumed and the appropriate daily intake rates. For instance, the average
annual dose to an individual as a result of eating caribou might actually be based on
a seasonal concentration of a radionuclide in caribou meat.

2.5.2. Transfer factors

The database for the transfer of radium to animal products is limited. Litera-
ture values for transfer factors for various animal products are given in Table IX
[43, 44]. No distinction is made as to how the physical or chemical form of radium
(i.e. in forage versus feed versus water versus soil) might affect these values.
Common practice is to assume that these transfer factors are appropriate for all types
of ingestion. Zach [45] provides a general discussion of transfer factors. For a more
detailed discussion of radium transfer mechanisms, the reader is referred to
Refs [33, 46].

3. AQUATIC PATHWAYS

For the purposes of radiological assessment, the prediction of the concentration
of a radionuclide in aquatic biota consumed by man (e.g. fish) is usually made using
the mathematically simple concentration factor (CF) approach [3, 47]. The CF
assumes that concentrations in aquatic biota and water are in equilibrium and that
the concentrations in aquatic plants and animals are directly proportional to the
concentration in water. All pathways and mechanisms of radionuclide uptake and
elimination, including food chain bioaccumulation and predation, are assumed to be
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implicitly included within empirical determinations of the CF. The concentration in
aquatic biota is obtained from the basic model:

(9)

where
Bf is the equilibrium bioaccumulation or CF (L/kg);
Cp is the amount of radionuclide in type p aquatic biota (Bq/kg fresh weight);
Cwis the amount of radionuclide in unfiltered water (Bq/L).

Criticism of the CF approach is that it is too simplistic, that ecological details
of water, sediment and food chain interaction should be addressed explicitly within
the mathematical model, and that the time dependent dynamics of the transfer of the
radionuclide among the various components of an aquatic system cannot be explained
by a factor derived under conditions of assumed equilibrium. Furthermore, it can be
argued that a more detailed model will enhance understanding of the aquatic system,
and therefore will produce results that are more accurate and defensible.

The appropriateness of the CF approach for estimating radium transfer to game
fish (e.g. trout, salmon, pickerel, char, etc.) was investigated by Gardner et al. [48]

FIG. 2. A multicomponent model of an oligotrophic lake showing 23 pathways for 2 Ra
transfer.



368 HALBERT et al.

for a multicomponent lake system comprising a water column, lake sediment, aquatic
invertebrates, benthic organisms, forage fish (e.g. carp and bottom feeders, etc.) and
game fish. The multicomponent system was described by a dynamic model which
considered 23 pathways of radium transfer among the six components, including
those pathways shown in Fig. 2. Calculations were made for two scenarios:
(a) where radium entered with inflow to an uncontaminated lake until such time as
equilibrium conditions were attained; and (b) where radium was subsequently
removed from water entering the lake. For both scenarios, the multicomponent
model was used to calculate the concentrations of radium in the lake compartments
as a function of time.

The results of the investigation by Gardner et al. [48] indicated that (i) the time
dependent concentration of radium in the flesh of game fish was most sensitive to
a change in the rate constant describing the direct transfer of radium from water to
game fish flesh; and (ii) equilibrium values of the water to the game fish flesh CF
may give biased results when the aquatic system is not at equilibrium. At (or near)
equilibrium, however, the radium concentration predicted by the multicomponent
dynamic model was not appreciably different from that predicted using the empiri-
cally derived water to game fish flesh CF. It was concluded, therefore, that for the
purpose of model assessment, a simpler model involving three components (water,
sediment, game fish) can adequately predict the dynamic behaviour of radium in
game fish.

3.1. Water to sediment transfer

Radium levels in surface water are typically found to be in the pCi/L range.'
Upon entering the water column, the radium reportedly moves quickly to sediments
through adsorption or co-precipitation with barium or calcium [49-51]. The three
major parameters controlling adsorption onto sediments are particle size, organic
content (whether or not it is part of living organisms) and manganese or iron content.
Adsorption increases with decreasing particle size and is greatest at sizes less than
100 /tm [49, 52]. Adsorption is usually greater in sediments with high organic
content [50, 53]. Finally, hydrous oxides of iron and manganese have long been
known to adsorb trace elements from solution. More detailed discussions of the
physicochemical behaviour of radium in groundwater and surface water are provided
in Chapters 4-2 and 4-3 in Volume 1 of this publication.

Table X [54-57] summarizes CFs for radium transfer from water to sediments,
as reported by Swanson [57], in a study of the distribution of naturally occurring
radionuclides in freshwater benthos and their environment. The table includes a
summary of the field data collected in the vicinity of the principal uranium mining
areas in Canada. The data reported by Markose et al. [56] for India, which have been

1 1 curie (Ci) = 3.70 X 1010 Bq.
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TABLE X. TRANSFER OF Ra-226 FROM WATER TO LAKE/RIVER SEDI-

MENTS (WET)

Location Range of CFsa Reference

Northern Saskatchewan 1800-6200 [54]

Northern Saskatchewan 205-15 833 [55]

India 2900-11 900 [56]

Northern Ontario 1500-53 333 [57]

Northern Saskatchewan 2400-20 000 [57]

Lognormal distribution attributes for Ref. [57] data:

Geometric mean: 6125
Geometric standard deviation: 2.46
Number of data points: 8

a CFs based on Ra-226 content on a wet sediment/water basis (L/kg).

included for comparative purposes, are seen to agree closely with the Canadian data.
The CFs reported for each of the investigations are seen to be consistently high, with
the range of values in all cases overlapping. From a statistical analysis of the data
collected in 1985, Swanson found that radium levels in the sediments were related
to the iron and manganese contents. The CFs, however, reportedly did not show
strong or consistent relationships with any of several physical and chemical charac-
teristics of the sediment solids included in a statistical analysis of the data.

While the data presented in Table X suggest that radium is strongly removed
from water to sediment, it has also been found that the mechanism of removal is
highly reversible. Sediments in aquatic systems, therefore, may act as a significant
sink or source of radium. This aspect has important implications in modelling the
long term effects of uranium based industries.

3.2. Water to aquatic biota transfer

One of the most important ecological properties governing the distribution of
radium in ecosystems is its chemical similarity to calcium [58, 59]. The reader
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Group

Chironomids

Blackflies

Caddisflies

Dragonflies

Molluscs
(snails and clams)

Invertebrates or
benthos

r'UK SUMfc. IJNVfcKliStf

Radium

Water based"

7000-9558
833-3333
217-16 333

153-455
11 040-13 713

1417-6500
200-5125
167-13 333

41-1000
1000-1667
167-3333

250-3900
1428-3333

500-1000
1379
650
1-2

KAlii UKUUJfS

range of values

Sediment basedb

0.12-1.3
0.13-0.67
0.14-2.2

0.74-0.90
1.6-2.5

1.1-1.6
0.05-0.17
0.09-4.4

0.008-2.0
0.05-0.13
0.006-1.1

0.006-0.27

—

—
—

Location

Northern Saskatchewan
Northern Saskatchewan
Northern Ontario

Northern Saskatchewan
Northern Ontario

Northern Saskatchewan
Northern Saskatchewan
Northern Ontario

Northern Saskatchewan
Northern Saskatchewan
Northern Ontario

British Columbia interior
Northern Ontario

Northern Saskatchewan
Yugoslavia
India

Reference(s)

[55, 60]
[57]
[57]

[55, 60]
[57]

[55, 60]
[57]
[57]

[55, 60]
[57]
[57]

[61]
[57]

[62]
[63]
[64]
[64]
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Lognormal distribution attributes of the Ref. [57] data

Water based" Sediment basedb

Geometric mean
Geometric standard deviation
Number of data points

1385
3.8
48

0.22
6.6
48

a Bq/kg wet weight of invertebrate

Bq/L (total) in water
b Bq/kg wet weight of invertebrate

Bq/L (total) in sediment
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interested in further discussion of biological uptake is referred to Chapters 5-3 and
5-6 in Volume 1 of this publication.

Swanson [55] reported the results of an investigation into radionuclide transfer
through the aquatic chain from water/sediment to insects to forage fish to large fish.
Comparison of CFs calculated for each component of the system studied revealed
that, with the exception of the water to insect CFs, all factors were low and usually
less than one. The water to insect CFs ranged from 13 to 12 000. In contrast, sedi-
ment to insect CFs varied from 0.004 to 1.9. Insect to forage fish CF values ranged
from 0.03 to 12.6, whereas the insect to game fish flesh factors varied between only
0.000 06 and 0.08. Finally, the forage fish to game fish flesh CFs covered the range
from 0.003 to 0.009. Calculation of transfer factors for radium intake through the
digestive system (i.e. the stomach contents to fish CF) also gave low results, similar
to the insect to fish flesh factors.

3.2.1. Water to benthic invertebrates

In a study of radium bioaccumulation in benthic organisms [57], the influence
of several physical, chemical and biological factors was investigated. Table XI
[60-64] summarizes the water based and sediment based CF data reported in that
study. The data showed that sediment based CFs were lower than water based
factors, presumably due to radium being more tightly sorbed to the solid matter and
thus unavailable for transfer to the biota. This conclusion conforms with the findings
of Tessier et al. [65]. The water based CFs were found to be lower in water with
higher total dissolved solids levels. This observation concurs with the findings of
Patzer [66] and KJement [67].

Swanson [57] also found that radium uptakes differed amongst the feeding
groups as follows: filter feeders/herbivores >predators >detritivores/omnivores. On
the basis of 48 observations in the 1985 field programme, a geometric mean CF of
1385 was calculated using the water based data. This value corresponds reasonably
well with the range of 500-1000 reported by Blaylock [64] from a review of the
literature. The data reported by Swanson [57] showed a high degree of variability,
ranging from 45 to 43 333.

3.2.2. Water to aquatic vegetation

The vegetation component of aquatic ecosystems comprises phytoplankton,
periphyton and macrophytes. Rope and Whicker [68] reported CFs for algae ranging
from 1100 to 17 500 and for plants from 960 to 6900. Hesslein and Slavicek [58]
determined CFs for radium in macrophytes that ranged from 110 to 5000. The range
of CFs for radium reported for phytoplankton, algae and macrophytes in the Animas
River in Colorado-New Mexico was 400-1200, 200-2800 and 725-1200, respec-
tively [69].
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TABLE XII. LITERATURE CITED CF VALUES FOR Ra-226 IN FRESH-
WATER FISH FLESH

Reference

[72]

[73]

[54]

[64]b

[74]

[75]

[2]

[76]

[60]

[60]c

CFa

11

20.2 (12.9-120)

15

0.3-137

50

50

50

0.3-3.5

28 (5-80)

593 (67-833)

Comments

Beaverlodge, Saskatchewan, area

Median (range) (« = 13)

Derived from data referenced
in the report

Literature review

Regulatory guide

NEPTUN computer model

IAEA Safety Series report

Rainbow trout

Average (range)
(n=5 locations)

large fish species (flesh)

Average (range)
(n=5 locations)

forage fish (whole)

a All CFs are expressed as the ratio of the radium content of fish to the radium concentration
in water and are presented in units of L/kg fresh weight (i.e. Bq/kg per Bq/L = L/kg).

b Blaylock also quotes a study by Ophel, in which the effect of mineral content in fresh water
on transfer coefficients was examined. The coefficient for radium in water of low mineral
content was 150; high mineral content was 10.

c Swanson [60] reported comparable data for flesh samples of large game fish and whole fish
samples of forage fish for the same study; the results of both fish types have been included
to demonstrate the type of differences which can occur in radium bioaccumulation.

In a survey carried out by SENES Consultants Limited [39] of biological data
collected in the vicinity of uranium mining facilities in Canada, the most useful
bioaccumulation data for macrophytes were found to be those reported in Ref. [70],
for northern Saskatchewan. Concentration factors for radium on twelve samples
ranged from 10 to 330. The geometric mean value equalled 45. Mahon and Mathews
[71] observed that CFs for the yellow pond lily were seasonally dependent, ranging
from 50 to 500 in samples collected in the summer, as compared with 900 to 2600 in
samples taken in the spring. They attributed the differences to changes in the physio-
logical state of the plant.
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3.2.3. Water to fish flesh

Since consumption of fish muscle is the main pathway of human exposure
through the aquatic food chain, it follows that monitoring of radionuclide levels in
fish has received the most attention. Even so, the database on radium levels in fish
flesh is poor.

The predominant pathway of radium transfer to fish flesh is generally conceded
to be through water to fish flesh. Table XII [72-76] summarizes a literature survey
of water to fish flesh CFs carried out by SENES Consultants Limited [77] for an
environmental assessment of decommissioning options for a uranium mining
property. The data reported in the table indicate a fairly wide range of possible
values. For purposes of comparison, the data reported by Swanson [60] for both fish
flesh and whole fish samples have been included. These data demonstrate the
tendency of radium to deposit primarily in hard tissue, such as bone or exoskeleton,
as previously discussed. Rope and Whicker [68] reported a maximum bone/flesh
ratio of 250 for rainbow trout.

To augment the above data, the literature and, in particular, environmental
assessment documents on uranium operations in Canada were reviewed in a recently

69
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completed study [39] to identify additional sources of data on radium levels in game
fish flesh and water samples taken at comparable times and locations. The authors
were particularly interested in determining CFs for the low alkalinity, low hardness
water found in the Canadian Shield. Consequently, the work of investigators in other
parts of the world, such as by the French at Cadarache, was not included in this
review.

