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ABSTRACT

The extent to which stored radionuclides and their daughter products
might be released by, and subsequently transported away from, a high-level
nuclear waste repository is an essential consideration in choosing locat-
ions for storage sites. Predictions of the distances that a given radio-
nuclide may travel over a given period of time are dependent on many fac-
tors, including numerical values assigned for solubilities and/or
sorption-desorption particle affinities (Kq's). Numerical values of
radionuclide distribution crnefficients have considerable uncertainty due
in part to the necessity of extrapolating from small scale laboratory
experiments., Data from natural systems can provide important constraints
on radionuclide transport calculations in the vicinity of HLW repositories
because the temporal and spatial scales are generally more similar to a
waste repository environment than beaker scale experiments.

Measurements of the radioisotope conczutrations of a number of ele-
ments (Am, Pu, U, Pa, Th, Ac, Ra, Po, Pb, Ce, and Sr) in the water and
sediments of a group of clkaline (pH = 9-10), saline lakes demonstrate
greatly enhanced soluble-phase concentratiosn. of elements with oxidation
states of (II1)-(VI) as the result of complexing by carbonate ion. Ratios
of no}u?le radionuclide concentrations in Mono Lake to those(in ;eawater

03°7] in Mgno Lake = times that of geawater) were: Pu(~10),
ggSU(='1500), ggx?l. 25Th,%%%‘l'h(ﬂos), and 2%s‘l'h(m'log). Ef fective distri-
bution coefficients of these radionuclides ir aigh CO3"" environments are
several orders of magnitude lower (i.e., l::s particle reactive) than in
most other natural waters. The importance of C03“" ion on effective Ky
values was also strongly suggested by laboratory experiments in which most
of the dissolved actinide elements became adsorbed to particles after a
water sample normally at a pH of 10 was acidified, stripned of all COy,
and then returned to pH 10 by adding NH4OH. Furthermore, the effect of
complexation by crganic ligands is of cecondary imporiance in the presence
of appreciable carbeornate ion concentration.

Neither pure phase solubilitv calculations nor laboratory scale K4
determinations accurately predicted the measured natural system concen
trations. Therefore, measurements of the distribution of radionuclides in
natural systems are essentlia’ {or assessment of the likely fate of poten—
tial releases from high leve! waste ropositories to groundwater.
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1.0 INTRODUCTION

One of the most important factors governiang the transport of radio-
nuclides in aqueous environments is partitioning between aqueous phases
and geological materials such as detrital particles. The propensity of a
particular radionuclide to associate with solid phases, often expressed in
terms of an effective distribution coefficient, K4, has considerable
influence on its trcnsp?tt rates and pathways in aquatic systems., Low
values of Kq (i.e. < 10°), defined here as the ratio of the Activity of
Nuclide R per gram of dry solid material to the Activity of Nuclide R per
ml of solution (Ag per gram solid/Ag per ml solution), imply behavior
of radionuclides predominantly as soluble components with relatively
little retardation of either diffusive or advegtivg aqueous phase trans-
port. 1In contrast, high values of Kq (i.e. 10 -10") indicate substan-
tial association with solid materials, and net aqueous phase transport by
diffusion and advection at rates orders of magnitude slower than for low
K4 radionuclides. Because the chemical composition of aqueous solutions
exert a profound effect on Ky, a single non-parameterized distribution
coefficient assigned for a given radionuclide is clearly not sufficient to
estimate the likely mobility of an element in all natural systems of
interest.

1.1 Issues addressed by this research

Some of the primary issues concerning the migration of radionuclides
in the far field that we are examining include:

To what extent will radionuclides be complexed by natural
inorganic and organic ligands?

How do numerical values of effective distribution coefficients
of radionuclides in real natural water systems compare with
those derived from small scale experiments?

How do numerical values of effective distribution coefficients
of radionuclides in natural waters vary depending upon the
oxidation state of a particular nuclide?

