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Plutonium in Drinking Water: Effects of Chlorination on 

Its Maximum Permissible Concentration 

Abstract. Soluble plutonium is oxidized to the Pu(VI) oxidation state by chlorine 
during water treatment. Under certain conditions Pu(VI) is readily absorbed from 
the gastrointestinal tract. It appears that due consideration has not been given to the 
effect that the presence of plutonium in this oxidation state may have on the maxi- 
mum permissible concentration of plutonium in drinking water. 

We have established that Pu(IV) is 
oxidized to Pu(VI) by chlorine in water 
treatment plants and distribution sys- 
tems. The consequence of this observa- 
tion is that the present values for the 
maximum permissible concentration 
(MPC) of plutonium in drinking water (5 
pCi/ml for the general public) (1) appear 
to be too high by several orders of mag- 
nitude. The gastrointestinal absorption 
factor used to calculate the MPC is based 
on the results of experiments in which 
solutions of Pu(III) or Pu(VI), or both, 
were fed or administered intragastrically 
to animals. It is our view that, in deriving 
this factor, due consideration was not 
given to evidence in the literature that 
the absorption of Pu(VI) is higher by 
three orders of magnitude than that for 
Pu(IV) or to the possibility the Pu(VI) 
could be formed during water treat- 
ment (2). 

The experiments were carried out un- 
der the conditions that exist in the water 
treatment plants and distribution system 
for the city of Chicago. The water 
chlorination process begins immediately 
after intake from Lake Michigan, and the 
chlorine concentration is maintained at 
about 1 part per million (ppm) through- 
out the treatment plant and in the distri- 
bution system. The average elapsed time 
from initial chlorination to consumption 
is 24 hours. (In other water treatment 
plants, the average chlorine concentra- 
tion during treatment is frequently high- 
er, by as much as a factor of 10, and the 
elapsed time is generally longer.) 

We used two kinds of water in the ex- 
perirnents: Chicago drinking water (3) 
and a synthetic Chicago drinking water. 

Scoreboard for Reports. The acceptance rate for 
Reports during the last year has been about 25 per- 
cent. The number accepted has exceeded the num- 
ber published and publication delay has increased 
to about 4 months. For the next few months, our 
acceptance rate will be about 15 percent, or ten 
Reports per week. 

We prepared the synthetic drinking wa- 
ter by adding sufficient potassium bi- 
carbonate to distilled water to make the 
bicarbonate ion concentration and the 
pH the same as they are in Chicago 
drinking water. The plutonium stock (4) 
was a dilute potassium bicarbonate solu- 
tion with more than 99 percent of the plu- 
tonium in the Pu(IV) state. The chlorine 
stock was a dilute sodium hypochlorite 
solution. Portions of the plutonium and 
chlorine stock solutions were added to 
the waters, and these solutions were ana- 
lyzed for Pu(IV) and Pu(VI) (see below) 
immediately and after 24 hours. The 
239Pu concentrations were 2.0 and 0.002 
pCi/ml, the chlorine concentrations were 
1.0 and 9.8 ppm, and the pH of the solu- 
tions was 8.6. 

We used the classical lanthanum fluo- 
ride method to determine the amount of 
plutonium in each oxidation state (5, p. 
12). In this method, Pu(IV) is coprecipi- 
tated with lanthanum fluoride whereas 
Pu(VI) is not. From measurements of the 
amount of plutonium in the precipitate 
and in the supernatant solution, the per- 
centage of plutonium in each oxidation 
state can be calculated. We confirmed 
the results by analyzing some of the wa- 
ter samples by a method in which Pu(IV) 

Table 1. Oxidation of Pu(IV) to Pu(VI) by 
chlorine in two types of drinking water. 

Chlorine con- Time Percentage* of 
centration (days 

(ppm) Pu(IV) P(VI) 

Chicago drinking water 
1.0 0.01 98 1 
1.0 1.0 28 69 
9.8 1.0 4 92 
Synthetic Chicago drinking water 
1.0 0.01 97 1 
1.0 1.0 25 72 

*The uncertainty in each of these values is ? 3. 
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is separated from Pu(VI) by ion ex- 
change (5, p. 84); in strong nitric acid, 
Pu(IV) is strongly absorbed onto Dowex-I 
anion resin whereas Pu(VI) is not. 

From the results obtained with the lan- 
thanum fluoride method for those sam- 
ples in which the 239Pu concentration was 
0.002 pCi/ml (Table 1) it can be seen that 
the chlorination of drinking water results 
in the oxidation of Pu(IV) to Pu(VI). The 
results obtained from the analysis of the 
water samples in which the 239pu concen- 
tration was 2.0 pCi/ml were not signifi- 
cantly different from those given in Table 
1, that is, the oxidation rate is indepen- 
dent of the plutonium concentration in 
this concentration range. 

