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Abstract

A waterworks, providing several large cities in the province of Scania with drinking-water, with an
average production rate of 1.3 m3 s-1 has been studied regarding its removal capacity for several
natural and antropogenic radionuclides. The raw water is surface water from lake Bolmen which is
transported through an 80 km long tunnel in the bedrock before it enters the waterworks. The
method used for purification is a combination of precipitation and filtration in sand filters. Two
different purification lines are at the moment in use, one using A12(SO 4)3 as a coagulant and one
using FeCl3. After coagulation and flocculation the precipitation is removed and the water is passed
through two different sand filters (rapid-filtration and slow-filtration).

Water samples have been collected at the lake, the inlet at the waterworks, after each of the
flocculation basins (A12(SO4)3 and FeCl3), after rapid-filtration and from the municipal distribution
net. The samples have been analysed with respect to its content of uranium, thorium, polonium,
radium, plutonium and caesium.

Introduction

The two main sources for potable water are surface water and groundwater. Groundwater has
naturally been purified by filtration through its passage in the soil, which demands less treatment
than surface water before distribution to consumers. Surface water has a higher content of organic
substances and is more exposed to different pollutants which requires a higher degree of
purification before distribution. In Sweden about half of the production of potable water comes
from surface water and half from groundwater or artificial groundwater (VAV, 1994).

A common purification method is a combination of chemical precipitation and filtration in a series
of sandbeds. A widely spread method is the use of A12(SO4 )3 as a coagulant which forms a Al(OH)3
precipitation when the A12(SO4)3 reacts with, mainly, HCO3- in the water (VAV, 1992). The
precipitate captures suspended particles, colloids and dissolved molecular compounds which makes
it suitable for water purification. At the waterworks in this study, FeCl3 is also used as a coagulant,
which instead gives a Fe(OH)3 precipitation.

Scenario

Several communities in the western part of the province of Scania (southern part of Sweden) are
supplied with drinking water from lake Bolmen (area 184 km2 , max depth 37 m), located about 130
km NNW of the city of Lund. The water is transported from the lake through an 80 km long tunnel
in the bedrock (red and grey gneiss), to a reservoir near the village Aktaboden where the water is
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lead through a 25 km long pipeline to the waterworks. The transportation time for water in the
tunnel is about seven days. The average flow of water to the waterworks is 1.3 m3 s , of which
about 10 % consists of groundwater which infiltrates into the tunnel from cracks in the bedrock.

When the raw water enters the waterworks it is led to large flocculation basins where the pH is
adjusted and a coagulant is added. The waterworks is equipped with two different purification lines,
one using FeCl3 as a coagulant and one using Al2(SO4)3. When FeCl3 is used, 40-50 g-m-3 is added
to the water, and after the pH has been adjusted, flocculation occurs at pH=5.2. In the basins where
Al2(SO4 )3 is used, 35-40 g-m-3 is added and flocculation occurs at pH=6. Occasionally sodium
silicate is added to facilitate the flocculation. The flocculation time (the volume of the flocculation
basin divided by the flow) for the process is 45 min. After the flocculations have been removed by
sedimentation, the pH is raised to 7.2-7.4 (by addition of lime) and the water is passed through a
sand filter (rapid-filtration). The sand bed (grain-size 0.8-1.2 mm) has a thickness of I m and the
water is passed at a speed of 3 meters per hour. The sand filter is back-flushed with pure water
every 24 hours in order to remove impurities trapped in the filter. After rapid-filtration the pH is
raised once more to 7.8 before it is passed through the next sand filter (slow-filtration) at a speed of
25 cm per hour. The thickness of this sand-filter is about I m and the top layer of the sandbed is
cleaned 2-4 times per year. Slow-filtration takes place outdoors in large basins where water from
both purification lines are mixed. Altogether the pufification process takes about 9 hours to
complete. Before the water is distributed to the water mains the water is disinfected and the pH is
raised to 8.8.

The precipitation that is removed in the process is further treated in order to reduce its water
content. The annual production of untreated precipitation is 36000 m3, of which 97 % consists of
water.

Several physical and chemical parameters of the incoming and outgoing water are measured at
regular intervals to ensure that the quality of the water is acceptable. The analyses are performed by
an external accredited laboratory and some of the results valid for the time of the sampling
campaign for this study are presented in Table 1.