Which inorganic ions are most important in forming anion
complexes with radionuclides in natural waters?

1.2 Background and Objectives

One method to help establish representative radionuclide distribution
coefficients is through laboratory experiments using small amounts of
solid and aqueous phases. The compositions of both phases can be readily
varied in such experiments, and "end-members" such as specific clay miner-
als or manganese oxides aud reagent NaCl solutions buffered at various pH
levels can be used, as well as natural solid phases and solutions from
representative environmental systems (Duursma and Bosch, 1970). Measure-
ments of distribution coefficients in such experiments can be made rapidly
and with considerable precision for a single equilibration by employing



tracer activity levels of one or more radionuclides analyzed by gamma
spectrometry. These types of experiments can provide valuable insights
into processes which are likely to be important in regulating effective
distribution coefficients, but they are not sufficient by themselves to
establish representative radionuclide behavior in real aqueous systems.
Laboratory experiments restrict both the time and spatial scales involved
in radionuclide behavior, and may inadvertently exclude some of the
processes which are important in the situations of most relevance to
management of radionuclides. In addition, laboratory experiments yield
aumerical values of distribution coefficients with a substantial range (up
to several orders of magnitude) for a single radionuclide, depending on
factors such as (1) whether the experiment was conducted to yield a
sorption or a desorption coefficient, (2) the total dissolved solids was
typical of fresh water or much higher as for seawater, (3) the solid
phases had appreciable sand components which can introduce large variat-
ions because of the very low sorption capacity of large grains of quartz
and other sand grains, or (4) the pH of the solution phase is near the low
end of natural solution conditions (= pH 4) or toward the high end (= pH
9-10). Extended discussion of these and a number of other factors which
influence laboratory Ky measurements can be found in a NRC summary

report by Schell and Sibley (1982) and previous reports by these and other
authors.

The data reported here consist primarily of measurements of natural
and anthropogenic (fallout' radionuclides in the water and sediments of a
group of natural lakes. Tnese lakes can be viewed as a set of large-scale
natural experiments from which the effective partitioning of radionuclides
between water and solid phases can be observed. The time-scales of
equilibtration and spacial scales represented by these natural lakes are
much greater chan is feasible to employ in laboratory distribution coeff-
icient m=asurements, and thus ca' provide valuable constraints on extrapo-
lations of results from these latter experiments to the real systems of
primary interest in waste management.

1.3 Scope of Research

Our efforts are directed towards obtaining data on radionuclide
behavior in natural water systems which can provide critical information
for testing of nuclide concentrations computed from thermodynamic models
and small scale laboratory experiments. The systems we have studied
initially provide information on radionuclide complexing by carbonate
ions, which appear to be of considerable importance in enhancing the
potential for nuclide transport. Field and laboratory work in progress
will provide information on the effects of sulfate and chloride ions on
radionuclide mobility,

2.0 METHODS

The systems chosen for sawpling are fairly large (most have surface
areas of more than one hundred square kilometers), closed-basin, alkaline
lakes located (Figure 1) in the western Great Basin physiographic province
of the United States (California, Oregon and Nevada). This area is
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characterized by a series of structural basins with no exterior drainage
to the ocean. Many of these interior drainage basins contain persistent
saline lakes or playas which support ephemeral lakes during unusually wet
periods. Some of these lakes, such as Great Salt Lake in Utah, have rela-
tive proportions of major ions similar to seawater, with chloride accoun-
ting for a large fraction (more than 90%) of the toal anionic balance and
inorganic carbon as bicarbonate and carbonate ions be‘ng minor constit-
uents (less than 1% of total anion equivalents). Another group, which
derive most of their supply of dissolved ions from weathering of silicate
minerals followed by extensive evaporation of the resultant fresh water
streams and springs to produce alkaline lakes (Hutchinson, 1957; Broecker
and Walton, 1959; Jones, 1966; Garrels and MacKenzie, 1967; Simpson,
1970), have relative proportions of major ions quite different from sea-
water. This lnSter group, some of which have carbonate ion conceatrations
of more than 10° greater than in seawater, provides an ideal natural
environment for establishing the effect of carbonate complexing on radio-
nuclide mobilities.