A frequency histogram plot of the data compiled in Ref. [39] is presented in
Fig. 3. The plot shows that the CF data are left skewed, with a tail to the right,
typical of the lognormal distribution often characteristic of environmental data. Dis-
tribution fitting of the data, using commercially available software, showed that the
lognormal distribution gave the best overall fit as measured by the Chi-squared good-
ness of fit statistic. The geometric mean value of 13.1 agrees quite favourably with
the values presented in Table XII. In contrast to the invertebrate database, the range
of values of the fish flesh CFs is much lower, as might be expected considering the
higher trophic status of fish.

4. UNCERTAINTY IN MODELLING RESULTS

As is evident from the previous discussion, an inherent problem with radiologi-
cal assessment models is that parameter values are highly uncertain. This uncertainty
is due either to an absence of specific information on the parameter, or the fact that
values have been obtained for conditions different from the conditions under which
predictions must be made.

The specification of the uncertainty associated with a given model prediction
is absolutely essential if the prediction is to achieve any degree of scientific merit
and defensibility. The best means of estimating uncertainty in model predictions is
to test predictions against independent data sets obtained from measurement.
However, in the absence of formal tests of model predictions, uncertainty may be
estimated through either the subjective method of speculating about the likely extent
of model misprediction, given available information, or through the somewhat more
rigorous process of calculating the propagation of errors estimated for all of the
model parameters. In the latter case, additional terms are sometimes added to the
error propagation calculation to account for likely correlations among the original
parameters in the model and uncertainty due to the fact that the structure of the origi-
nal model itself is only an approximation of a real system (for example, see
Chapter 6 in Ref. [3]).

Currently, the state of the art in environmental modelling is to explicitly
account for the uncertainty in the estimates of model parameters by describing
parameters as a distribution of values rather than as a single number. Analytical error
propagation equations are then applied or numerical methods using a computer are
employed to produce a final result which is itself expressed as a distribution of
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values. Error propagation equations are primarily restricted to fairly simple model
formulations, such as multiplicative or additive chains of parameters. Multiplicative
or additive model formulations usually require some preliminary form of screening
and sensitivity analysis to eliminate components of the model that are not likely to
contribute to differences in the predicted result. On the other hand, numerical
methods do not require simplification of model structure and can easily be applied
for a wide variety of different types of distributions specified to represent parameter
uncertainty.

Numerical methods involve the random sampling of a single value from the
probability distribution prescribed for each uncertain model parameter. For each run
of the model a new value is selected for each parameter. Multiple runs are then made
to generate a distribution of predicted values. The number of runs depends on the
numerical sampling strategy used and the desired accuracy and amount of detail
required for interpretation of the results.

The advantage of both analytical and numerical approaches to uncertainty
analyses is that model subcomponents and individual parameters can be listed in
order of priority according to the influence they have on uncertainty in model predic-
tions. Thus, uncertainty analyses can serve to guide efforts to improve parameter
estimation and to make further simplifications to the structure of the model.

The procedures involved in an uncertainty analysis have been applied in a
limited number of cases for the environmental assessment of radium. Most of these
cases have been investigated as part of a probabilistic assessment of the long term
effects of uranium mill tailings in Canada [78], although Bergstrom et al. [79] have
also used this form of analysis to assess the behaviour of radium in terrestrial and
aquatic environments in Sweden.

For example, as noted in Section 3.2, as a part of the Canadian probabilistic
assessment, Gardner et al. [48] simulated the effect of uncertainty associated with
23 parameters within a six compartment model that described the time dependent
behaviour of radium within the components of an oligotrophic Canadian Shield lake
(see Fig. 2). They concluded that despite the complexity of their model, only three
compartments contributed significantly to potential human exposure: water, sedi-
ment and game fish flesh. The parameters of dominant importance for estimating the
concentration in game fish were the absorption of radium through the gills of the fish
and the mean age of the fish prior to harvest for human consumption. The uncertainty
in the amounts in game fish was high (i.e. the geometric standard deviations equalled
3.2-3.3) and was attributed largely to the uncertainty in the transfer factor for water
to game fish flesh. Despite relatively large uncertainties in the estimate of radium
concentrations in the flesh of game fish, the authors also concluded that the direct
consumption of radium in drinking water is likely to be the most important pathway
of human exposure.

One of the authors of this paper and a co-worker [80] examined three models
for predicting the transfer of radium from the atmosphere to pasture vegetation and
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the effect of the long term accumulation of this radionuclide in surface soil on its
uptake. The expected values (geometric means) calculated by all three models for
the concentration of radium in pasture vegetation were approximately the same, but
the most uncertainty was associated with the model having the most terms (i.e. the
most complex model). The more complex models in this study explicitly described
the processes of direct deposition and soil to plant uptake without accounting for
correlations between these processes. Geometric standard deviations for these
models range from 1.8 to 2.8. The dominant parameters that contributed to the
uncertainty in the predicted values were those related to the transfer from air,
including the deposition velocity, vegetation interception, retention and growth
dilution parameters. The simple model, on the other hand, used empirical lumped
parameters that implicitly accounted for interactions among processes, and therefore
was associated with less uncertainty. The geometric standard deviation of the vegeta-
tion concentration of radium produced by this model was 1.6. The authors concluded
that the importance of radium uptake from soil by pasture vegetation was negligible
as long as the vegetation was exposed to contaminated air.

The uncertainty analysis performed by Bergstrom et al. [79] estimated inges-
tion doses from seven different exposure pathways as the result of irrigation, trans-
port in soil, ground water contamination and sediment scavenging of the water
column of a lake. Lognormal, logtriangular and triangular distributions were used
to describe parameter uncertainty. Although many parameters were associated with
a large uncertainty ranging over several orders of magnitude, the result of estimating
doses to an individual exposed to seven pathways simultaneously produced a distri-
bution of predictions that covered approximately 1.5 orders of magnitude. The
parameters of major importance were the milk transfer coefficient, the consumption
of fish by humans and the turnover time for water in the lake.

In an uncertainty analysis, the distribution of predicted values represents the
extent of uncertainty about an expected or central estimate. From this predicted
distribution, a subjective confidence interval can be obtained for the purposes of
decision making. The term 'subjective confidence interval' is used to reflect the
necessity of subjective judgement when deciding on probability distributions to
describe the uncertainty in model parameters. Subjective confidence intervals may
be obtained directly from the distribution of predicted values or from estimates of
its mean (geometric or arithmetic) and standard deviation. Further discussion of this
subject is beyond the scope of this report. However, much has been written on this
topic and the reader who is interested in further exploring the methods of uncertainty
analysis is referred to the published literature (e.g. Refs [80-83]).

Despite inherent differences, the objectives of an uncertainty analysis and the
estimation of natural variability are often confused. This confusion describes the
current state of affairs with the application of formal methods for estimating distribu-
tions of model predictions from distributions of parameter values. The IAEA Safety
Series on methods for estimating the reliability of model predictions [83] makes a
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concerted effort to identify this problem and distinguish between these two
approaches.

5. AN EXAMPLE OF AN APPLICATION

In general, our view is that the fairly simple models discussed in earlier
sections are well suited for assessment purposes and steady or quasi-steady state con-
ditions. For example, in Sections 3.2 and 4, it was noted that an evaluation of poten-
tial human exposure to radium distributed among the components of an oligotrophic
Canadian Shield lake could be represented by a three compartment model including
water, sediment and game fish flesh [48]. However, every modelling situation has
its own unique requirements and the modeller needs to review the various models
and input parameters on a case by case basis and evaluate whether or not additional
site specific data and models are required and, if so, to what extent they need to be
developed.

To date, much of the formal analysis of radium in the environment has been
carried out in relation to assessments of the effects of uranium mill tailings. The
following example is based on such an application.

A hypothetical reference site with several simple features was chosen to reflect
the major environmental pathways pertinent to tailings management on the Canadian
Precambrian Shield [39, 78, 84]. The hypothetical reference tailings disposal site
was assumed to occupy a natural depression formed within the upper reach of a
valley. The tailings were contained behind a conventional, slightly pervious dam
constructed across the low point. Surface (and groundwater) flows from the site were
assumed to follow the valley feature with ultimate discharge to a major river which
empties into a fairly large lake. The following exposure pathways were considered:

— Inhalation of airborne tailings dust,
— Transfer of airborne tailings dust to vegetation consumed by the receptor,
— Consumption of drinking water taken from the lake affected by discharge from

the tailings area,
— Consumption offish taken from the lake affected by discharge from the tailings

area,
— Inhalation of 222Rn derived from the tailings area.

This latter pathway is not discussed elsewhere in this chapter, which focuses
on the behaviour of radium in the environment. However, while radon is not the
principal pathway of exposure in the typical Canadian setting, it has been the prin-
cipal focus of concern in other settings, notably the southwest USA [85, 86] and,
hence, we chose to include the radon pathway in our example.

The dose to the receptor is calculated by first estimating the receptor annual
intake of radium via inhalation or ingestion and then multiplying the intake by a dose



CHAPTER 3-2 379

—- . r WATERSHED
•>. / BOUNDARY

DRAINAGE ^
BASIN

HOUSE
COTTAGE

CABIN

FIG. 4. Schematic illustration of a reference tailings site.

conversion factor. For present purposes, the reference receptor was assumed to be
an adult male (i.e. 'Reference Man' as defined in Ref. [87]) who lives year round
in a cabin on the shore of a lake some 2 km from the tailings area (see Fig. 4).

Typically, the pathways analysis would include modelling of mechanisms by
which radionuclides are released from the tailings area and transported and
distributed through the environment to the receptor as, for example, by atmospheric
dispersion processes. In the reference example cited above, a quite detailed,
multicomponent model was developed [39]. For the purposes of this demonstration,
however, we have simply assumed that the incremental concentrations (i.e. the
concentrations due to the tailings) of radium in the air at the cabin, of radium in the
lake water and of radon in the air at the cabin are available as inputs to the transfer
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models discussed earlier in this chapter. The uncertainty in these variables was
described by lognormal distributions with the following characteristics:

Variable Incremental concentration (Bq/m3)

Mean Standard deviation

Radium in airborne dust
at cabin

Radon in air at cabin

Radium in lake water

1

1

3

X

X

X

10"6

io-2

IO-1

1.7

2.4

1.1

It must be emphasized that these values, at least to our knowledge, do not represent
a set of values actually expected for a particular site, and thus do not
provide the basis for evaluating the relative importance of the various exposure path-
ways. The relatively smaller dispersion assigned to the lake water radium concen-
tration reflects the buffering effect that feedback processes between the water column
and the lake sediment have on the lake water column concentration. As noted previ-
ously, the actual values of these quantities depend on the specific features of the
tailings themselves and the characteristics of the local environment.

The transfer models discussed previously for air/soil to vegetation and water
to fish were used in the analysis. The uncertainties in the transfer parameters, for
which a range of values was summarized in the tables presented previously, were
characterized by fitting probability distributions to the data, from which the best fits
were selected. The distributions and their statistical attributes are summarized as
follows for the transfer factors considered in this example of applications:

Transfer Probability M e a n Standard
factor distribution deviation

Soil to above Lognormal 8.47 X 10~3 10.3 8.03 X 10~5 8.93 x 10"1

ground vegetables

Soil to below Loguniform — — 8.0 x 10"5 7.0 X 10'1

ground vegetables

Water to fish Lognormal 13.1 3.3 1.2 1.4 X 102

flesh

The units of the transfer factor are Bq/kg wet weight per Bq/kg dry soil weight for
soil to above or below ground vegetables and Bq/kg wet weight per Bq/L water for
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water to fish flesh. Other parameters in the air/soil to vegetation transfer models
were assigned distributions that encompass the range of values reported earlier in
Tables I and II.

In the case of air and drinking water, the receptor's annual intake of radium
is then given by the product of the respective concentrations of radium and the recep-
tor's assumed annual local intake of air and water. In the case of vegetables and fish,
the calculations involve one extra step, namely the transfer of radium from the air
to vegetation and from water to fish flesh.

During any one year period the receptor was assumed to have the following
total intake:

Type Quantity

Air 8400 m3/a

Above ground vegetables 40 kg/a (wet weight)

Below ground vegetables 65 kg/a (wet weight)

Water 0.6 m3/a

Fish 8 kg/a

In the analysis it was also assumed that the receptor spent the full year (100% of his
time) at or in close proximity to his cabin, that 50% of the above and below ground
vegetables being consumed were locally grown and that 100% of the fish and water
he consumed were taken from the lake adjacent to his cabin.

The dose conversion factors used in the analysis were taken from Ref. [6] and
are based on the methodology discussed in Ref. [88]; namely, the whole body 50
year committed dose resulting from the intake of radium is assigned to the year of
intake.

In the case of radon, a somewhat different approach was required. First, the
receptor's exposure to radon daughters was calculated by multiplying the radon level
by an indoor equilibrium factor of 0.5. Second, the receptor's radon daughter
exposure was converted to a dose equivalent using the factor of 5 X 10~3 Sv/
working level month (WLM).

