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Radionuclides in Mono Lake, California 

Abstract. Several radioisotopes of the naturally occurring uranium and thorium 
decay series, in addition to fallout plutonium, have unusually high concentrations in 
the water column of Mono Lake, a natural alkaline, saline lake. Complexing by 
carbonate ions appears to be responsible for the enhanced solubility of actinide 
elements with oxidation states of IV to VI.  In contrast, fallout strontium-90 has been 
largely removed from the water, probably as a result of coprecipitation with calcium 
carbonate. The daughteriparent activity ratios of thorium, radium, and uranium 
isotopes suggest that thorium is removed from the water column to the sediments on 
time scales substantially longer than a month and that the desorption of thorium 
from the sediments to the water column requires less than a few years. 

Information on the behavior of radio- 
nuclides in natural waters is necessary 
for a variety of purposes, including the 
assessment of procedures for the isola- 
tion and storage of nuclear wastes. Simp- 
son et al. have reported (1) that an 
unusually high proportion of the plutoni- 
um derived from fallout has remained in 
the water column and has not become 
associated with the sediments of Mono 
Lake, an alkaline (pH - lo), saline natu- 
ral lake located about 20 km east of 
Yosemite National Park. The most likely 
cause was believed to be the complexing 
of plutonium by C032-, which is present 
in Mono Lake at concentrations about 
three orders of magnitude greater than in 
seawater. Further experiments dis- 
cussed here are consistent with the 
C032- complexing of fallout plutonium 
(2) and of a number of other elements; 
these results suggest that enhanced mo- 
bilities of several heavy elements can 
result from complexing by ligands com- 
mon in natural waters. 

The activities of isotopes of naturally 
occurring uranium, thorium, protactini- 
um, radium, lead, and polonium, as well 
as nuclides derived from the atmospheric 
testing of nuclear weapons (239,240P~, 
2 3 8 P ~ ,  13'Cs, 90Sr, and 3H) measured in 
water samples from Mono Lake during 
the years 1978 to 1980 are compiled in 
Table 1 (3). In most cases, the activities 
reported are averages for samples col- 
lected from several depths. Except for 
one unfiltered deepwater plutonium val- 
ue which was only about one-quarter of 
the average of the other deepwater pluto- 
nium activities, no systematic variations 
in radionuclide activities were observed 
with depth, despite the presence of oxy- 
gen-free, sulfide-rich water in the bottom 
half of the lake. Such conditions might 
be expected to reduce both uranium and 

plutonium to lower oxidation states so 
that these elements would be apprecia- 
bly more reactive with particles and thus 
would be more likely to be removed from 
the water column. 

The extremely high concentrations of 
uranium, thorium, and protactinium iso- 
topes in Mono Lake (4) as compared 
with seawater (Table 1) suggest that ele- 
ments with oxidation states as low as IV 
(thorium) have considerably enhanced 
solubility due to C032- complexing; the 
same is true of elements with higher 
oxidation states (VI), as, for example, 
uranium in oxygenated waters. Thus 
C032- complexing may influence the 
proportion of fallout plutonium remain- 
ing in the water column of Mono Lake, 
no matter which oxidation state (IV, V, 
or VI) characterizes plutonium at differ- 
ent depths in the lake (5). In contrast, the 
Mono Lake concentrations of radioac- 
tive elements characterized by oxidation 
states of 11, radium, lead, and strontium, 
were not unusually high (the concentra- 
tion of 2 2 6 ~ a  in the deep ocean is three to 
seven times higher than the surface-wa- 
ter value in Table 1). 

The activities of 2 2 6 ~ a  and 2 2 8 ~ a  in 
Mono Lake are about one-third the ac- 
tivities of their parents (230Th and 2 3 2 ~ h ,  
respectively); by contrast, in seawater 
radium is considerably more soluble than 
thorium. The 2 3 4 ~ h i 2 3 8 ~  activity ratio is 
approximately unity, an indication that 
the time scale for the removal of thorium 
from the water column is much greater 
than the half-life of 234Th (24 days). The 
2 2 8 ~ h i 2 3 2 ~ h  activity ratio is about 1.4, in 
comparison to the 234U1238U ratio of 1.2. 
The activity of 2 2 8 ~ h  exceeds that of its 
parent, 2 2 8 ~ a .  Thus the great-grand- 
daughters in both decay chains show 
enhanced mobility, probably due to a- 
recoil effects of precursors in the decay 
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chain. Clearly, thorium is transferred 
from the sediments to the water column 
on time scales that are comparable to the 
half-life of 2 2 8 ~ h  (2 years). 