ZYE concentrated Pu, 23.0, 23zTh, 23°Th. 2za'l‘h, 231?., 210?0,
and Pb from large samples in the field (80 to 240 liters) after
filtration through glass fiber filters, by coprecipitation with Fe(OH)3.
The hydroxide precipitates were returned to the laboratory, and analyzed
by chemical preparation and alpha spectrometry procedures frequently used
in the field of chemical oceayg'rapyyk(Ku, 1399; Wong, 1971; Kaufman et
al,, 1973). Measurements of u, U and Th were made on snall
samples (1-]Q litegp) after filtration, laboratory chemical prgpgration
andpalpha (igeu, HgU) or beta (£’“Th) counting. yﬂe nea,gicz !!gn‘ by
scintillation counting of its gaseous daughter product, Rn. Cesium-137
was determined by yY-counting of an exchgsge resin used to remove cesium
from large samples (40-240 liters) and ~"Sr was determined by B-counting.
Sediment samples were collected by coring, and analyzed at many depth
intervals for the same nuclides discussed above.

239,240

3.0 FIELD SAMPLING LOCATIONS

The Great Basin of the western U.S. is characterized by a series of
structural basins with no exterior drainage to the ocean., Many of these
interior drainage basins contain persistent saline lakes or playas which
support ephemeral lakes during unusually wet periods. During the last
glacial period a number of the Great Basin lakes were much larger, due to
greater precipitetion and/or lower evaporation rates, and prominent fossil
shoreline features of these pluvial lakes have beea studied extensively as
indicators of past cl.matic conditions (Russell, 1885; Russell, 1889;
Broecker, 1957; Hutchinson, 1957). Some of the Great Basin saline lakes,
such as Great Salt Lake in Utah, have relative proportions of major ions
similar to seawater, with chloride accounting for a large fraction (more
than 90%) of the total anionic balance and inorganic carbon as bicarbonate
and carbonate ions being minor consituents (less than 1% of total anion
equivalents). Some of these high chloride lakes derive major portions of
their present dissolved ion influx from saline streams which drain areas
characterized by weathering of evaporite minerals such as halite, but all
of the saline lakes with high proportions of bicarbonate and carbonate



derive most of their supply of dissolved ions from weathering of silicate
min:rals followed by extensive evanoration of the resultant fresh water
streams and springs to produce alkaline lakes (dutchinson, 1957; Broecker
and Walton, 1959; Jones, 1966; CGarrels and Mackenzie, 1967; Simpson,
1970). The alkaline lake for which the most chemical and geological data
is available is probably Mono Lake (i.e. Mason, 1967; Scholl et al., 1967;
Christensen et al., 1969; plus other references cited above).

Physical characteristics of six alkaline lakes discussed here,
Mono L., L. Abert, Walker L., Pyramid L., Goose L. and Summer L. are
compiled in Table 1. Our analytical results are most extensive for the
first four of these lakes. GCoose Lake at the time of our sampling (1981)
was quite shallow and turbid, which caused considerable difficulty in
obtaining particle~free samples of sufficient size to measure some of the
dissolved radionuclides. Summer Lake had the same problems, only to a
greater extreme. We obtained small samples of that lake by walking across
soft exposed sediments for more than a mile before reaching water of a few
centimeters depth. The other four lakes were sufficiently deep and
accessible to allow us to obtain large volume samples. All of these lakes
are currently declining in surface elevation and volume over the time
scale of decades due to diversions of tr}butariet for irrigation water or
domestic supplies. The largest (= 20 km ) and deepest (maximum depth
= 100 meters) of the lakes we sampled was Pyramid Lake in Nevada, which
lies entirely within an Indian reservation. The smallest of the more
accessible lakes was Lake Abert, with a volume in 1981 of 0.1 to 0.2 km
and a surface area of about 100 km" .