With these assumptions, output distributions of the individual pathway doses
and the total dose were calculated for the reference receptor from 100 probabilistic
trials. The distributions were found to be skewed to the left, with tails extending to
the right, as illustrated by Fig. 5. These distributions suggest lognormal behaviour.
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FIG. 5. Illustration of the effect of uncertainty on the distribution of dose to the critical
receptor from the consumption of (a) vegetables and (b) fish (100 trials).
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Hence, statistics for the doses in terms of geometric means and standard deviations
are provided:

Pathway Annual dose (/xSv/a)

Inhalation of radium

Ingestion of above and below
ground vegetables

Ingestion of drinking water

Ingestion of fish

Inhalation of radon

Total pathways

Geometric mean

1.6 x

5.1 x

1.6 x

1.8 x

2.6 x

5.2 X

io-2

io-3

IO-1

io-2

IO-1

IO-1

Geometric standard
deviation

1.66

3.27

1.10

2.80

2.42

1.68

The total dose from the principal pathways considered in the example is estimated
to be about 0.52 fiSv per year. While the examples of calculations were not based
on the conditions of a new site, the estimated doses are of the same order as those
anticipated for actual uranium tailings situated on the Canadian Shield. In view of
the natural background radiation dose of about 2000 pSv per year (including radon),
the incremental dose predicted in the example is of no consequence.

As noted previously, all models are incomplete representations of real systems
and contain parameters which are not known with precision. Consequently, as illus-
trated in Fig. 5, the results of all model calculations are also uncertain, an observa-
tion which should be kept in mind when carrying out and evaluating environmental
assessments.
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Examples of dose assessment:
AUSTRALIA

A. JOHNSTON
Office of the Supervising Scientist,

Alligator Rivers Region Research Institute,
Jabiru,

Northern Territory,
Australia

1. INTRODUCTION

Four major uranium ore bodies have been identified within that area of Austra-
lia's Northern Territory known as the Alligator Rivers Region: Ranger, Nabarlek,
Jabiluka and Koongarra (Fig. 1). Current production is restricted to the two
mine/mill developments operated by Ranger Uranium Mines (~3000tU/a) , at
Jabiru, and Queensland Mines (~ 1300 t U/a), at Nabarlek. Production of uranium
is currently planned at only one other Australian site, Roxby Downs, in South
Australia. The site specific dose assessment described here has been developed for
the Ranger mine since it is the larger operation, it will continue for a long production
period and because it is close to a larger centre of population than the Nabarlek mine.
An unusual feature of the assessment is that it relates to a mining development in
a region where Aboriginal people still have a traditional hunter-gatherer lifestyle.

Control of uranium mining at Ranger is exercised through a complicated
network of interlocking legislation of both the Northern Territory and the Common-
wealth of Australia. These institutional arrangements recognize the regulatory
responsibilities of the Northern Territory as a self-governing territory, as well as the
responsibilities for control over national park interests, Aboriginal interests and the
more general controls in relation to uranium mining and export, all of which are
exercised by the Commonwealth. Thus, regulation of uranium mining at Ranger is
carried out by the Northern Territory Government under the Uranium Mining
Environmental Control (UMEC) Act [1], while co-ordination of Commonwealth and
Northern Territory interests is conducted by the Co-ordinating Committee for the
Alligator Rivers Region, which was set up under Commonwealth legislation by the
Environment Protection (Alligator Rivers Region) (EP(ARR)) Act [2]. The
Co-ordinating Committee is chaired by the Supervising Scientist for the Alligator
Rivers Region, a statutory officer appointed by the Commonwealth under the same
act, who exercises a supervisory, co-ordinating and research role.
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In 1975, the Ranger development was the subject of a public environmental
inquiry [3]. Most of the recommendations stemming from this inquiry relating to the
regulation, design and conduct of the Ranger operation were accepted by both
governments and the recommended environmental constraints were incorporated
into the UMEC Act in the form of a series of environmental requirements. The
institutional arrangements and the environmental constraints themselves have led to
a very strict regime of environmental control under which uranium mining at Ranger
is carried out, a regime which encompasses research, monitoring, review and
approval.

2. SITE DESCRIPTION

2.1. Climate

The Alligator Rivers Region is located in the tropical monsoonal belt of
Australia, which is characterized by contrasting wet (December-March) and dry
(April-November) seasons. Average annual rainfall is about 1550 mm and the
annual evaporation is about 1950 mm. Although there is a net evaporation capacity
available for water management purposes, this capacity is small.

2.2. Surface water

The Ranger mine is close to Magela Creek, a watercourse whose associated
system drains a catchment of 1500 km2, of which approximately 600 km2 lie
upstream of the mine site. The creek flows seasonally and during the wet season the
flow can exceed 1000 m3/s during periods of cyclonic depression.

Some 12 km downstream from Ranger, the Magela Creek enters a floodplain
system; in average years the area inundated is about 200 km2. The floodplain drains
into the East Alligator River during the wet season, but drainage ceases during July,
when the floodplain becomes an isolated freshwater lagoon throughout the dry sea-
son. By the end of the dry season, evaporation reduces the water cover to a few
isolated water holes, or 'billabongs'. The floodplain is part of Kakadu National Park,
which has been entered in the World Heritage List. It is partly for this reason, and
partly because the Region is occupied by Aboriginal people living, to some extent,
on a diet of traditional bush foods, that the regulatory regime under which mining
is conducted is subject to such strict controls.

During the wet season the surface water of the Region is of high purity. Sus-
pended sediments are low (—10 mg/L), as are total dissolved solids (~5 mg/L).
Both calcium and magnesium have concentrations of about 0.5 mg/L, whereas those
of heavy metals are usually less than 2 /xg/L. Radionuclides of the natural uranium
and thorium series are present in concentrations of about 5 mBq/L. The water is
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FIG. 2. Location of the main centres of population at Jabiru, Jabiru East and Mudginberri
with respect to the Ranger mine site. (P: pit; M: mill; TD: tailings dam.)
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slightly acidic (pH range —4.5-6.5), with poor buffering capacity, usually contain-
ing more than 5 mg/L of total organic carbon. Metals in creek water are approxi-
mately equally divided between the paniculate fraction (>0.45 //.m) and the
filterable fraction; the filterable fraction is predominantly complexed or colloidal.

2.3. Demography

Demographic information on the Region has been summarized by the Ranger
Mining Company [4] for the purpose of estimating radiation exposure. About 1600
people live permanently in the vicinity of the Ranger mine. The main township of
Jabiru is located 9 km west of the mine/mill and has a population of approximately
1300, including the Aboriginal settlement at Manaburduma Camp (Fig. 2). A tem-
porary township, Jabiru East, about 3.5 km NW of Ranger and within the Ranger
project area, was set up during the construction phase of the mine/mill and still
supports a population of about 280 and is the site of scientific laboratories and light
industrial activities. A settlement at Mudginberri Station and a nearby Aboriginal
camp, located at Magela Creek and 12 km NNW of Ranger, has a population of
about 80.

The indigenous Aboriginal population is essentially permanent, although there
is always a small number of transient Aboriginal visitors at each camp from outside
the immediate area of Ranger. It is estimated that less than 10% of the non-
Aboriginal population remains for longer than four years.

2.4. Mine and mill

The relatively shallow formation of the No. 1 ore body at Ranger has led to
exploitation by conventional spiral road open cut mining. The mine pit has a surface
area of about 52 ha and will ultimately reach a depth of 175 m below the surface.
The resource is estimated at 53 000 t of U3Og at a mean grade of 0.3%.

The mill [5] uses conventional sulphuric acid leach and countercurrent decanta-
tion to separate leach liquors from tailings, which are neutralized with lime before
being impounded in an earth/rock fill ring dyke structure. Uranium is recovered
from the 'pregnant' liquors by solvent extraction, precipitated as ammonium
diuranate and calcined to a product assaying over 95% U3O8.

For the atmospheric transport of radon and long lived nuclides in dust, the
principal potential sources of radionuclides are the mining pit, ore stockpiles, waste
rock dump, the primary crusher, the calciner and the tailings dam. Dust suppression
and minimization of radon emanation are achieved in the pit, on the stockpiles and
on the waste rock dump by conventional water spraying techniques. Dust concentra-
tions in the vicinity of the crusher are controlled by the use of water sprays and wet
impingement dust collectors. The stacks which ventilate the calciner and product
areas are fitted with wet scrubber systems to minimize the discharge of uranium into
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the atmosphere. The regulatory limit on such emissions is 1.5 kg of uranium per day,
though actual discharges are much less than this. Emissions from both stacks are
monitored on a monthly basis using isokinetic sampling techniques to demonstrate
compliance with this limit. At the tailings dam, both radon emission and dust
suppression are currently controlled by the maintenance of a water cover over the
tailings, although a change to subareal tailings deposition has been proposed by the
company.

Strict control is exercised over the water management system at Ranger. A
restricted release zone (RRZ) has been defined to include all areas within the project
area in which significant mineralization occurs (uranium concentration >0.02%). It
includes the tailings dam, the mine pit, ore stockpiles and the mill. All water entering
the RRZ as a result of rainfall, seepage and groundwater bores is retained within the
project area and may only be discharged with the prior permission of the supervising
authority. In addition, no process water may be transferred from the mill/tailings cir-
cuit to retention ponds other than the tailings dam. During the first six years of min-
ing, permission to discharge RRZ water into Magela Creek has not been granted,
even though this restriction has caused mining interruptions. Authorization has been
given for the discharge of some RRZ water by land irrigation during the dry season;
this authorization excludes process and tailings water.

Areas in which no significant mineralization occurs are not included within the
RRZ. Thus, runoff from the waste rock dump and from the outer slopes of the tail-
ings dam may be discharged into Magela Creek, but even this water is subject to con-
trol, in that it must first be collected in a sediment settling pond and discharged (by
pipeline or by weir overflow) only when the water quality attains legislated
standards.

Control over groundwater quality is maintained in the vicinity of the tailings
dam by the collection of seepage in four sumps positioned around the dam. These
sumps are believed to be effective in intercepting about 70% of the seepage through
the wall of the tailings dam. Water collected in this way is returned to the dam.
Seepage through the floor of the tailings dam to deeper aquifers is not intercepted
by the seepage collector system. Water quality monitoring is carried out for the sedi-
ment settling pond that is down gradient of the tailings dam and which is expected
to show the first effects of seepage. The results of this monitoring programme show
an increase in sulphate concentrations in recent years, probably due to seepage, but
no increase in radionuclide concentrations. These results are consistent with the
expected retardation of radionuclide transport with respect to that of more mobile
ions.
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3. TRANSPORT PATHWAYS AND CRITICAL GROUPS

The principal pathways by which the public can be exposed to radiation result-
ing from the current mining and milling operations at Ranger are:

— Atmospheric transport of radon/radon daughters and dust containing the long
lived nuclides of the uranium series,

— Surface water transport of the long lived nuclides contained in water
discharged from the mine.

Other pathways, which may be of significance in the future, are not considered here
because their current impact is negligible and their future impact is subject to regula-
tory decisions yet to be made. These include groundwater transport and external
radiation from the rehabilitated site.

The two principal pathways mentioned give rise to two distinct potential criti-
cal groups. From the point of view of atmospheric transport, the critical group has
been identified as that group of inhabitants of Jabiru East who spend a significant
fraction of the day outdoors and whose homes are not air-conditioned. Although all
permanent houses have air-conditioning units, these units are frequently not in use
in the evenings, particularly during the dry season when it is cooler and when the
prevailing wind is from the direction of the mine site.

The release of radionuclides into the surface water of Magela Creek does not
give rise to enhanced concentrations in drinking water for the non-Aboriginal popu-
lation of the region, since the local potable supply is derived from groundwater
bores. The major effect of such releases would be increased concentrations of
nuclides in aquatic flora and fauna through bioaccumulation processes. The group
most at risk would be those people who derive a significant proportion of their food
from a traditional diet based on hunting and fishing in the Magela system down-
stream from Ranger. The critical group has therefore been identified as the Aborigi-
nal people living at Mudginberri Station.

4. DOSE ESTIMATES FOR ATMOSPHERIC TRANSPORT

4.1. Radon daughters

Estimates of the predicted radon concentrations in the vicinity of Ranger were
based [6] on calculations of radon emission rates from the pit, stockpiles, crusher,
mill and tailings dam for hypothetical mining conditions corresponding to production
rates of 3000 t/a (the current rate) and 6000 t/a (the anticipated rate in 1990).
Estimates of near ground level radon concentrations at distant sites were made using
a Gaussian plume dispersion model which incorporated the results of a two year
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TABLE I. ESTIMATES OF DOSES TO THE CRITICAL GROUP AT JABIRU
EAST FOR THE ATMOSPHERIC TRANSPORT OF RADIONUCLIDES FROM
THE RANGER MINE AND MILL

Source

[6]

[4]

Source

[6]

[4]

[7]

Nuclides

U-238, U-234
Othersc

U-238, U-234
Others0

U-238, U-234
Others0

(a) Radon daughters

Concentration
(WLM)a

0.16

0.06

(b) Long lived nuclides in

Concentration
(mBq/m3)

0.1
0.03

0.12
0.17

0.04
0.04

dust

Annual doseb

(mSv/a)

0.08
0.03

0.09
0.17

0.03
0.04

Annual doseb

(mSv/a)

0.08

0.03

Total
(mSv/a)

0.11

0.26

0.07

a WLM: working level month.
b Committed effective dose equivalent.
c Each of the remaining nuclides of the uranium series, with the exception of radon and its

short lived daughters, is assumed to be in equilibrium. The resulting radiation dose,
however, is dominated by the contribution due to Th-230.

programme of meteorological measurements. The annual average radon concentra-
tion at Jabiru East (for the current production rate) predicted by these calculations
was 2 Bq/m3. Table I [7] lists the corresponding radon daughter concentration for
an equilibrium factor of 0.3 and the estimate of committed effective dose equivalent
for a member of the critical group resulting from this radon daughter concentration.