The residence times (7) of 2 3 0 ~ h  and 
2 3 ' ~ a  in the lake with respect to their 
irreversible removal and burial in the 
sediments can be estimated from a mass 
balance for the water column including 
production, decay, and removal to the 
sediments, assuming steady state: 

where Xd is the decay constant of the 
daughter nuclide ( 2 3 0 ~ h  or 2 3 1 ~ a ) ,  Ad is 
the activity of the daughter nuclide per 
unit volume of water, and A, is the 
activity of the parent nuclide ( 2 3 4 ~  or 
2 3 5 ~ )  per unit volume of water. Both 
daughters have computed residence 
times with respect to permanent burial in 
the sediments of about 700 years. Al- 
though Mono Lake has become signifi- 
cantly more saline over the last four 
decades as a result of the diversion of 
stream inputs, we did not treat this per- 
turbation explicitly in the residence time 
calculation, which we view only as illus- 
trative of the order of magnitude of the 
time scale for the permanent removal of 
thorium from the water column. The 
moderate activities of 2 1 0 ~ b  and 210Po in 
Mono Lake are regulated primarily by 
the concentrations of their parent nu- 
clide, 226Ra. 

We conducted a series of experiments 
in which we used Mono Lake water to 
establish the chemical form in which 
uranium, thorium, and plutonium were 
found in the water column. In the first of 
these experiments, unfiltered water and 
sediments from Mono Lake were al- 
lowed to equilibrate for a period of days 
to a week. We observed no significant 
change in the activities of uranium, thori- 
um, or plutonium during that time. How- 
ever, after inorganic carbon had been 
removed from the aqueous phase by 
acidification and purging of the copious 
quantities of C02  released and the pH 
had been readjusted to 10, more than 90 
percent of the thorium and plutonium 
moved from the water to the sediment 
phase and the particle concentration of 
uranium increased considerably. Al- 
though this removal may reflect reduc- 
tion to less soluble oxidation states dur- 
ing acidification rather than removal as a 
result of complex destruction, we favor 
the latter mechanism because more than 
half the particulate-phase uranium, thori- 
um, and plutonium returned to the water 
after the Mono Lake water, purged of 
inorganic carbon, had received additions 
of Na2C03 sufficient to approximate the 
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initial concentration of inorganic carbon 
of unperturbed Mono Lake water. 

In a second set of experiments, we 
used large dialysis tubes filled with "syn- 
thetic" Mono Lake water [Na2C03 + 
NaCl + HC1 (to pH lo)] initially free of 
radionuclides and immersed in tanks of 
surface water from the lake. Dialysis 
membranes with effective molecular 
weight cutoffs ranging from 3,500 to be- 
tween 12,000 and 14,000 were permeable 
to the movement of uranium, thorium, 
and plutonium from the lake water into 
the "svnthetic" Mono Lake water. The 
results of these experiments are consist- 
ent with the complexing of uranium, 
thorium, and plutonium in Mono Lake 
by small molecular weight ligands such 
as C032- rather than large molecular 
weight ligands such as humic acids. Nu- 
merical values of stability constants (2) 
of Pu(V1) complexes suggest that 
Pu02(C03)(0H)- probably would domi- 
nate over PuO~(CO&~-  and Pu02 
( C O ~ ) ( O H ) ~ ~ -  by many orders of magni- 
tude in Mono Lake water and in seawa- 
ter. Reliable stability constants for pluto- 
nium carbonate complexes for oxidation 
states IV and V [which are not currently 
available (2)] and definitive measure- 
ments of the oxidation state of plutonium 
in Mono Lake water would be required 
before quantitative treatment could be 
made of the causes of the substantial 
difference between the total dissolved 
plutonium in Mono Lake and in seawa- 
ter. 

The concentrations of fallout nuclides 
(239,240p~ , 2 3 8 ~ ~ ,  1 3 7 C ~ ,  90Sr, and 3H) in 
samples collected from Mono Lake from 
1978 to 1980 are quite compatible with 
what is known about regional fallout 
isotope delivery rates (6), except for 90Sr 
which is probably largely associated with 
CaC03 precipitated along the lake mar- 
gin. This can be illustrated by a compari- 
son of fallout 137Cs activities for several 
lakes in the western United States sam- 
pled during the period from 1966 to 1969, 
following the years of maximum fallout 
concentrations in precipitation (Table 2). 
Three of the lakes sampled are relatively 
shallow alkaline, saline closed-basin 
lakes (Mono, Walker, and Pyramid), and 
the other two are extremely deep fresh- 
water lakes. The activity per unit volume 
of fallout 137Cs in a sample of lake water 
should be proportional to the rate of 
precipitation (if we may assume relative- 
ly uniform activities of fallout nuclides 
per unit of precipitation over the entire 
region during the peak fallout years) and 
inversely proportional to the mean depth 
of the lake. The integrated fallout ' 3 7 ~ s  
deposition rates computed from lake wa- 
ter measurements (14 to l l  1 mCi/km2) 
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are proportional to the average precipita- 
tion amounts and are consistent with 
fallout precipitation collection data (6). 