3

Sediments from each of the six lakes were obtained by coring, either
with a gravity corer, or by pushing plastic tubing into the sediments of
the two very shallow lakes. Locations of the sediment cores and bottom
depth contours are shown in Figures 2-7.

4.0 DISSOLVED RADIONUCLIDE CONCENTRATIONS IN ALKALINE LAKES

Concentrations of dissolved fallout plutonium in Mono Lake measured at
LDGO are listed in Tai'e 2. These large volume samples ranged in size
from 80 to 240 liters, with the exception of one sample obtained in 1979
by equilibrating a large d.aiysis bag filled with "artificial" Mono Lake
water (14 liter|a35rsgoof radionuclides with surface water from the lake.
The activity of ’ Pu in water inside the dialysis bag after three
days equilibration was the same as for a fresh "'P}§9°§“U‘t°' collected
from the lake. Most of the 33 values obtained for ’ Pu
between 10 and 20 pCi/m" . Samples collected prior to 1980 were uafil~
tered, while those collected in 1980 and 1981 were passed through large
diameter glass fiber filters, unless denoted "(U)", indicating an unfil-
tered sample. No systematic differences between filtered and unfiltered
samples were observed for dissolved plutonium in Mono Lake. Deep water
samples obtained from water which is free of oxygen (below 13 meters) for
about half of each year had the same plutonium concentrations as samples
from oxygenated water.



Table |

Alkaline Lake Physical Parameters

Lake Drainage Drainage Annual

Annual Banin Basin Stream

Lake Surface Surf ".2 Mean Max imun Vo lur Precip. Annual Area 2 lnpus
Elevation(m) Area(km®) Depth (m) Depth(m) (km ) (cm) Preciplem) (km ) )

Mono L.-'64% 1948 200 19 52 3.8 ~20 43 1650 ~0.10
Mono L.-'78 1940 160 17 a4 2.7 ~20 43 1650 ~0.03
L. Abert-'60P 1300 150 2 s 0.35 -25 30 2230 ~0.07
L. Abert-'81 1299 120 2.1 4 0.13 ~25 30 2230 ~0.06
Walker L.-'68° 1210 165 24 36 4.75 15 23 9600 ~0.13
Walker L.~'81 1203 132 -17 ~28 2.65 15 23 9600 ~0.08
Pyramid L.-'68¢ 1161 460 61 109 28 15 35 7140 ~0.31
Pyramid L.-"'81 1149 420 52 9?7 22 15 35 7140 ~0.16
Coose L.-'62° 1432 338 0.9 2 0.36 35 35 2950 ~0.20
Goose L.~'Blest 1431 27 0.6 1.3 0.17 35 35 2950 ~0.11
Summer L.-'63% 1264 100 Q 2 0.03 28 32 1010 ~0.08
Summer L.~"8iest 1263 ~60 <0.5 <« <0.02 28 32 1010 ~0.05

a) Mason, 1967

b) Phillips and VanDenburgh, 1971

¢) Rush, 1974

d) VanDenbrrgh et al, 1973
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Dissolved plutonium concentrations in L. Abert, Walker L. and
Pyramid L. are listed in Table 3. Values for L. Abert were similar to
those for Mono L., while those for Walker and Pyramid Lakes were more than
an order of magnitude lower.