Since the start of mining, Ranger has carried out a comprehensive monitoring
programme for radionuclides in the environment, including radon and radon daugh-
ters in Jabiru East. Koperski [4] has performed an analysis of the radon daughter data
to determine whether or not a statistically significant difference exists between the
data set corresponding to those days on which the wind was blowing from the mine
site and the data set corresponding to those days on which the wind was in the oppo-
site direction. From this analysis he derived an estimate of the annual average radon
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daughter concentration in Jabiru East arising from the mining operation. This value
is given in Table I, together with the corresponding estimate of the annual committed
effective dose equivalent. The statistical uncertainty in these results is estimated to
be about 60%. The experimental result is in reasonable agreement with the theoreti-
cal prediction and both are significantly below the current International Commission
on Radiological Protection (ICRP) recommended limit of 1 mSv per year for total
exposure for a member of the public.

A detailed research programme has recently been initiated, which includes
mesoscale meteorological measurement and modelling, with model verification by
radon and radon daughter monitoring. This programme is considered necessary
because Clark's predictions for average radon concentrations in the nearby populated
areas (2 Bq/m3) are very much lower than those observed in the routine monitoring
programme conducted by the company, about 100 Bq/m3. Although these high con-
centrations do not appear to be mine related, their origin will only be established
through measurements of correlations between radon concentrations and meteoro-
logical variables, such as wind velocity. This programme should permit a considera-
ble improvement to be made in the estimates of radiation dose arising from radon
daughter exposure.

4.2. Long lived nuclides in dust

Initial estimates of the radiation dose received by members of the public due
to the presence of uranium in dust transported from the Ranger mine were made by
Clark [6] in a manner similar to that described above for radon daughters. The source
inventory used in that work distinguished between those sources in which radioactive
equilibrium could be assumed (pit, crusher, stockpiles) and those in which uranium
would be enriched (calciner). The annual average concentration of each of 234U and
238U in the air near ground level in Jabiru East was predicted by this analysis to be
about 0.1 mBq/m3 (Table I(b)).

The concentrations of the other nuclides were not calculated specifically by
Clark [6], but an estimate of these has been obtained by subtracting that fraction
which was attributed to the calciner from the source inventory. The latter represented
approximately 70% of the total. The resulting estimate for the annual average con-
centration of each of the long lived daughters of the uranium series in the air at Jabiru
East is given in Table I(b).

The values of the committed effective dose equivalent corresponding to these
concentrations were obtained using the expression:

H = 8760v/ £ &C,
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where v is the breathing rate per hour, / i s a correction factor related to organ size,
Qt is the concentration of the 2th nuclide in air and C, is the conversion factor
between the inhaled activity and the effective dose equivalent for that nuclide. The
latter were taken from Ref. [8]. The values for ihe breathing rate (v = 0.6 m3/h)
and the protection factor (f = 2) corresponding to a juvenile member of the critical
group were assumed, since these yield a slightly higher dose estimate than that
obtained using the adult values. The predictions of the committed effective dose
equivalent obtained by using Clark's concentrations of radionuclides in dust [6] are
given in Table I(b).

Koperski [4], in a manner similar to that outlined above for radon daughters,
has analysed the data obtained by Ranger using high volume air samplers to obtain
an estimate of the radiation dose arising from long lived nuclides in dust. Concentra-
tions were measured for the nuclides 238U, 234U, 230Th, 226Ra, 210Pb and 210Po.
The uranium concentrations listed in Table I(b) were attributed to the mining opera-
tion. The concentration listed for the other nuclides of the uranium series is the aver-
age of the results obtained from 230Th, 226Ra, and 210Po. Concentrations of 210Pb
were found, on average, to be a factor of 3 higher than those of 210Po; however,
subsequent work [7] has shown that such elevated concentrations also occur in rain
water, but that they are independent of distance from the mine site. Also given in
the table are the values of the annual effective dose equivalent corresponding to con-
tinuous exposure at these concentrations. The statistical uncertainties are estimated
to be about 50%. The total dose attributed by Koperski [4] to nuclides in dust is 25%
of the maximum permissible dose recommended by the ICRP.

However, caution should be exercised in the interpretation of these data.
Reliable meteorological data were not available for the periods covered by the
reported measurements. Measurements were identified as upwind or downwind on
the basis of the prevailing wind direction on a seasonal basis only. Since the maxi-
mum duration of a sampling period was one week and at most two examples were
collected during any single season (wet or dry), the use of the prevailing wind direc-
tion is of questionable validity. In addition, the air concentrations of radionuclides
observed in Jabiru township were similar to those obtained in Jabiru East, which is
much closer to the mine site. For these reasons, the deduced effects may not be mine
related, but may simply reflect the variations in the concentrations of radionuclides
in the soil of the region.

Because of the apparent significance of this pathway, a more detailed research
programme was initiated [7] to discriminate more clearly between background con-
centrations and those which are attributable to the mining operation. In this project,
the variation in the long term average of atmospheric radionuclide concentrations is
being measured as a function of distance from the mine site using passive air sam-
pling techniques. Normalization of the results is obtained by comparison with con-
centrations measured using high volume air samplers. However, preliminary results,
using normalization of gross alpha concentrations only, are given in Table I(b).
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These data indicate that the total dose is lower than the previous experimental esti-
mate by a factor of 4, i.e. 0.07 mSv/a. The statistical error in the dose rate is esti-
mated to be about 50%.

In summary, the current best estimate of the annual committed effective dose
equivalent to an average member of the critical group arising from the atmospheric
transport of radionuclides from the Ranger mine is about 0.10 mSv/a. Of this total,
30% arises from radon daughter exposure and 70% arises from long lived radio-
nuclides in dust.

5. DOSE ESTIMATES FOR THE SURFACE WATER TRANSPORT
PATHWAY

5.1. Diet of the critical group

The group of people theoretically most at risk from a surface water release of
radionuclides has been identified as the Aboriginal community living at Mudginberri
Station. The composition of the diet of this group, which is made up partly of tradi-
tional foods and partly of shop bought items, has proved to be difficult to establish
with any certainty, principally because of the understandable reluctance of the
Aboriginal people to accept the intrusion of privacy inherent in dietary intake obser-
vations which require detailed quantification.

An assumed diet for the critical group has been obtained by:

— Using an average annual food intake corresponding to that observed for
Aborigines from the Arnhem Land region, namely 430 kg/a [9, 10];

— Deducing the estimated percentage contribution of each of the components to
the total traditional diet from studies carried out by Ranger staff [4, 11];

— Estimating the shop bought contribution to the total diet from the records of
the company which delivers stores to the Mudginberri community.

The annual consumption of each of the major components in the diet deduced by this
procedure is listed in Table II. A conservative assumption of 600 L/a has been made
for the surface water component of drinking water because, although water intake
is expected to be high for Aboriginal people in this region, the source of most drink-
ing water is, in fact, underground bores.

The uncertainties in these figures are, in some cases, large, but the most
significant component in terms of radionuclide intake is, without doubt, the fresh-
water mussel Velesunio angasi. Other attempts to estimate the consumption of this
component (from private discussions with Aboriginal people and social workers, by
counting shells in contemporary middens found near local water bodies, etc.) have
led to figures similar to those shown in Table II. Also, estimates of the extent of
foraging required to maintain the intake of 4 kg/a for each of the 50 individuals of
the critical group indicate that it would be difficult to exceed this consumption rate.
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TABLE II. DIET OF THE CRITICAL GROUP FOR
SURFACE WATER TRANSPORT OF RADIO-
NUCLIDES DISCHARGED FROM THE RANGER
MINE SITE

Diet Annual consumption
component (kg/a)

Buffalo 223

Magpie goose 14.5

File snake 3

Freshwater mussel 4

Turtle 1.5

Fish 38

Goanna 3

Water lily 3

Imported 140

Total 430

Surface water 600 L/a

5.2. Dispersion model for surface water transport

In order to calculate the intake of radionuclides based upon the above annual
diet of Aboriginal people, it is necessary to calculate the increment in the annual
average concentration of radionuclides in the water, Cw, and sediment, C$, of the
Magela system resulting from the release of a total quantity, Qt, of any isotope dur-
ing a short period of the wet season. A dispersion model has been developed (A.
Johnston, A.S. Murray, in preparation) for this purpose, which includes:

— Initial rapid dilution with creek water;
— Transport in the creek region, including deposition and absorption;
— Dilution on the floodplain;
— The annual floodplain cycle, including deposition and absorption, drainage to

the sea during the wet season, evapoconcentration during the dry season and
possible resuspension during the early part of the subsequent wet season.
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The available data on natural transport processes were used, where possible, to
determine the parameters of the model. Wherever such data were not available con-
servative assumptions were made.

The results of the modelling process are expressed in the form:

*^w

cs = KQt

where kw = 1.7 X 10 ~"12 (Bq/L)/Bq and ks = 3.0 X 1 0 " " (Bq/kg)/Bq; and the
quantities Cw, Cs and Qt are defined above. Research projects are currently under
way [12] to obtain more precise information on these transport processes.

5.3. Bioaccumulation of radionuclides in diet components

Concentration factors (CFs) relating the concentrations in the water column or
sediment to those in aquatic or terrestrial animals and plants were used to represent
bioaccumulation processes. Initially, these were derived from the literature and from

TABLE III. CONCENTRATION FACTORS3 FOR RADIONUCLIDES OF THE
URANIUM SERIES

Diet U-238, U-234 Th-230 Ra-226
component

Pb-210 Po-210 Medium

Buffalo

Magpie
goose

File snake

Freshwater
mussel

Turtle

Fish

Goanna

Water lily

4.4 x 10 "3

50

24

100

100

140

140

1900

5.8 x 10"5

20

110

500

500

230

230

140

6 x 10"3

60

50

19 000

210

370

200

230

5.2 x 10"3

20

95

5100

50

150

150

150

2.1 x 10"2

620

340

10 000

100

680

680

720

Sediment

Water

Water

Water

Water

Water

Water

Water

Units: (Bq/kg)food/(Bq/L)water for the water medium.

(Bq/kg)food/(Bq/kg)sediment for the sediment medium.
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previous work in the region [13], but for some of the most significant food items
(freshwater mussels, fish and water lilies) further experimental work [14] has led to
locally drived CFs. This work is continuing. The CFs are listed in Table III.

The use of CFs is only a first approximation to a correct description of bioac-
cumulation processes and their use can, in some cases, lead to significant errors in
the estimated radiation exposure. For this reason, the approach that has been used
in the Alligator Rivers Region was as follows:

— Initial estimates of CFs derived from the general literature were used to rank
the diet components in order of significance with respect to radiation exposure
of the public resulting from the release of water from the Ranger site;

— CFs for the most significant diet components were measured using local
species in the local aquatic system;

— Detailed laboratory and field studies were undertaken to develop an under-
standing of the mechanisms responsible for the uptake of radionuclides in the
most significant components of the diet of the critical group.

The detailed studies have shown that the assumptions inherent in the simplified
model of bioaccumulation (i.e. linear kinetics and constant transfer factors) are
invalid in some cases. For example, the rate of uptake of radium in freshwater mus-
sels is dependent on the calcium concentration in the host water [15] and the half-life
for the loss of radium is about five years [16]. Similarly, radium accumulation in
water lilies arises partly through the plant-water interface and partly through the
plant-sediment interface and the dependence of uptake on other variables (e.g. cal-
cium concentrations in the host medium) is different for each part of the plant [17].

The observation of these effects demonstrates that the use of CFs is invalid.
Nevertheless, the simple model of bioaccumulation has been retained in this assess-
ment because:

— All of the non-linear effects observed so far are such that the use of CFs yields
a conservative estimate of radiation exposure;

— The resulting estimate of the committed effective dose equivalent is small,
about 0.3% of the ICRP limit for public exposure.

In these circumstances, a more rigorous, but complicated, assessment is not justified.