The use of chlorine in water treatment 
plants to destroy harmful bacteria, and in 
water distribution systems to prevent 
bacterial growth, is standard practice; 
hence, the effect of chlorine on the oxi- 
dation state of plutonium must be con- 
sidered. Hamaker (6) has shown that in 
acetate-buffered solutions (pH 4.5 to 8.4) 
Pu(IV) is completely oxidized to Pu(VI) 
by chlorine in 15 minutes at 80?C. How- 
ever, his data could not be extrapolated 
to a water treatment and distribution sys- 
tem. The concentrations of plutonium 
and chlorine in his experiments were 
higher by orders of magnitude, and the 
temperature was 80?C rather than 10? to 
20?C. These factors are offset by the in- 
crease in reaction time, from minutes to 
days. (In the absence of experimental 
evidence, oxidation would be predicted 
from the standard oxidation potentials. 
In acidic solution the CI(0)-Cl(-I) and 
Pu(VI)-Pu(IV) couples are -1.36 and 
-1.04 V, respectively, whereas in basic 
solution they are -0.89 and -0.51 V, re- 
spectively.) 

In 1965, Committee 2 of the Inter- 
national Commission on Radiological 
Protection (ICRP) established a task 
group on the metabolism of plutonium 
and related elements. One of the con- 
clusions drawn by this task group was 
that the current value for the gastrointes- 
tinal absorption factor, 3 x 10-' appears 
to be reasonable for soluble plutonium 
compounds (7, p. 49). In drawing this 
conclusion, the task group either did not 
consider the possibility that Pu(VI) 
would be formed during water treatment 
or, if they did, they concluded either that 
the data obtained by Weeks et al. (2) on 
the absorption of Pu(VI) were invalid or 
that Pu(VI) would be rapidly reduced to 
Pu(III) or Pu(IV), or both, in the gastro- 
intestinal tract. 

Weeks et al. (2) studied the effect of 
oxidation state on the absorption and re- 
tention of plutonium by rats after intra- 
gastric administration. When all the plu- 
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tonium in the administered solution was 
in the Pu(III) state, the retention (the 
percentage of the administered dose) in 
the skeleton and liver after 4 days was 
0.006 percent, in the Pu(IV) state 0.001 
percent, and in the Pu(VI) state 1.75 per- 
cent. After 80 days the retentions were 
0.010, 0.001, and 1.57 percent, respec- 
tively. Each value is the average for six 
rats. The results they obtained for 
Pu(III) and Pu(IV) were in close agree- 
ment with those of many other investiga- 
tors. For those experiments in which the 
plutonium administered was a mixture of 
Pu(IV) and Pu(VI), the correlation be- 
tween the percent Pu(VI) and the per- 
cent plutonium absorbed was high. 

The authors of the task group's report 
were aware of the work by Weeks et al. 
(2), as they refer to it in the section on 
gastrointestinal absorption (7, p. 10). 
However, the nature of their statement 
suggests that there was doubt in their 
minds about the validity of the data: "Al- 
though the evidence is meager, Pu(VI) 
appears to be absorbed more readily 
than Pu(IV)." As published, the study 
that Weeks et al. carried out appears to 
be quite definitive. 

The gastrointestinal absorptions of 
Np(VI) by the rat and of U(VI) by man 
substantiate the absorption of Pu(VI) 
found by Weeks et al. (2). [Both Np(VI) 
and U(VI) are very close chemical ana- 
logs of Pu(VI). The compounds formed 
when each is precipitated from solution 
by a particular reagent are isomorphous, 
they form complexes with the same lig- 
ands and to a comparable degree, and 
they are extremely difficult to separate 
from each other when they are all in the 
VI state.] Ballou et al. (8) found that the 
gastrointestinal absorption of Np(VI) by 
the rat was 2 percent. From measure- 
ments of uranium in man and his diet, 
Hursh and Spoor (9) estimated that the 
gastrointestinal absorption of U(VI) is 
between 10 and 30 percent. The absorp- 
tion of Pu(VI) in man should not differ 
significantly, that is, by more than a fac- 
tor of 10, from that of U(VI). 