Dissolved U and Th activities in Mono Lake are listed in Tablsaé.
Dissolved U values were quite high, averaging about 500 dpm/l1 for u,
which is almost two hundred times that observed in seawater. Dissolved Th
values wersaglso remarkably high for natural waters, averaging about 3
dpm/1 for Th, which is more than a factor of two thousand times that
found in seawater. Dissolved U and Th concentrations in L. Abert, Walker
L., Pyramid L., Goose L. and Summer L. are reported in Table 5. 1In all
cases, the U and Th_concen;rations were considerably grefSEr tbge inzgfa-
gg&er, butzggt as high as in Mono Lake. Lake Abert had. u, U, Th

Th and Th concentrations of on}xglgzgoz of those in Mono Lake,
despite the similarity in dissolved ’ Pu concentrations in the two
lakes. Several isotope ratios for U and Th are listed in Table 6 536 Mono
&gke and in Table 7 for the remaigder of the lakes. The ratio of Th to

U in Mono Lake was abgg& 5%107°, indicating that for this daughter/
parent pair, the parent U is preferentially retained in solutionzgxer
the daughter Th by a factor of about 2%10°. Ratios of 230m to U
are substantially lower in Walker and Pyramid Lakes (by more than an order
of magnitude) than in Mono Lake, with L. Abert intermediate, as was true
for thorium concentrations.

Despite the high concentrations of dissolved actinides in these
alkaline lakes, there were substantial analytical difficulties for most of
the nuclides which we measured. For example, there was such an enormous
quantity of dissolved silica removed from L. Abert with the iron hydroxide
precipitation step that considerable difficulties were encountered with
several subsequent steps in the separations procedures. Fortunately, we
have several independent checks on the validity of our analytical results
from work at both the University of Southern California (Professor Douglas
Hammond) and at Woods Hole Oceanographic Institution (Anderson et al.,
1982). Dissolved U and Th concentrations from Mono, Walker, Pyramid and
Goose Lakes, as measured at USC, are listed in Table 8. Data for a
surface sample of Mono Lake water analyzed at Woods Hole are listed in
Table 9. In addition tc general confirmation cf the data reported hsss
for LDGO measurement32“thesezjydepende957results provide values for Th
(Table 8, USC data), “Am, Pa and Ac (Table 9, WHOI data) which
have not been measured at LDGO.

Dissolved radium vai.es for Qiéaline lakes are reported in lable 10.
The first two sets of Mono l.ake Ra vaiues were (1978, 1980) measured at
USC and those fur 1961 were done at LDGO. 1In bothzégbs 226Ra was measured
by scintillation counting of the daughter product Rn, which was allowed
to grow into equilibrium with the pargpt isotope in a sealed container.
As for Pu, U e~d Th, the activity of Ra is higher in Mono %ste than for
the other alkaline lakes. However, in the case of dissolved Ra, all of
the alkaline lake values were comparable to seawater concentrations.
Thus, the presence of large amounts of carbonate ion does not appear to
significantly enhance the solubility of radium. We have reported only one



Table 3

Dissolved Plutonium in Alkaline Lakes

Laboratory Alpha Sample Water
Lake Control Spectrum Volume Column 230,28 u 9 P pey Pu/239'2“°Pu

Sample i # (1) Depth (m) (pCi/m”) (pCi/m”) (x100)
L. Abert('80) 1555 538 210 1 6.1 *0.1 N.D, N.D.

" ('81) 1670 608 80 1(u) 12.9 0.3 0.45 *0.05 3.5 £ 0.4

" {'8a1) 1671 609 80 1 12,0 *0.3 0.47 * 0.05 3.9 £ 0.4

" ('81) 1672 604 80 1 11.3 0.2 0.33 % 0.03 2.9 0.3

" ('8l 1673 602 80 1 10.6 0.4 0.43 * 0.07 4,0 £ 0,7
Walker L.('79) 1428 483 85 1 0.7 % 0.1 N.D. -

R A 1629 488 85 1 0.5 *0.1 N.D. -

" ('79) 1429* 85 1 0.7 *0.1 N.D. -

oG 4t s 1430 489 250 1 0.5 0.1 N.D. -

"o ('79) 1438 483 85 1 0.67 £ 0.13 N.D. -

" ('80) 1553 536 200 1 0.13 £ 0.05 N.D. -

" ('81) 1663 599 240 25 0.19 £ 0.01 (0.043 £ 0.006) (23 % 4)
Pyramid L.('80) 1554 537 200 1 0.30 £ 0.15 N.D. -