5.4. Dose estimate for current operations at Ranger

As stated in Section 2, no discharge of water from the RRZ at Ranger has taken
place during the first six years of operation; the only water discharged into Magela
Creek has originated as runoff from the waste rock dump and from the outer slopes
of the tailings dam. The total load of each of the long lived isotopes of the uranium
series released in this way during 1985 is listed in Table IV. To estimate exposures
associated with mining operations to date, these loads are taken to be typical of the
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TABLE IV. ANNUAL LOADS OF RADIONUCLIDES RELEASED INTO
SURFACE WATER BY CURRENT OPERATIONS AT RANGER, THE
CORRESPONDING ANNUAL INTAKE BY MEMBERS OF THE CRITICAL
GROUP, THE CONVERSION FACTOR AND THE ESTIMATED RESULTING
RADIATION DOSE

Radionuclide

U-238

U-234

Th-230

Ra-226

Pb-210

Po-210

Total

Annual load

(Bq)

3.0 x 107

3.0 x 107

3.4 x 106

1.6 x 107

4.3 x 106

5.1 x 106

Annual intake

(Bq)

0.65

0.65

0.08

2.5

0.21

0.70

Conversion factora

(Bq/mSv)

2000c

1800C

4000

2000

400

1000

Dose"

(MSv)

0.33

0.37

0.02

1.25

0.53

0.70

3.2

a Conversion factors (Bq/mSv) = allowable intake/1 mSv,
= 0.01 x stochastic worker annual limit on intake (ALI).

b Committed effective dose equivalent.
c For uranium, the gut transfer factor of 0.2 is assumed (see text).

annual discharges under the current operation of the Ranger water management
system.

The annual intake, /,-, of each element i by a member of the critical group has
been calculated using the above results for concentrations in water and sediment,
combined with the dietary and transfer function data. Thus,

h = \K £ mjTj, + k]TJ mrTri jQ,

where the sum over j includes aquatic foods j of mass mj consumed per annum and
the sum over r includes terrestrial foods r of mass mr. The factors 7}; and Tri are the
corresponding CFs. The resulting estimates of the annual intake of each nuclide for
current operations are given in Table IV.

Two methods were used to estimate the factors which convert the intake of
radionuclides to doses for members of the public; these were based, firstly, on values
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of the ALI for radiation workers for stochastic effects [8] and, secondly, on the esti-
mates of doses resulting from the intake of radionuclides by members of the public
[18]. There are infants and children in the group of people identified as being most
at risk from discharges of effluents into surface water. Infants would not consume
the diet given in Table II; this is the estimated diet of an adult. However, the diets
of 10 year old children have been assumed to be similar to those of adults. Hence,
because of the smaller organs of a child, the most restrictive case in estimating
conversion factors is that of the 10 year old child.

Following the recommendations of the IAEA [19], a factor of 1/50 has been
applied to the ALI to take into account the difference in dose limits (1 mSv/a for the
public, 50 mSv/a for radiation workers) and an additional factor of 1/2 has been
applied to take into account the mass of organs averaged over a lifetime. The result-
ing values of the intake of each nuclide corresponding to a dose of 1 mSv were taken
as the conversion factors (Table IV). (The uranium values have been further reduced
by the use of a conservative gut transfer factor of 0.2, this value being suggested
by the ICRP as being more appropriate for environmental forms of uranium than the
value of 0.05 used in the derivation of the ALI.)

Estimates of the conversion factors were also made using the calculations of
absorbed dose integrated over a lifetime following ingestion of each radionuclide by
a 10 year old child [18]. In all cases the conversion factors obtained by this method
were greater than or equal to those based on the ALI; the maximum discrepancy was
45%. The more conservative values given by 1/100 of the ALI were used in dose
estimation.

The estimated dose received by members of the critical group has been calcu-
lated for each radionuclide (Table IV); the total dose, 0.003 mSv, is significantly less
than the current limit of 1 mSv recommended by the ICRP. A detailed sensitivity
analysis has.been carried out to estimate the probable error in the dose calculated,
using the above dose assessment model for surface water transport; both statistical
and systematic errors in the variables of the model were taken into account. Although
the number of variables is large, the calculated dose is dominated by a few variables,
notably the weights of mussels and fish consumed by members of the critical group
and the CF for radium in mussels. This analysis shows that the dose is unlikely to
be underestimated by more than a factor of 2.

6. CONCLUSIONS

The development of uranium mining in the Alligator Rivers Region of Austra-
lia's Northern Territory has been subject to a very strict regime of environmental
control. In particular, during the first six years of operation of the Ranger mine and
mill at Jabiru, the only water discharged from the mine site has been rainfall runoff
from the waste rock dump. Authorization for the discharge of water from the
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restricted release zone has not been given, even though this has led to a significant

interruption in the mining operation

As a result, radiation exposure of members of the public by the surface water

pathway has been very small. The estimated value of the committed effective dose

equivalent for an average member of the critical group for this pathway is

0.003 mSv/a. Thus, under the current management system, radiation exposure via

the atmospheric pathway dominates, and the critical group's exposure is estimated

at 0.1 mSv/a. Seventy per cent of this total arises from the transport of long lived

nuclides in dust. The dominance of the atmospheric pathway could change if the

release of RRZ water is authorized.

ACKNOWLEDGEMENTS

The author would like to thank the staff of the Australian Nuclear Science and

Technology Organisation and of the Alligator Rivers Region Research Institute for

helpful discussions on this topic, and also for the use of data prior to publication.

REFERENCES

[1] Uranium Mining (Environmental Control) Act 1979, Northern Territory Government
Information Service, Darwin, NT (1979).

[2] Environmental Protection (Alligator Rivers Region) Act 1978, Australian Government
Printing Service, Canberra (1978).

[3] FOX, R.W., KELLEHER, G.G., KERR, C.B., Ranger Uranium Environmental
Inquiry, First and Second Reports, Australian Government Printing Service, Canberra
(1976, 1977).

[4] KOPERSKI, J., Radiation exposure of the public as a result of the present operations
of Ranger Uranium Mines Pty Ltd, Radiat. Prot. Aust. 4 (1986) 49-54.

[5] BAILY, P.A., "Some design and operating aspects of the Ranger Uranium Mine treat-
ment plant", Proc. Annu. Conf. of the Australasian Institute of Mining and Metallurgy,
Darwin 1984, Melbourne (1984) 183-191.

[6] CLARK, G.H., Assessment of the Meteorological Data and Atmospheric Dispersion
Estimates in the Ranger 1 Uranium Mining Environmental Impact Statement,
Rep. AAEC/E-407, Australian Atomic Energy Commission, Lucas Heights Research
Laboratories (1977).

[7] PETTERSSON, H., et al., "Radionuclide concentrations in dust near Ranger",
Annual Research Summary 1985-86, Alligator Rivers Region Research Institute,
Australian Government Printing Service, Canberra (1986).

[8] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, Limits
for Intakes of Radionuclides by Workers, Publication 30, Pergamon Press, Oxford
(1979).



408 JOHNSTON

[9] MEEHAN, B., "Man does not live by calories alone: The role of shellfish in a coastal
cuisine", Sunda and Sahul, Prehistoric Studies in Southeast Asia, Melanesia and
Australia (ALLEN, J., GOLSON, J., JONES, R., Eds), Academic Press, New York
(1977).

[10] McARTHUR, M., in Records of the American-Australian expedition to Arnhem Land,
Vol. 2, Anthropology and Nutrition (MOUNTFORD, P., Ed), Melbourne University
Press, Melbourne (1960).

[11] BYWATER, P., personal communication.
[12] JOHNSTON, A., MURRAY, A.S., MARTEN, R., MARTIN, P., HANCOCK, G.,

"Transport of radionuclides by surface water" and "Radionuclide distributions in sedi-
ments and macrophytes", Annual Research Summary 1985-86, Alligator Rivers
Region Research Institute, Australian Government Printing Service, Canberra (1986).

[13] DAVY, D.R., CONWAY, N.F., "Environmental studies, Northern Territory Ura-
nium Province 1971-73", The Alligator Rivers Area Fact Finding Study, Four
Reports (CONWAY, N.F., DAVY, D.R., GILES, S., NEWTON, P.J.F.,
POLLARD, D.A., Eds), Rep. AAEC/E-305, Australian Atomic Energy Commission,
Lucas Heights Research Laboratories (1974) III.

[14] JOHNSTON, A., MURRAY, A.S., MARTEN, R., MARTIN, P., PETTERSSON,
H., "Uranium series radionuclide concentrations in significant Aboriginal foods",
Annual Research Summary 1983-84, 1984-85, 1985-86, Alligator Rivers Region
Research Institute, Australian Government Printing Service, Canberra (1984-1986).

[15] JEFFREE, R.A., SIMPSON, R.D., An experimental study of the uptake and loss of
226Ra by the tissue of the tropical freshwater mussel Velesunio angasi (Sowerby) under
varying Ca and Mg water concentrations, Hydrobiologia 139 (1986) 59-80.

[16] JOHNSTON, A., et al., "Freshwater mussels as environmental monitors of radio-
nuclides and stable metals", Annual Research Summary 1984-85, Alligator Rivers
Region Research Institute, Australian Government Printing Service, Canberra (1985).

[17] TWINING, J.R., Radium-226 Uptake by the Waterlily Nymphea, progress report of
the Environmental Science Division, 1984-85 and 1985-86, Australian Atomic Energy
Commission, Lucas Heights Research Establishment (1985, 1986).

[18] GREENHALGH, J.R., FELL, T.P., ADAMS, N., Doses from Intakes of Radio-
nuclides by Adults and Young People, Rep. NRPB-R-162, National Radiological Pro-
tection Board, Chilton (1985).

[ 19] INTERNATIONAL ATOMIC ENERGY AGENCY, Basic Safety Standards for Radia-
tion Protection, 1982 Edition, Safety Series No. 9, IAEA, Vienna (1982).



Chapter 3-4

Examples of dose assessment:
THE OLEN AREA IN BELGIUM
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Belgium

1. INTRODUCTION

The Olen area, in the Campine region not far from Antwerp in Belgium, is the
location of an industrial plant that has processed uranium ores since the beginning
of this century in order to extract 226Ra, mainly for medical purposes. In the
mid-1950s, the authorities decided to locate the new Belgian Nuclear Centre (Centre
d'etude de l'6nergie nucleaire/Studicentrum voor Kernenergie (CEN/SCK)) in the
same region. As the water of the small river that would be receiving the radioactive
liquid effluents released by the Centre is a part of the Nete Basin, which had been
previously used as a source of drinking water for the large city of Antwerp, the
authorization for release prescribed that the Centre carry out a routine check of about
12 points in the Basin. Abnormal levels of 226Ra in some of the river samples were
observed and the sources of these releases were quickly identified as being the
radium processing plant at Olen (Me'tallurgie Hoboken) and the phosphate fertilizer
plants at Tessenderlo (Produits Chimiques du Limbourg).

The liquid effluents of the Olen plant were released into the Kleine Nete River
through a small stream, the Bankloop, which periodically flooded the neighbouring
area. As these liquid effluents contained small amounts of 226Ra, the flooded soil
became contaminated as a result of the deposition of sediment. Moreover, contami-
nated bed sediment was periodically removed and stored on the banks of the stream
to limit the flooding.

As important soil reclamation work was planned in this area, in the 1960s the
Belgian Ministry of Public Health and the Belgian Nuclear Centre undertook a joint
radiological survey to assess the risks to the local population. Extensive field
measurements were performed using a gamma spectrometer (Nal (Tl) 4 in x 5 in)'
on sediment and soil: more than 50 km of riverbed and 600 sampling points were

1 inch = 25.4 mm.
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ft ft 2% ft ft

* * 4 *

F/G. 1. Aerial radiological survey of the Olen area. The 226Ra dispersion is given in
counts/s; the background was 25 counts/s. The survey was carried out on 1964-08-04 using
an Alouette helicopter flying at a height of 40 m and a speed of 40 knots. (Scale 1:15 000.)

measured. Moreover, an aerial radiological survey confirmed the ground measure-
ments and permitted the detection of contaminated spots outside the main area (see
Fig. 1). Samples of soil and sediment at various depths were taken by drilling and
were measured in the laboratory for their 225Ra content; the results showed that in
the riverbed and in the flooded soil, the contamination was retained in the upper
50 cm. River water, fish, vegetables and agricultural plants, animals and their
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products (i.e. milk), and human teeth were also sampled. Furthermore, in situ
experiments (in contaminated fields) were performed for several years in order to
obtain site specific transfer factor values such as soil-plant and plant-animal 226Ra
transfer. The main results were published in a report [1], and more detailed results
were presented at scientific meetings [2-10].

2. DOSE ASSESSMENTS

2.1. External exposure

The most exposed individuals are represented by amateur fishermen, who are
exposed to external radiation while sitting on the river bank. Several calcium fluoride
dosimeters (MBLE, Type PNP-292) were buried at an approximate depth of 10 cm
and exposed for 33 d. The dose rates observed varied from 0.02 to 0.22 mR/h.2

The maximal annual dose would be 0.5 mGy/a, assuming an exposure of 250 h/a.
For comparison, the mean annual external radiation dose due to natural radiation
sources (cosmic rays, soil radioactivity and medical radiodiagnostic examinations)
is 1 mGy in Belgium.

2.2. Internal exposure

The first step in measuring internal exposure is to evaluate the annual intake
through food chain pathways of 226Ra by a critical group of local inhabitants living
in the contaminated area. The composition of the diet and the origins of the food (i.e.
local or market) were investigated in order to assess a realistic annual intake [1].

The mean 226Ra content of locally produced food has been calculated assum-
ing that the actual 226Ra concentration in the top layer of the soil has been diluted
(10 x) by deep ploughing (1 m) and by applying the transfer factor values obtained
by in situ experiments. Taking into account the annual consumption of the various
foods under consideration, the annual intake of 226Ra by the critical individuals was
computed, with the results shown in Table I [11]. From this table it is clear that the
major contributor to the intake of 226Ra is represented by vegetables (cabbage, peas
and beans), followed by potato tubers. The contribution of animal products (milk and
meat) is two orders of magnitude lower.