The fact that conditions within the gas- 
trointestinal tract are reducing in nature 
may lead to the reduction of Pu(VI) to 
Pu(IV) shortly after water has been con- 
sumed. In this case, the gastrointestinal 
absorption factor for Pu(IV) rather than 
for Pu(VI) should be used to calculate 
MPC's. In reviewing the paper of Weeks 
et al. (2) with one of its authors (10), we 
learned that in their experiments (i) the 
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for Pu(VI) should be used to calculate 
MPC's. In reviewing the paper of Weeks 
et al. (2) with one of its authors (10), we 
learned that in their experiments (i) the 
rats were food-deprived both before and 
after the administration of the plutonium 
and (ii) the solutions that contained 
Pu(VI) were about 0.01M in dichromate. 
Thus, at the time of administration, the 
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gastrointestinal tracts of the animals may 
have been devoid of those constituents 
that could reduce Pu(VI) or, if these con- 
stituents were present, they may have 
reacted with the dichromate and this 
forestalled plutonium reduction. At this 
time we know of no information about 
the reduction of Pu(VI) to Pu(IV) during 
the period when digestive processes are 
occurring. 

Our study shows that plutonium in 
drinking water will be in the Pu(VI) 
state, but it remains to be shown whether 
or not Pu(VI) will be reduced to Pu(IV) 
immediately after ingestion. In estab- 
lishing this, consideration must be given 
to the fact that water and food consump- 
tion are not necessarily related tempo- 
rally; Pu(VI) may be rapidly reduced 
when food is being digested but not when 
the digestive tract is empty. 

R. P. LARSEN 
R. D. OLDHAM 

Radiological and Environmental 
Research Division, Argonne National 
Laboratory, Argonne, Illinois 60439 
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Soon after the Mariner 10 encounter 
with Venus, the Mariner Venus Mer- 
cury-73 imaging team (1) presented a 
preliminary view of the atmospheric cir- 
culation on Venus as revealed by the ul- 
traviolet (UV) markings. In particular, 
Murray et al. made the following com- 
ments about the polar region (1, p. 1312): 
"Our preliminary impression is that the 
pole of atmospheric rotation is on the 
terminator.... There is an indication of 
vortex structure in the streaks emanating 
from the poleward side of the edge of the 
polar region. Indeed, the entire polar re- 
gion may be a vortex fed by meridional 
flow from the equatorial regions." Sub- 
sequently Suomi (2) and Suomi et al. (3) 
tracked the motions of UV features of a 
few Mariner 10 UV frames taken over a 
small time interval compared to the total 
Venus encounter. These observations 
showed highly zonal motion with maxi- 
mum speeds near ? 50? latitude sugges- 
tive of the conservation of angular mo- 
mentum in the outer zone of the vortex. 
We have completed another analysis of 
Mariner 10 images that covers almost the 
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entire period of the Venus encounter, 
about 7 days, using an extension of the 
basic technique. The new approach has 
produced striking evidence of a global 
circumpolar vortex in the stratosphere of 
Venus. 

First, all of 22 frames spanning 6.85 
days were normalized to a standard scat- 
tering geometry. The normalization was 
performed in order to remove shading 
due to scattering geometry variation 
over the planet. The images were nor- 
malized to a standard sun-planet-observ- 
er geometry as described by Limaye and 
Suomi (4). Second, the images were re- 
mapped into a polar stereographic pro- 
jection to give a better view of the high- 
latitude regions of Venus. Third, several 
separate polar stereographic projections 
spanning several days were made into a 
composite for the whole polar region. 
This procedure simulates the view that 
would be obtained from a flight over the 
pole. 

The polar projection has the advantage 
that it is easier to discern motion pat- 
terns in the high latitudes than in the 
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Venus: Further Evidence of Vortex Circulation 

Abstract. A space-time composite of polar stereographic ultraviolet images of Ve- 
nus from Mariner 10 shows a remarkable circumpolar vortex. The vortex is charac- 
terized by a cloud which appears similar to dense terrestrial stratus having an albedo 
that is 50 percent higher. Spiral streaks converge into it from low latitudes, akin to 
the spiral bands of a hurricane. The bright visible polar cloud is not axisymmetric but 
has roughly an elliptical shape. The high brightness of the polar cloud suggests that 
it has a different origin from the rest of the Venus cloud cover. 

Venus: Further Evidence of Vortex Circulation 

Abstract. A space-time composite of polar stereographic ultraviolet images of Ve- 
nus from Mariner 10 shows a remarkable circumpolar vortex. The vortex is charac- 
terized by a cloud which appears similar to dense terrestrial stratus having an albedo 
that is 50 percent higher. Spiral streaks converge into it from low latitudes, akin to 
the spiral bands of a hurricane. The bright visible polar cloud is not axisymmetric but 
has roughly an elliptical shape. The high brightness of the polar cloud suggests that 
it has a different origin from the rest of the Venus cloud cover. 

1009 1009 


	Cit r61_c81: 