- ('81) 1665 597 240 1 0.29 * 0,03 N.D. -

i ('81) 1666 600 80 75 N.D. N.D. -

" ('81) 1667 601 240 75 0.11 % 0,02 N.D, -

ST



Table

4

Dissolved Uranium and Thorium in Mono Lake

Year of Laborato Alpha Water Sample
Sample Contro;, Sp::tn- Column Volume 238, 23y, 232y, 230y, 3 zz.‘l’h3
Collection - ¢ Depth (m) (1) (pci/1) (pci/1) (pci/m®) (pCi/m®) (pCi/m®)
'8 - 1 1.0 - - 611 £ 32 1336 ¢ 52 653 t 40
‘" 14098 - 1 0.4 - - 400 % 70 1400 * 140
‘79 1409¢ - 1 0.005 162 £ 10 251 t 127 - - -
' 14108 - 1 0.4 - - 750 t 80 1080 t 100 750 * 130
‘79 1410C - 1 0.005 153 ¢ 1} 232 ¢ 24 - - -
' 14118 - 1 0.4 - - 710 £ 70 1390 ¢ 100 780 t 113
‘79 1411cC - 1 0,005 196 £ 20 270 £ 24 - - -
' 1418C - 1 0.005 116 t 12 190 £ 15 - - -
'79 14198 - 1 0.5 - - 530 * 90 1080 £ 120 630 t 130
'79 1419¢C - 1 0.005 130 t 12 229 ¢ 17 - - -
‘79 14208 - 1 2.0 - - S10 £ 70 790 £ 90 810 * 180
‘79 1420cC - 1 0.005 (47 ¢ &) (56 t &) - - -
‘8o 1541 522 1 0.5 - - 638 * 40 1387 ¢ 62 999 t 101
'80 1541 522 1 0.05 177 ¢ & 220 ¢ 7 - - -
‘80 1541 522 1 80 210 £ 13 252 ¢ 12 - - -
‘80 1542 523 8 0.5 - - 723 ¢ 33 1420 ¢ 49 1022 * 101
‘80 1542 523 8 0.05 185 & 3 226 4 - - -
'80 1543 524 12 0.5 - - 739 * 34 1453 t 49 1046 % 101
‘80 1543 524 12 0.05 167 ¢ 3 20t 3 - - -
‘80 1544 525 18 0.5 - - 746 t 55 1321 £ 75 952 * 102
'so 1544 525 18 0.05 195 ¢ 9 233 ¢ 11 - - -
'80 1545 526 30 0.5 - - 677 £ 57 1531 ¢ 91 1102 ¢ 109
‘80 1545 526 30 0.05 182 ¢ 6 N1t 7 - - -
's1 1652 592 2 80 - - 777 ¢ 36 1340 ¢t §7 664 t 30
‘81 1653 593 7 80 - - 815 t 42 1590 ¢ 78 655 t 35
'8l 1654 594 13 80 - - 871 t 52 1461 t B4 754 t 45
'8l 1655 595 20 80 - - 817 t &9 1358 ¢ 78 671 £ 41
‘sl 1656 596 n 80 - - - - -
's1 1659A 605 2 80 - - 728 t 30 1320 £ 48 €46 £ 26
‘81 1660A 606 2 80 - - 718 t 44 1376 ¢t 80 646 ¢t 40
'81 1661A 607 20 80 - - 698 * 48 1304 ¢ 86 668 t 46

91



Table §

Dissolved Uranium and Thorium in Alkaline Lakes

Laboratory Alpha Water

Lake Control Spectrum Column 238, 234, ’”'n-, ”011'3 "'ﬂ-,
Sampled # * Depth (m) ——tpCi/l) (pci/1) (pCi/m”) __f{pci/m”) (pCi/m’)
L. Abert 1670 608 1 - - 115 5 176 t? 140 t 6