The second step is the calculation of the individual doses using the dose factors
for particular organs and tissues, the dose factor for the computation of the effective
dose being the sum of the dose factors for particular organs and tissues of the body
multiplied by the appropriate weighting factors [12]. The dose factors for particular
organs and tissues describe the dose which would be committed to these organs and

1 rontgen (R) = 2.58 x 10"4 C/kg.



TABLE I. EVALUATION OF THE ANNUAL INTAKE OF Ra-226 BY INDIVIDUALS LIVING IN THE CONTAMINATED

AREA

Mean Ra-226 content
(Bq/kg fresh matter)

Annual consumption3

(kg fresh matter) (adult)
Annual intake of Ra-226

(Bq) (adult)

Milk

Meat (cattle)

Vegetables

Potato tubers

Total

4.0 x 10"2

4.0 x 10"2

4.6

4.6 x 10"'

131.4

53.7

56

122

5.3

2.2

258

56

321.5

to

a

Ref. [11].



TABLE II. EVALUATION OP INTERNAL EXPOSURE (Sv) DUE TO INGESTED Ra-226 (ADULTS) (DOSE FACTORS FOR

INTERNAL EXPOSURE TAKEN FROM REF. [13])

Source
Annual
intake
(Bq)

Annual committed dose equivalent (Sv) to organ

Bone
marrow Bone surface Breast Lung Thyroid Gonads

Annual committed
effective dose equivalent

(Sv)

3.6 x 1(T5 4.8 x 10~7 4.8 x 10~7 4.8 x 10"7 4.8 x 1(T7

1.5 x 1(T5 2.0 x 10"7 2.0 x 10"7 2.0 x 10"7 2.0 x 10"7

1.8 x 10"3 2.3 x 10"5 2.3 x 10"5 2.3 x 10"5 2.3 x 10"7

3.8 x 10"4 5.0 x 10"6 5.0 x 10"6 5.0 x KT6 5.0 x 10'6

2.2 x 10'3 2.9 x 10"5 2.9 x 10"5 2.9 x 10~5 2.9 x 10"5 1.2 X 10"

n

Milk

Meat (cattle)

Vegetables

5.3

2.2

258

Potato tubers 56

Total 321.5

3.2 x 10~6

1.3 x 10~6

1.5 X 10"4

3.4 X 10"5

1.9 X 10"4

1.9 X 10"6

7.9 x 10"7

9.3 x 10"5

2.0 x 10"5



TABLE III. COLLECTIVE DOSE DUE TO THE CONSUMPTION OF PLANTS FROM Ra-226 CONTAMINATED FIELDS

(30 ha) ES

s

Crop
Yield

(kg dry matter/ha)
Production

(kg dry matter/10 ha)
Ra-226 content

(MBq/a)

Collective dose commitments from
one year's production

(man-Sv)

Bone surface Effective dose

I
5?
o

ICereal

Leafy vegetables

Potato tubers

2000

7500

5000

20 000

75 000

50 000

0.8

7.5

0.2

5.6

51

1.6

0.3

2.7

0.09



TABLE IV. ANNUAL COLLECTIVE DOSE DUE TO THE CONSUMPTION OF MILK FROM CATTLE FED WITH FODDER
FROM Ra-226 CONTAMINATED AREAS (30 ha)

Annual collective dose B
„ „„ , (man-Sv/a) 3

Milk production Ra-226 average content g
(L/a) (kBq/a) *

Bone surface Effective dose k

230 000 9.2 6.2 x lO'2 3.3 x 10'3

DI
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tissues during the 50 years following a unit intake (of 1 Bq) into the body [13]. The
respective committed doses are given in Table II. This table shows that the bone
surface is the tissue target in the present case and that the pathway of most concern
is the ingestion of vegetables.

2.3. Collective dose

As sufficient information was not available to directly evaluate the sum of the
doses to all of the individuals likely to be affected, an alternative procedure, the
calculation of the collective dose by assuming that the contaminated products are all
consumed (without identifying the consumers), has been used. Two exposure path-
ways were considered in this assessment:

(a) Collective doses due to the consumption of one year of plant production from
contaminated areas; the collective doses are calculated assuming that one third
of the contaminated field is cultivated with leafy vegetables, one third with
cereals and one third with potato tubers.

(b) Collective doses due to the consumption of milk from cattle fed with fodder
from contaminated areas in one year.

The results are summarized in Tables III and IV. They refer to the bone surface
and the effective dose.

3. CONCLUSIONS

The highest doses due to external exposure are to some amateur fishermen
(0.5 mGy/a). Analysis of the results of the assessment of internal exposure shows
that the highest individual doses are significantly less than those due to external
exposure. The leafy vegetables pathway is the most significant and the most exposed
organ is the bone surface. In general, the individual doses resulting from the
consumption of plants are one to two orders of magnitude higher than doses delivered
from the consumption of cattle products. In the case of the collective dose estimates,
the difference between these two types of pathways is even more pronounced.

These conclusions led to the following recommendations:

(a) Avoid the use of contaminated areas for fishing, i.e. ponds for fish breeding;
(b) Plough deeply in order to 'dilute' the upper layer of soil (most contaminated)

in the 1 m layer;
(c) Avoid growing leafy vegetables in contaminated areas;
(d) Establish pastures to raise cattle;
(e) Periodically survey agricultural production in the area.
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Examples of dose assessment:
MINING AND MILLING IN CANADA

R. JOHN
Canada Centre for Mineral and Energy Technology (CANMET),

Department of Energy, Mines and Resources,
Ottawa, Ontario

L.M. LOWE, D.B. CHAMBERS
SENES Consultants Limited,

Willowdale, Ontario

Canada

1. GENERAL INTRODUCTION

The information presented here is derived solely from published or readily
accessible information on site specific dose assessments in Canada. Because the dose
assessments were carried out at different times and for different reasons, there may
be some variation in the depth and scope of the information. No further detailed
analysis of the large amount of original data was attempted, although some numbers
have been converted to common units for ease of comparison.

Before discussing specific dose assessments in Canada, it is necessary to have
sufficient background information to put the dose assessments into perspective. In
this chapter, radiation doses are reported in mSv/a. For exposures to external radia-
tion, this should be taken to mean the effective dose equivalent delivered in one year,
and for the intake of radionuclides by inhalation or ingestion, the committed effective
dose equivalent which results from one year's intake [1].

The degree of exposure of Canadians to natural radiation is not unusual when
compared with other countries of the world. The average annual exposures are
approximately 0.40 mSv/a from terrestrial external gamma radiation, 0.18 mSv/a
from radionuclides in the body and 0.4-0.5 mSv/a from cosmic radiation (which can
vary significantly from sea level locations to locations high in Canada's western
Rocky Mountains) [2]. Radon daughters have recently been recognized as a major
source of natural radiation exposure, contributing about 1.0-1.5 mSv/a (based on
data given in Ref. [3]). The total dose from background radiation is thus about
2 mSv/a. The radiation dose from medical and dental procedures, when averaged
over the whole population, is 0.7 mSv/a, and from the use of consumer products is
0.02 mSv/a. In addition, the fallout from nuclear weapons testing in the 1950s and
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1960s contributes a further 0.04 mSv/a. Recent work (e.g. Ref. [4]), when evalu-
ated, will allow for more detailed site specific calculations of these values. However,
none of the values are expected to change significantly from the above averages.

To provide a broad understanding of Canadian dose assessments, three
representative sites have been chosen. For one of those sites particular emphasis has
been placed on a single pathway (lichen-caribou-man) and the assessment of its con-
tribution to dose is given in more detail. However, in common with the situation at
many other locations, the most important pathways generally are the ingestion of
drinking water, the consumption of fish and the inhalation of radon. Caribou are
unique to Canada's north and serve here as an example of how to accommodate a
new pathway into a typical systems model framework. Detailed discussions on the
other pathways can be found in several references (for example, Refs [5-8]).

There have been 24 uranium milling operations in Canada treating four basic
ore types. The locations of some of these operations are identified in Fig. 1. The first
type, vein type ore deposits, first discovered at Port Radium, Canada's earliest
uranium mining operation, are also common in the Athabasca Lake region of north-
ern Saskatchewan. These deposits may vary greatly in composition. Port Radium had
a complex ore with grades ranging higher than 10% U3O8 and contained elevated
levels of thorium, arsenic, silver and cobalt. The Beaverlodge mine and ore bodies
were of lower grade (0.2-0.4% U3Og) with fewer contaminants and a low pyrite
content.

The second type of deposit has been found for the most part along the southern
edge of the Athabasca sandstone basin at the point of contact between the Athabasca
sandstone and the basement rocks. The mineralogy of these deposits is highly
diverse. The first of these deposits exploited was Rabbit Lake. This ore body con-
tained approximately 0.4% U3O8, with low levels of contaminants. The second ore
body exploited was the very unique and high grade D zone ore body near Cluff Lake.
Ore grades from this deposit ranged from 0.3 to 50%, with an average grade of
approximately 5%. This ore body contained very high levels of many contaminants,
of which lead and gold are the most notable. The more recently discovered deposits
include Key Lake, Midwest Lake, Cigar Lake, Collins 'B' Cigar Lake (the latter
located near Rabbit Lake in Fig. 1) and others, all of which are of excellent grade
(from about 0.5 to 20% U3O8). These deposits are low in thorium, but some contain
many contaminants, of which arsenic, nickel and cobalt are the most notable.

The remaining two types of ore deposits are located in Ontario, in eastern cen-
tral Canada. The third type, pegmitic ores, are located near Bancroft and are charac-
terized by a low ore grade (0.1-0.2% U3Og) and low sulphides. Under today's
economic conditions,.exploitation of these reserves is no longer economically viable
and the mines have closed. The fourth, reef type ore, is located at Elliot Lake in the
Blind River area of Ontario and is similar to that of Witwatersand, in South Africa.
The ore contains appreciable quantities of pyrite and pyrhotite (3-5%), but only
0.1-0.2% U3Og. The Elliot Lake ore also contains about 0.05% ThO2.
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All of the Canadian mills, which may serve more than one local mine, have
used an acid leach process, except the Beaverlodge mill on the north shore of Lake
Athabasca, which primarily used an alkaline leach process because of the nature of
the ore. In general, the tailings materials are treated with lime or limestone to give
pH levels of about 9-11 before entering a settling basin. The liquid decant is then
treated with barium chloride to ensure that the effluent meets the Canadian regula-
tions for 226Ra (1 Bq/L). .

In this review, three examples were chosen as being indicative of the Canadian
situation. Elliot Lake is used as an example of an eastern low grade pyritic ore. The
Beaverlodge operation is used as an example of the low grade, less complex ores
from the Province of Saskatchewan, and Midwest Lake is used as an example of the
unconformity type of higher grade ores that will be the basis of future uranium opera-
tions in Canada.

2. SITE DESCRIPTIONS

2.1. Elliot Lake

Elliot Lake is located approximately 30 km north of Lake Huron, midway
between Sault Ste. Marie and Sudbury, Ontario. Currently, the population is approx-
imately 20 000. The area experiences a total precipitation of about 96 cm per year,
with average evapotranspiration of about 50 cm. Winter lasts five or more months,
with temperatures of 0 to -25°C being typical. The area is characterized by abun-
dant lakes and streams, with about 20-25% of the total area being covered by water.
The region is sufficiently forested with mixed coniferous and deciduous species to
support lumbering. The bulk of the population relies upon the two existing mining
companies for its existence. There is some tourism involving camping, fishing and
hunting. There is no farming or farming potential within the immediate vicinity. The
Serpent River is the major drainage from the area and passes through a reservation
occupied by Canada's aboriginal people, the Serpent River Indian tribe. This
community makes use of some wild food, such as game and fish, in its diet.

2.2. Beaverlodge

Uranium City, adjacent to the Beaverlodge operations (Fig. 1), came into
being as a township for the miners and millers employed at several operations in the
region. Ultimately, these operations dwindled until only the Eldorado operation
remained. Uranium City is an isolated settlement. It is connected to the towns of the
south by. air and barge during the summer and in the winter by roads over frozen
Lake Athabasca. Since the close down of the Eldorado operation in 1982, most of
the population has left Uranium City. At no time was there any farming and, because
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of its remote location, tourism has also been very limited. The area around the site
continues to be used for hunting and trapping by the local Dogrib aboriginal people.
The site is characterizied by an abundance of lakes interspersed between low hills
covered with boreal forest. Winter lasts six or more months, with temperatures of
0 to -40°C being typical. Summers are warm and sunny, with an average rainfall
of about 50 cm.

2.3. Midwest Lake

The Midwest Lake project was selected to represent the high grade deposits
located in northern Saskatchewan. It was selected because an analysis of radiation
exposure pathways is provided in the Midwest Lake environmental assessment [9]
and similar data are not available for other such deposits.

The Midwest Lake deposit is located near the eastern margin of the Athabasca
Basin in northern Saskatchewan about 30 km west of the Rabbit Lake facility, which
is located on the shore of Wollaston Lake. The site is an isolated area. The proposed
plan was to have employees flown in on a seven day rotational basis to an on-site
camp. As in the case of Beaverlodge, the area is characterized by numerous lakes
interspersed with low hills and boreal forest. The climate is similar to that of
Beaverlodge.