Table 1. Water quality of incoming and outgoing water at the waterworks.
Parameter Incoming water Outgoing water
Turbidity [FNU] 0.80 0.28
Color [mg/l Pt] 50 <5
CODMn [mg/l 02] 9.0 1.3
Ca [mg/l] 8 22
Mg [mg/l] 2 2
Fe [jig/l] 390 <5
K [mg/l] i i
Mn [mg/l] <0.03 <0.03
S042- 9 13
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Material and Methods

Water samples (unfiltrated) with volumes in the range of 5-350 litres were collected at lake Bolmen,
at the waterworks and from the distribution net. Several preconcentration methods were used in situ
to facilitate the handling of the samples. Thorium and plutonium were coprecipitated with Fe(OH)3
after addition of radiochemical yield determinants (2"Th and "'Pu) and sodium disulfite. For
caesium, Cu2[Fe(CN)6 ] impregnated cotton filters were used (Roos et al. 1994).

Uranium was, like plutonium and thorium, coprecipitated with Fe(OH)3 (232U was used as a
radiochemical yieid determinant). Polonium and radium were coprecipitated with MnO2 after the
samples had been spiked with 209po or 133Ba.

After standard radiochemical separation methods, plutonium, thorium and uranium activities were,
after electrodeposition (Hallstadius, 1984), determined by alpha-spectrometry. Polonium was
spontaneously deposited on nickel discs and also measured by alpha-spectrometry. Radium was
measured from its daughter 222Rn by the emanation rnethod (Rushing et al. 1964). For gamma-
spectrometry a HPGe-detector was used.

Results

In tables 2-5 the results from the activity measurements are listed. The result is presented as the
mean value and the standard deviation of duplicate samples. Errors originating from counting
statistics were in most cases below 5 % at the 95 % confidence level. For the samples with the
lowest activity concentration the errors from counting statistics could be up to 40 % at the 95 %
confidence level. In Tables 2-5, these results are marked with an asterisk.

Table 2. Activity concentration in water [mBq/l] and isotope ratios for 234U and 238U.
Uranium

Lake Lake Intake After After After rapid- After slow-
Bolmen Bolmen Ai(OH)3 Fe(OH) 3 filtration filtration

(filtrated) precipitation precipitation (Al-line)
2U 3.0±0.2 1.34 1.18±0.01 0.14±0.01 0.26±0.01 0.08* 0.01 0.16±0.01

234u 3.0 ± 0.3 1.57 1.79 ± 0.03 0.24 ± 0.03 0.42 ± 0.02 0.17 +0.02 0.26 ± 0.03
234U/238 u 1.0 ± 0.1 1.17 1.5 ± 0.04 1.7 ± 0.30 1.6 ± 0.1 2.0 0.4 1.6 ± 0.3

Table 3. Activity concentration in water [mBq/l]. For 2391240Pu the activity concentration is
expressed in Bq/l. nd = not determined.
Thorium, Caesium, Plutonium, Polonium and Radium

Lake Intake After After After After
Bolmen AI(OH)3 Fe(OH) 3 rapid- slow- filtration

_ precipitation precipitation filtration
232Th 0.32 ± 0.02 0.12 ± 0.01 0.013 ± 0.005 0.016 ± 0.001 0.004 ± 0.001 0.004 ± 0.001
230Th 0.25 ± 0.03 0.15 ± 0.0i 0.025 ± 0.001 0.037 ± 0.001 0.006 ± 0.001 0.013 ± 0.001
228Th 0.97 ± 0.06 2.55 ± 0.11 0.20 ± 0.01 0.34 ± 0.01 0.12 + 0.01 0.11 ± 0.03
'37Cs 4.66 ± 0.10 4.55 ± 0.06 4.50 ± 0.02 4.38 ± 0.14 4.28 0.01 4.25 ± 0.03
2 39

1
24 0 pU 43 3 20 ± 0.3 0.8± 0.1 1.8 ± 0.1 0.7 +0.2 0.65± 0.04

2'0Po 2.7 0.5 1.6 ± 0.2 0.10- 0.09 < 0.01 < 0.01 0.28 0.04
226Ra 1.2 0.2 4.3 ± 0.3 3.0 0.6 5.1 ± 0.6 nd 4.0 0.6
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Table 4. Activity concentration in precipitations [Bqlkg dry weight].
Al(OH)3 and Fe(OH)3 sludge

2391740PU 232Th 234u 238u 21 0Pb 7Be
AI(OH) 3 sludge 0.86 ± 0.08 4.53 ± 0.03 45.0 ± 0.7 61.8 ± 4.5 230 3 280
Fe(OH)3 sludge 0.72 ± 0.07 4.54 ± 1.42 43.7 ± 0.3 62.8 ± 3.5 368 20 353

Table 5. Fraction of radioactivity passing the purification process, calculated as activity
concentration in water at the intake divided by the activity concentration after slow-filtration.