» 1671 609 1 19,6 % 1.9 $S.1 £ 2.3 84 t3 107 3 N 1

s 1671 738 1 17.6 £ 1.0 8.4 1.7 - - -

v 1672 604 1 - - g 23 114 =3 100 t3

» 1673 602 1 - - 90 t3 123 3 107 t3
Walker L. 1663 731A 25 51.9 21,7 69.6 ¢ 2.2 5.2 0.2 8.1 £ 0.3 A 21

” 7318 25 49.4 £ 2.6 75.1 3.6 - - -
Pyramid L. 1665 597 1 - - 3.2 £ 0.2 4.1 0,2 8.3 * 0.4

i 1665 733 1 6.1 £ 0.3 12.0 £ 0.5 - - -

" 1665 600 75 - - 2.2 29,1 3.0 £ 0.1 B.7 4.3

. 1667 601 75 - - 3.9 £ 0.2 5.0 0,2 10.7 £ 0,3
Coose L, 1668 732 1 4.2 £ 0.2 8.8 £0,3 - - -
Summer L. 16748 735 1 9.3 £ 0.2 15.4 £ 0.3 - - -

(1



Table 6

Uranium and Thorium Isotope Ratios in Mano Lake Water

81

Year of Laboratory Alpha Water 230 /23“
Sample Control Spactrum Column Th U
Collection # # Depth(m) 23y 230, 230, s 232, 228y, 1232y, (x10~%)

'78 - 2.18 ¢ |14 1.07 £ .09 -
'79 1409 - 1 1.55 £ .79 3.5 2 .0 - 5.6 *2.9
'79 1410 - 1 1.51 £ .19 1.44 £ 20 1.00 * .20 4.7 % 0.7
'79 1411 - 1 1.38 £ 19 1.96 * .24 1.10 £ 19 5.1 % 0.6
'79 1418 - 1 1.64 £ .21 - -
'79 1419 - 1 1.76 = .21 2,04 £ 4 1.19 = .32 4.7 0.7
'79 1420 - 1 1.19 £ |13 1.55 = .28 1.59 £ .42 (14.1) £ 1.9
'80 1541 522 1 1.26 £ 05 2.17 & .1} 1.57 £ .19 6.3 % 0.4
'80 1541 522 1 1.20 = 09 - - -
'80 1542 523 8 1.21 = .03 1.96 £ 11 1.41 £ .15 6.3 * 0.7
'80 1543 524 12 1.18 £ .02 1.97 £ 11 1.42 £ |15 6.6 *0.3
'80 1544 525 18 1.19 * .08 1.77 £ [16 1.28 = 17 5.7 0.5
'80 1545 526 30 1.16 £ .05 2,26 £ ,23 1.63 £ .21 7.2 0.8
'8l 1652 592 2 - 1.72 2 (11 0.85 * .05 -
'81 1653 593 7 - 1.95 * .14 0.80 * .06 -
'81 1654 594 13 - 1.68 = .14 0.87 = 07 -
'8l 1655 595 20 - 1.66 £ (14 0.82 t 07 -
'8l 1659 605 2 - 1.81 £ 10 0.89 £ .05 -
'8l 1660 606 2 - 1.92 = .16 0.90 * .08 -
'8l 1661 607 20 - 1.87 £ .18 0.96 * ,09 -



Table 7

Uranium ard Thorium Isotope Ratios in Alkaline Lake Waters

Laboratory Alpha Water 230 234
Lake Control Spect rum Column el Th/“,'U
Sampled # # Depth(m) Wy 238, g 200, 22, 20, (x10~%)
L. Abert 1670 608 1 - 1.53 = .09 1.21 2 .05 o
- 1671 609 1 2.81 £ .22 1.27 £ ,06 1.08 £ .05 1.9 £ .}
) 1671 738 1 2.18 £ (16 - - -
. 1672 604 1 - 1.31 = .06 1.15 £ .05 -
" 1673 602 1 - 1.37 £ ,06 1.19 £ .05 -