3. REGULATIONS AND MONITORING DATA

Canada is divided regionally into ten provinces and two territories. Each
province has its own government, which has enacted environmental regulations. In
addition, the federal government has its own regulations and regulatory agencies. In
particular, the Atomic Energy Control Board (AECB) is responsible for licensing all
facilities concerned with radioactive materials, including the mining and milling of
uranium. If there is a difference between the federal and provincial regulations, then
the more restrictive regulations apply.

The AECB regulations generally adopt the recommendations of the Interna-
tional Commission on Radiological Protection (ICRP). The AECB prescribes the
maximum allowed limits for radiation dose, currently 5 mSv/a committed dose
equivalent for a member of the public and a maximum of 0.02 working levels (WLs)
of radon daughters attributable to a nuclear facility. (One WL is any combination of
short lived radon daughters (down to 214Po) in 1 L of air that will result in the ulti-
mate emission of 1.3 x 105 MeV of alpha energy.) The regulations are currently
under review and are expected to be revised largely on the basis of ICRP
recommendations.
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When a uranium mining and milling operation closes, the AECB requires that
the company produce an environmental assessment of the decommissioning. Typi-
cally, the company will review the potential pathways through the environment to
man and select those which are significant. This is followed by a field programme
to collect data relevant to those pathways. Once accumulated, the data are used to
calculate a dose assessment to the critical group. This is a group of people assumed,
on average, to receive higher doses than other groups because of their location,
eating habits and other lifestyle characteristics. A decision can then be taken by the
regulatory agencies on the acceptability of the decommissioning.

Much of the environmental data concerning uranium mining and milling opera-
tions were compiled under contract by the National Uranium Tailings Program and
placed in a database. This database, called the Canadian National Uranium Tailings
Database (CANUT) [10, 11], has now been transferred for permanent retention to
the AECB. Thus, a substantial amount of data is now available in an easily retrieva-
ble form. The data consist of environmental analyses for a wide range of elements
and ions normally occurring at or near uranium mill tailings sites. Physical, chemical
and biological parameters are included wherever possible.

4. APPROACH TO PATHWAYS ANALYSIS

Many potential pathways have been identified in Canada [12], However, at
any particular Canadian site only a portion of these pathways may be relevant. The
surface water pathway is normally important, with ingestion of water and fish often
being the most significant. As Canada's uranium mines are remote and lack agricul-
tural land, irrigation and direct uptake to vegetation are not usually important.
However, indirect pathways through wild game, such as caribou (Rangifer caribou),
moose (Alces alces), deer (Odocoileus virginianus) and ruffed grouse (Bonasa
umbellus) are potentially important, especially when they are major contributors to
the local diet. Uptake through caribou can be significant because caribou eat large
quantities of lichen, a plant that accumulates relatively high levels of air deposited
radionuclides. Discussion of the three selected dose assessments follows.

5. ELLIOT LAKE OPERATIONS

The Elliot Lake mines expanded their operations owing to the increased
demand for uranium in the 1970s. Much of the following information on radiation
pathways analysis is taken from the Environmental Impact Assessment (EIA) reports
undertaken on behalf of the mining companies during the expansion [5] and the sub-
sequent review by the Ontario Environmental Assessment Board [6].
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These reports compared estimated exposures and intakes to maximum permis-
sible intakes that were derived using the critical organ concept of radiation protec-
tion. Only radon, 226Ra and 230Th were considered in detail at the time of the EIA
(in 1977), since these were considered to be of prime concern in Elliot Lake.

5.1. Critical group

The critical group consisted of people who lived close to a tailings area and
who consumed fish, wildlife (moose, deer) and produce from the local area. The
exposure calculations were conservative in that they were based on maximum intake
rates of air, food and water of exposed individuals who were assumed to reside con-
tinuously at the locations of highest predicted, off-site exposure, with no allowance
for factors such as the possible protective shielding provided by residences and time
spent elsewhere [5, 7].

5.2. Sources of radioactivity

The sources of radioactivity were the mines, mills and the tailings areas. Their
strengths were determined by a sampling and field measurements programme.

The radon and dust concentrations at each mine ventilation upcast were mea-
sured and converted to emission rates using the known ventilation rates. The radon
and dust concentrations in the mill stacks were measured and converted to emission
rates per ton1 of ore so that the effects of a change in the production rates could be
calculated. The tailings (870 ha in area) were the largest sources of radionuclide
emissions and underwent the most extensive measurement programme. Radon emis-
sions (9.0 x 107 Bq/s) estimated from exhalation measurements were much larger
than the emissions from the mines and mills (1.3 X 107 Bq/s). The particulate
emissions from the tailings area were estimated by using a saltation-suspension
model, high volume air samplers and on-site micrometeorological
measurements [5],

5.3. Environmental pathways

Gaussian plume air dispersion models were used to estimate the ambient con-
centrations of radon and dust at potential receptors. The models were calibrated by
using measured values of suspended particulate and dustfall at stations adjacent to
the tailings areas. The model predicted both suspended and deposited particulates as
functions of particle size. These were converted to radioactivity values by using the
results of the analysis of tailings surface samples. Suspended tailings dust levels were
predicted to fall below 10 /*g/m3 within 2-3 km from the tailings.

1 ton (long) (=2240 lbm) = 1.016 x 103 kg.
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Predictions of air quality for the expanded operations were prorated, based on
future tonnage and ore grade. The future tailings emissions were calculated on the
basis of ore grade and exposed surface area available from the expansion plans. No
credit was given for reduced radon or dust emissions due to standing water cover
or various tailings management plans, such as vegetative cover.

Elliot Lake is situated within an extensive interconnection of lakes and streams.
Numerous measurements of radionuclide concentrations at points of discharge from
the tailings areas and throughout the river system were used to evaluate the existing
radiological effects of the water pathway. A simulation model of the entire watershed
was developed to look at future water quality [13]. The model accounted for such
factors as process modifications, water diversions and tailings management tech-
niques. The predicted radium levels were used in the evaluation of the expansion.

Measurements of radioactivity in fish and wildlife were also carried out. This
permitted the calculation of the intake by people consuming local species.

TABLE I. ESTIMATED DOSES FOR THE CRITICAL GROUPS IN THE
ELLIOT LAKE AREAa (mSv/a)

Radon"

0.082

Fish

Produce

Moose/deerd

By inhalation

Ra-226

0.001

By ingestion

Ra-226

0.001

0.024

0.004

Th-230

NCC

0.007

< 0.002

Th-230

0.043

Pb-210

NC

NC

0.19

a Based on data presented in Ref. [5] and ICRP dose conversion factors [14].
b Based on data presented in Ref. [5] and an OECD/NEA dose conversion factor of 5.5 mSv

per WLM [15].
c NC: not calculated, insufficient data available.
d Based on analysis of very few samples and includes background contributions (unknown).
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5.4. Radiation exposures

The exposures of the critical groups were estimated on the basis of the data
generated from measurements and the dispersion models (Table I [14, 15]). The
pathways considered were: (a) inhalation of radon and particulate matter; (b) inges-
tion of water, fish, wildlife and vegetation; and (c) external radiation. Food con-
sumption data were based on studies carried out by Health and Welfare Canada and
a survey of Elliot Lake residents [5]. The dose estimates are considered to be higher
than the doses actually received because of the conservative assumptions used to esti-
mate environmental concentrations and to characterize the critical groups [5].

Doses due to external radiation were evaluated by considering immersion in
a resuspended plume and exposure to surface deposits. They were found to be
insignificant. The predicted dustfall rates were converted to a total dustfall assuming
20 years of continuous deposition, and then to doses using dose conversion factors
for external exposure [16]. Air concentrations of respirable particles were converted
to doses by using a breathing rate of 8 X 103 m3/a and ICRP dose conversion fac-
tors; ingestion doses were also evaluated using ICRP dose conversion factors [14].
The predicted radon concentrations were converted to indoor radon daughter concen-
trations (WL) by assuming a radon/radon daughter equilibrium factor of 0.5, a value
consistent with measured values in Canada. The radon daughter exposure was then
estimated by multiplying the radon daughter concentration (WL) by the number of
working months (170 h each) that the receptor was assumed to spend indoors. The
results show that exposure to radon daughters is the most significant pathway,
followed by the inhalation of 230Th and the ingestion of 226Ra.

6. BEAVERLODGE OPERATIONS

6.1. Introduction

The Beaverlodge operation in Saskatchewan was closed in 1982. Conceptual
reclamation plans had already been examined [17], but a final reclamation plan was
necessary to obtain decommissioning permits from the Province of Saskatchewan
and the AECB. Studies undertaken to develop the plan included a compilation of
information about the local environment, operating history and waste characteristics
and an engineering feasibility study of disposal techniques [18, 19]. On the basis of
these and other studies, environmental and radiological assessments of the decom-
missioning options were carried out [8, 20, 21].

The company operated a small town site for senior personnel adjacent to the
Beaverlodge operations. The majority of the employees lived at Uranium City, about
20 km away. The main source of income was the mine and it was expected that less
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than 250 people would remain at Uranium City after the mine closed. The company
dismantled the town site when the mine closed.

6.2. The critical group

The critical individual was identified as an adult male who lives in Uranium
City, traps for a living in an area near the mine/mill site during the two main trapping
seasons of the year, and obtains locally as much of certain food types as possible.
For example, he may hunt caribou and use it as a primary source of meat. Drinking
water was not considered as a potential exposure pathway because the mine/mill area
did not affect the Uranium City water supply or the lakes and streams in the trapping
area.

Although recent studies in northern Saskatchewan show an increasing depen-
dency on store bought food, a small group continues to hunt, trap and fish and these
people were also chosen as critical receptors. Other critical receptors chosen were
cottagers at a nearby lake and infants in Uranium City. However, the calculations
indicated that the adult trapper described above was indeed the critical receptor.

The releases of uranium, 232Th, 230Th, 226Ra, 222Rn, 210Pb and 2l0Po into the
air and water environments were calculated for four periods (operations, shutdown
and post-reclamation in the near and long term) for each of the reclaimed areas. Each
area had one or more reclamation options, such as covering with waste rock, vegeta-
tive cover, water cover, removal, or reburial in the worked out mines.

6.3. Environmental radionuclide concentrations

The Climatological Dispersion Model (CDM) [22] was used to estimate the air
concentration of radionuclides at locations for each source, and various combinations
of time periods and reclamation options. The annual average radionuclide air con-
centrations were then used to estimate the deposition rates of radionuclides onto the
ground and vegetation using standard models (e.g. Ref. [23]). Ground concentra-
tions were then used to compute radionuclide uptake in vegation (except lichen —
see below) using published transfer factors. In turn, the radionuclide concentrations
in vegetation and water were inputs in the calculation of concentrations in caribou
and fish, respectively.

The radionuclide concentrations in water, derived using a detailed water qual-
ity model developed specifically for this study [8], were used to compute radio-
nuclide concentrations in fish. For the operational period, it was not possible to
separate the effect of other sources and thus the total radionuclide concentrations in
Beaverlodge Lake were (conservatively) attributed to the Beaverlodge operations.
For all other time periods, the incremental radionuclide concentrations were
calculated.
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6.4. The lichen-caribou-man pathway

The lichen-caribou-man link is a food chain in the arctic and subarctic regions
of Canada. Caribou has been found to contain elevated concentrations of 210Pb and
210Po from the accumulation of these radionuclides in lichen [24]. A more detailed
review of the modelling used for the pathway is presented here because of its unique
nature and because it might serve as an example of how to handle such a pathway
for other scenarios (e.g. man-made fallout).

6.4.1. Lichen concentrations

Vegetation concentrations are commonly calculated using the following equa-
tion (see Ref. [23]):

where
Dj is the deposition rate of radionuclide i (/tg, or Bq-m"2-s"'),
Cvi is the concentration of radionuclide i in vegetation v (/ig/kg, or Bq/kg

wet weight),
Bvi is the soil to plant transfer coefficient for radionuclide i for type v vege-

tation (/xg/kg wet plant per /xg/kg dry soil, or Bq/kg per Bq/kg),
Ev is the fraction of the foliar deposition retained on edible portions of vege-

tation (dimensionless),
Fr is the fraction of the total deposition retained on plant surfaces,
p is the assumed soil areal density for surface mixing (240 kg dry

weight/m2),
tv is the duration of exposure while vegetation v is growing (s),
Cqi is the calculated ground surface concentration of radionuclide i (/ig/m2

or Bq/m2),
Yv is the yield density of vegetation v (kg wet weight/m2),
Xw is the decay constant accounting for weathering loss (s"1).

Since lichens have no roots, they accumulate radionuclides by direct deposi-
tion, i.e. using Eq. (1) with Bvi = 0 for all radionuclides. Values for the other
parameters in Eq. (1) specific to lichens are discussed below.

Most lichen studies have focused on fallout radionuclides. Studies of 137Cs
fallout in Sweden indicate that up to 95% of that deposited may be retained [25]. For
this study, a value of Fr = 0.95 was assumed for all radionuclides. Because the
entire plant may be eaten by caribou, the fraction, Ev, of the radionuclides reaching
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edible portions of the plant was assumed to equal 1.0. The yield density, Yv, of the
lichen was assumed to equal 0.5 kg/m2 [25].