Mono Lake has retained in the water 
column rather than in its sediments an 
unusually large proportion of the plutoni- 
um delivered as fallout to the lake sur- 
face and thus has a considerably higher 
dissolved activity of 239x240P~ (1) than is 
typical of most natural waters (by one to 
two orders of magnitude). In contrast, 
the lake water has retained a much small- 
er proportion of fallout 90Sr than is typi- 
cal of most natural waters. This can be 
most readily seen by a comparison of the 
ratio of 137Cs to 'OSr in Mono Lake 
(Table 1) with the value of 1.5 typical of 

fallout. In most shallow freshwater 
lakes, considerable loss of 137Cs to the 
sediments occurs while 90Sr is almost 
entirely retained in the water column (7). 
In saline waters, both 137Cs and 90Sr are 
usually considered soluble, to the first 
approximation (8). Thus the ratios of 
fallout 1 3 7 ~ s  to 9 0 ~ r  in natural waters 
almost always are 5 1.5. In Mono Lake 
the ratio of 137Cs to 90Sr is about 13. The 
most reasonable explanation is loss from 
the water column of approximately 90 
percent of the fallout 9 0 ~ r ,  perhaps by 
coprecipitation with CaC03. Coprecipi- 
tation of ' O S ~  with CaC03 and calcium 
phosphate phases has long been a waste- 
management practice for the control of 

Table 1. Radionuclide activities in Mono Lake water (1978 to 1980); T.U., tritium unit. 

Number of Activity* Surface sea- 
Nuclide samples (pCi/m3) water activity 

averaged (pCi/m3) 

238u 5 185,000 5 600 
234u  

- 1,100 (12) 
5 222,000 t 700 - 1,300 (12) 

231Pa 1 115 .+ 10 - 0.1 (13) 
234Th 1 190,000 F 16,000 - 800 (14) 
2 3 2 ~ h  5 700 F 40 < 0.008 (15) 
230Th 5 1,410 i 70 < 0.6 (13) 
228Th 5 1,020 t 50 < 0.4 (16) 
22sRa 1 230 F 30 - 20 (1 7) 
226Ra 2 500 F 30 - 40 (18) 
'l"Pb 2 280 t 15 - 50 (18) 
210Po 4 110 t 25 - 30 (19) 
2 3 9 . 2 4 0 ~ ~  19 14 t 4 - 0.8 (20) 
238Pu 16 0.56 F 0.25 
I3'Cs 7 2,000 t 275 - 120 (21) 
'"Sr 3 160 t 25 - 80 (22) 
3H 4 230,000 t 7,000 
3H 70 t 2 T.U. - 15 T.U. (23) 

*Activities may be expressed as disintegrations per mlnute if the numerical values in this column are 
multiplied by 2.22. 

Table 2. Fallout nuclides in western U.S. lakes (1966 to 1969); T.U.,  tritium unit. 

Fall- Aver- 
out age Lake 

Mean sur- 
* * 

Drain- 
age 

Lake* Nu- Activity 
clide (pCi/m3) Oepcn in lake pre- race bas'n 

area areal 
(m) water cipi- lake 

(mCi/ tation (km2) area 
km2) (cm) 

Mono (S) 137Cs 930 * 200 19 43 200 8 
Mono (D) 137Cs 1580 F 400 30 
Walker (S) '37Cs 640 F 100 29 19 23 120 80 
Pyramid (S) 137Cs 330 t 50 
Pyramid (D) 137Cs 250 t 50 14 35 460 16 

Crater (A) 137Cs 340 -C 40 325 111 171 50 1.3 
Crater (A) 90Sr 230 t 16 
Crater (A) 3H 25 t 2 T.U. 
Tahoe (S) 137Cs 190 t 15 305 58 70 500 2.6 
Tahoe (S) 90Sr 170 .+ 12 
Tahoe (S) 3H 24 + 2 T.U. 

*Mono Lake is in California, Walker and Pyramid lakes are in Nevada, Crater Lake is in Oregon, and Lake 
Tahoe lies on the border between California and Nevada. The first three are alkaline, saline lakes, and the last 
two are freshwater lakes. The letter in parentheses indicates a surface value (S), a deep value (D), or an 
average of values from several depths (A). We estimate the volume of Mono Lake to have been 20 to 30 
percent greater at the time of sample collection (1966) reported here than in 1978 to 1980 (Table l) ,  based on 
changes In reported C1- concentrations at d~fferent tmes  (11). 
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