Fraction of activity passing the total purification process
137cS 2391240PU -232Th - 23Th ' 225Th 226R 234u -Mu-

0.93 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.08 ± 0.01 0.04 ± 0.01 0.93 ± 0.20 0.15 ± 0.02 0.14 ± 0.01

Discussion and Conclusions

From Tables 3 and 4 above one can see that the activity concentration in the water, after the passage
in the tunnel is decreasing for thorium (except 228Th), uranium, plutonium and polonium. An
explanation for this could be that the activity is associated with particles that are removed from the
water by sedimentation. Another possible explanation is that Fe(HCO3 )2 in the groundwater is
converted to Fe(OH)3 when it comes in contact with oxygen rich surface water: 4Fe(HCO3 )2 + 02 +

2H2 0 < 4 Fe(OH)3 + 8C0 2 (Vattenteknik, 1992). Coprecipitation with the Fe(OH)3 could then
explain the decrease of activity in the water.

For one uranium sample a pre-filter was used which showed that roughly 50 % of the uranium
activity in the lake water was associated with particles larger than I ,um. For caesium on the other
hand, it seem like most is present in ionic form or associated with colloids with a low sedimentation
rate and small enough not to be removed in the following precipitations and sand filters.

Except sedimentation, infiltration of groundwater also influence the activity concentration. For
antropogenic nuclides the contribution of groundwater leads to dilution, while for "'Ra and "'Th
(grand-daughter of 228Ra) a noticeable increase in the activity concentrations were observed, which
can be explained by the comparatively high solubility of radium (Osmond and Ivanovich, 1992).
The infiltration of groundwater also leads to an increased 234U/238U ratio due to alpha-recoil, where
234Th (grand-parent of 234U) recoils into the water medium, which is usually more significant in
ground-water than surface water (Osmond and Ivanovich, 1992).

For most radionuclides studied, except for caesium and radium, most of the activity is removed by
the two different precipitations (see table 5). A general trend for uranium and thorium is that the
Fe(OH)3 precipitation has a slightly less removal efficiency than the Al(OH)3 precipitation. For
plutonium and polonium the uncertainties in the activity concentration after the flocculation basins
due to counting statistics are too large to draw this conclusion with any certainty. The increase of
the polonium concentration after slow-filtration compared to the concentration after the flocculation
basins could be explained by atmospheric deposition of polonium in the outdoor basins where slow-
filtration takes place. Radium has approximately the same activity concentration in the incoming
water as in the purified water distributed in the water mains, which shows that this purification
process is not effective for radium-rich water.

173



References

Svenska Vatten- och Avloppsverksforeningen (VAV). Dricksvattenteknik, grundvatten (1994)
publication P71 (in Swedish).

Svenska Vatten- och Avloppsverksforeningen (VAV). Dricksvattenteknik, ytvatten (1992)
publication P72 (in Swedish).

Hallstadius L. (1984). A Method for Electrodeposition of Actinides. Nuclear Instruments and
Methods in Nuclear Research, 223, pp 266-267.

Osmond J.K., Ivanovich M. (1992). Uranium-Series Mobilization and Surface Hydrology.
Uranium-Series Disequilibrium, Applications to Earth, Marine, and Environmental Sciences,
editors Ivanovich M., Harmon R.S, Clarendon Press, Oxford.

Roos P, Holm E, Persson R B R. (1994). Comparison of AMP Precipitate Method and Impregnated
Cu2[Fe(CN)6] Filters for the Determination of Radiocaesium Concentrations in Natural Waters,
Nuclear Instruments and Methods in Physics Research, A 339, pp 282-286.

Rushing D.R., Garcia W.J. and Clark D.A. (1964). The Analysis of Effluents and Environmental
Samples from Uranium Mills and of Biological Samples from Radium, Polonium and Uranium.
Radiological Health and Safety in Mining and Milling of Nuclear Materials. Vol. II, International
Atomic Energy Agency, Vienna, pl87.

Vattenteknik AB. (i992). Vattenbehandlingsmetoder, en bok om dricksvatten, badvatten och
processvatten (in Swedish) ISBN 91-630-1072-0.

174