The 'weathering' decay constant, Xw, required special consideration. This
constant accounts for all mechanisms by which the radioactivity is removed from the
plant. The accumulation of material occurs over long periods because of the rela-
tively long lifetimes of lichens (tens of years). For this study, the deposition period,
tv, in Eq. (1) was assumed to be sufficiently long so that an equilibrium concentra-
tion was reached; that is

exp(-Xvv/?w) = 0

On the basis of several studies on lichen uptake [25-28], a half-life in lichen
of ten years was assumed for all radionuclides considered in this study. 210Po
(T./2 = 138 d) was assumed to be in radioactive equilibrium with 210Pb because of
the long growth period of lichen.

The radionuclide concentrations in caribou meat were then estimated from the
calculated radionuclide concentrations in lichen, the assumed consumption rate of
lichen, and lichen to meat transfer coefficients for each radionuclide [23-34]. The
different summer and winter grazing locations were accounted for in the
calculations.

Calculations of radionuclide concentrations in fowl, assumed to be all ptarmi-
gan (Lagopus sp.), another food source, assumed that the winter feed was all lichen
and the summer forage was similar to pasture grass. Because no other data were
available and ptarmigan is closely related to poultry, with similar habits, generic data
for poultry were used for all other parameters [23].

6.4.2. Fish concentrations

Fish concentrations were derived from surface water concentrations using the
standard water to fish transfer equation and transfer coefficients derived from local
data. The predominant species in the area were northern pike (Esox lucius), lake
white fish (Coregonus clupeasornis) and lake trout (Salvelinus namaycush).

6.5. Dose estimation

Doses to the potential critical groups were calculated for all released radio-
nuclides and for direct exposures to tailings beaches (from lake deposited tailings),
tailings spills and waste rock sites. The ICRP methodology was used for the Elliot
Lake example. Various aspects of the dose estimates are discussed below.
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TABLE II. DOSE ESTIMATES BY EXPOSURE PATHWAY FOR THE CRITI-
CAL GROUP IN THE BEAVERLODGE AREA (mSv/a)

Time period/option

During operation

At shutdown

Short term/'vegetated cover'6

Short term/maximum reclamation

Long term/'vegetated cover'

Long term/maximum reclamation

Dusta

0.19

0.17

0.086

0.004

0.022

0.003

Air

Radon"

0.11

0.006

0.006

0.003

0.006

0.003

Water3

l . l c

0.17

0.20

0.10

0.24

0.13

Direct

0d

0d

0.052

0.007

0.052

0.007

Total

1.40

0.35

0.35

0.11

0.32

0.14

a The dust pathway refers to doses from inhalation and ingestion of dust contaminated foods
(produce, caribou) and the water pathway refers to doses from the ingestion of contami-
nated water and fish.

b Using a radon dose conversion factor of 5.5 mSv per working level month (WLM) [15].
The original calculations [8, 20] were based on an equivalence of 0.05 Sv and
4.8 WLM [35].

c No access to the site assumed for these phases.
d This number must be interpreted with caution (see text).
e This option is expanded in Table III.

6.5.1. Dose by exposure pathway

Table II [35] summarizes the total dose to the adult critical receptor by major
pathway and time period. The term 'vegetation' in Table II assumes just vegetative
cover, with the exception of water cover for some lake deposited tailings. Maximum
reclamation involved either removal or cover for the tailings areas.

The estimated dose from the water pathway (primarily fish) during operation
must be interpreted with caution since the water concentrations were derived from
a model that predicted only uranium and thorium specifically. 230Th was conserva-
tively assumed to be in equilibrium with 226Ra [8]. In addition, it was assumed that
all fish eaten by the critical group were from the most highly contaminated lake [8].
The ingestion doses are thus conservative estimates. Since the mine was being shut
down, no further action was taken to verify these estimates.

At shutdown, the radon release rate and associated dose were estimated to
decrease dramatically, as were doses through the water pathway associated with the
incremental levels of environmental radioactivity (incremental to those that would



TABLE III. PREDICTED FRACTIONAL DOSE CONTRIBUTIONS BY EXPOSURE PATHWAY AND RADIONUCLIDE FOR

THE CRITICAL GROUP3 IN THE BEAVERLODGE AREA FOR THE SHORT TERM/'VEGETATED COVER' OPTION

(TOTAL EXPOSURE = 0.35 mSv/a (TABLE II)a; DIRECT EXPOSURE15 = 0.052 mSv/a = FRACTIONAL 0.15 OF TOTAL)

x P 0 S U r e U-natc Th-230 Ra-226 Po-210 Pb-210 Th-natd Radon Subtotal
pathways

0.03 0.04

— 0.02

Inhalation
External

Vegetables, fruit

Caribou

Fowl

Fish

<0.01
<0.01

<0.01

<0.01

<0.01

<0.01

0.01
<0.01

0.02

0.03

<0.01

0.53

<0.01
<0.01

<0.01

<0.01

<0.01

<0.01

<0.01
<0.01

<0.01

0.10

<0.01

0.02

<0.01
<0.01

<0.01

0.02

<0.01

0.03

<0.01

<0.01

<0.01

<0.01

<0.01

0.01

0.03 §

0.15 a

o.oi ^

0.59

Subtotal 0.01 0.59 0.01 0.12 0.06 0.02 0.03

a Based on the short term/'vegetated cover' option shown in Table II, all values are fractions of the total exposure of 0.35 mSv/a. For example,
the annual dose from Th-230 via the caribou pathway is 0.03 X 0.35 = 0.011 mSv/a.

b Direct exposure refers to travelling over the site, while external refers to exposure from suspended and deposited dust.
c U-nat: natural uranium.
d Th-nat: natural thorium.
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exist without ongoing contributions from the closed facility). Vegetation reduces the
effect of airborne dust, but was expected to have little effect on radon emissions from
the relatively wet tailings under study. Over the long term, the dose through the
water pathway was expected to increase slightly with increasing radionuclide flux
from lake bottom deposits.

6.5.2. Dose contribution by exposure pathway and radionuclide

Table III provides a summary of the dose estimated for the critical receptor,
in the short term with vegetative cover, by exposure pathway and radionuclide. Only
three pathways contributed more than 10% of the total dose, namely, fish consump-
tion (59%), caribou consumption (15%) and direct exposure (15%) from travelling
over the site. The intake of 230Th in fish was estimated to contribute 53 % of the
dose. As discussed in the environmental and radiological pathways report [8], the
calculated significance of thorium is likely to have been artificially enhanced by the
assumptions made concerning seepage water quality.

7. THE MIDWEST LAKE PROJECT

7.1. Introduction

The Midwest Lake deposit occurs at the unconformity which separates the
Athabasca sandstone from the underlying basement rock. The deposit includes both
high grade pitchblende type ore (12% U3O8) and low grade sandstone ore (0.25%
U3O8). The composite grade (mill feed) was expected to be about 2% U3O8. In
addition to uranium, there are varying amounts of arsenic (3% in mill feed) and
metals such as nickel (2% in mill feed), iron, cobalt, copper, zinc, molybdenum and
lead present in the ore body.

The proponents had prepared a plan for open pit mining. (At the time of writ-
ing, the Midwest Lake Project has not been developed. The environmental assess-
ment [9] and the pathways analysis discussed therein were based on a proposed
development plan.) As part of the ore body lies under a lake, extensive dewatering
was considered necessary. It had been planned to stockpile any ore production during
mining in excess of mill requirements. Thus, the environmental assessment and path-
ways analysis considered releases from the mine, ore stockpile, the mill and the
tailings.

7.2. Exposure pathways considered

Mine and mill (including ore stockpile and tailings) operations can result in the
release of radionuclides into the air and water. Airborne contaminants include radon



TABLE IV. SUMMARY OF ESTIMATED ANNUAL DOSES FROM THE MIDWEST PROJECT (mSv/a)

Receptor External

Internal

Radionuclide

U-nata

Th-230

Ra-226

Pb-210

Po-210

Ingestion

3 X 10"3

5 x 10"4

3 x 10"4

2.7 x 10"2

2.6 x 10"2

Inhalation

8 X 10"4

3 X 10"4

1 x 10"6

4.5 x 10"4

1 x 10"5

Radon determination

1.1. x 10"2

JO
1 4N

 et al.

Wollaston Lake

Total

4 x 10"

5.7 x 10"2 1.6 x 10"3

U-nat.: natural uranium.
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and dust. The source data and local weather conditions were used as inputs for the
Uranium Dispersion and Dosimetry (UDAD) model [36] to estimate the average
concentrations of airborne radioactive dust and radon and the amount of radioactive
dust that would accumulate on the ground over the lifetime of the facility.

Radionuclide concentrations in the environment were predicted at selected
locations identified as being inhabited on a year round or part-time basis. External
exposures from immersion and 'ground shine' were taken directly from the UDAD
output. Airborne radon and suspended dust concentrations from the UDAD output
were used to estimate exposures from the inhalation pathway. Ground depositions
from UDAD were used in the food chain calculations to estimate exposure through
the ingestion of meat and vegetation. As in previous calculations, the predicted
environmental level and intakes were used with dose conversion factors based on
ICRP methodology [14, 16, 37, 38] to estimate dose.

Radionuclides released from the Midwest Lake Project facility in liquid
effluents would result in human exposure either directly through consumption of con-
taminated water (at Beaverlodge, all of the drinking water was assumed to be uncon-
taminated), or indirectly through fish consumption. The transfer of radionuclides in
water through the aquatic food chain to terrestrial animals such as moose was also
evaluated.

7.3. Assessment of exposures

The Midwest Lake Project site is remote and nearby permanent settlements are
few. Only Wollaston Lake, 55 km to the southwest, and Hidden Bay, 30 km to the
southeast, the two settlements closest to the Midwest Lake Project site, were consid-
ered as receptors in the dose assessment as no impact was expected at more distant
locations.

Approximately 70% of the population of Wollaston Lake (480 in 1979) is
aboriginal. The economy of the Wollaston Lake community depends heavily on
caribou hunting and the local commercial fishery.

Caribou has been a major diet item for the aboriginal peoples and was esti-
mated to be 90% of the meat consumed. Most of it comes from hunting in the region
north of Wollaston Lake. The assessment assumed that local moose, some game
birds, fish and berries are also eaten. Currently, residents of Wollaston Lake do not
grow their own vegetables, but there is some potential for small scale gardening of
hardy varieties. All other food was assumed to be flown in. On the basis of the above
information and predicted results of radionuclide concentrations in air and water,
two receptors were chosen for evaluating the potential radiological impact of the
Midwest Lake Project:

(a) An individual living in the community of Wollaston Lake year round, who
consumes berries grown within 30 km of the Midwest Lake Project site, fish
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from Wollaston Lake, hardy vegetables grown locally at Wollaston Lake,
caribou and moose from south of Hatchet Lake, and who drinks water from
Wollaston Lake.

(b) A fish camp operator staying at the Hatchet Lake camp (Hatchet Lake is down-
stream of the effluent discharge point) for six months of the year, during which
time he consumes 10% local caribou (as above) and berries near the camp, fish
from Hatchet Lake and drinking water from Hatchet Lake for about 50% of
his intake of fish and water.

Consumption rates of caribou, fish, birds, plants and berries reported for aboriginal
people were used in all cases [39]. This food chain modelling resulted in conserva-
tive ingestion exposure estimates for all persons who import much of their food.

Table IV summarizes the estimated exposures and doses for the Wollaston
Lake resident, the most exposed individual. External body exposures resulting from
standing in air containing radionuclides and on ground with surface contamination
are presented, along with the internal doses from the inhalation and ingestion path-
ways. The results indicate that the ingestion pathway is a larger dose contributor than
is the inhalation pathway.

8. SUMMARY

Uranium mining operations in Canada include a wide variety of ore types and
environmental settings. Table V summarizes the annual doses estimated for various

TABLE V. SUMMARY OF ESTIMATED ANNUAL DOSES FOR THREE
CANADIAN URANIUM MINING FACILITIES (mSv/a)

Exposure
type

External

Ingestion

Inhalation6

Radon daughters

Elliot Lake,3

Ontario

<0.01

0.23d

0.044

0.082

Beaverlodge,b

Saskatchewan

0.052

0.27"

0.003

0.006

Midwest Lake,c

Saskatchewan

0.0004

0.057

0.0016

0.011

" See Table I.
b See Tables II and III.
c See Table IV.
d Includes contribution from background radionuclide levels in game or fish (see text).
e Excluding radon daughters.
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Canadian uranium mining operations. The differences in the estimated doses for the

three sites are largely due to the location of the critical groups at the sites, rather

than to different emission rates from the operations.

The estimated ingestion doses at Elliot Lake and Beaverlodge include the

contribution from background radionuclide levels (because of data availability), thus

accounting for their relatively high values. The values nonetheless fall well within

the dose limits specified in Canadian regulations. The comparatively high inhalation

doses and radon daughter exposures at Elliot Lake are due to the large amount of

tailings (and consequent increased radon emissions) produced over the relatively

long operating period of the Elliot Lake mines and mills.

External exposures are higher at Beaverlodge because of the assumed potential

exposures to accidental tailings spills in the area. Otherwise, direct exposure from

tailings is a relatively insignificant pathway.
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