» 1663 7318 25 1.52 % il - - -
Pyramid L. 1665 597,733 1,30 .97 = 1Y 1.28 = .10 2,59 £ .20 0.34 £ 02
" 1666 600 75 - 1.36 £ .08 2,90 = .17 -

'id 1667 601 75 - 1.28 £ .08 2.16 = 1% -
Coose L. 1668 732 1 2.10 = .12 - - -
Summer L. 1674 735 1 1.66 £ .05 - - -

6T



Water

Dissolved Uranium and Thorium in Alkaline Lakes (U.S.C. NMata)

Table 8

0z

Lake Column 238, 23y 3% 2324y, 2304, e
Sampled Depth (m) (pci/1) (pc/1) 234,238, (pci/1) (pci/m®)  (pci/m) (pCi/m®)
Mono L.-'80 30 - - - 216 18 631 9 1577 t 158 -

L. Abert-'81 1 131 28 ¢ 2 2.2 0.1 18 t 3 66 t 4 86 2 3 -
Walker L.-'81 1 57 ¢ 7% t3 1.3 2 0.06 41 6 - 61 : 3 -
- 25 61 ¢ 83 t 4 1.6 20,07 31 “ - 132 t 6 -
Pyramid L.-'81 1 - - - 0.59 £ 0.09 - 6.8 t 0.5 -
- 75 0.77 £ 0.09 1.1 *0.14 1.4 0,17 0.50 & 0.14 - 0.18 ¢ 0.05 -
Goose L.-'81 1 3.8 t0.5 5.0 0.4 1.3 t0.12 1.8 t 0.3 49 * 2 53 £ 4 -
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Table 9

Mono Lake Actinide Zoncentrations (Woods Hole Data)*

Nuclide Activity

239,240, 11.2 % 1.1 pci/m’
241, 1.22 * 0.27 pCi/m’
238 108 2 3 pCi/1
234, 123 t A pCi/1l
232, 99 t14  pci/m’
230, 756  +20 pci/m’
228, 435 t16  pCi/m®
2315, 35.8 * 1.3 pCi/m’
227, < 2.7 pCi/m®

*Data are based on a sample collected from the western shore of the lake
having a C1™ concentration of 13.2 g/1 (Anderson et al., 1982),
indicating that the shoreline sample reported here was probably diluted
by about one-third with fresh spring water.
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Table 10

Dissolved Radium Isotopes in Alkaline Lakes

Lake Laboratory
Sample Control #
Mono L. - ('78) -
" i
" 2,
" -
" =
Mono L., - ('81) 1652
" "
L. Abert - ('31) 1670
" ”
Walker L. - ('81) 1663
" ”
n "
Pyramid L, - ('81) 1665
" "
Goose L. - ('81) 1668
Li "

ZZSR.

228

Depth 3 R‘S
(m) (pCi/m”) (pCi/m”)
1 450 * 100 o
1-11 536
- 536} 506 * 36 231 % 41
15-30 482
" 468
2 326
- 339} 332 £ 10 -
1 41
- 37 9z 3 -
1 195
» 216} 199 £ 15 -
o 186
30 26
» 27 26 ¢ 1 -
1 21
" 21 20 1 -
. 19
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value of zzakn, measured by gamma spectrometry determination of 228Ac
using a large quantity of CaCO3 precipitated from Mono Lake water. Subse-
quent atteapts to duplicate this procedure have not been successful. At
present, it appears as if the CaCl2 we added to the 1981 samples to cause
precipitation of CaCO3 was sufficiently contaminated with radium isotopes
to introduce substantial error in the final measurements. Since we used
several different batches of CaCl, during the 1981 field work, we have not
been ablszso establish consistent enough blank values to obtain 5scro-
ducible Ra values from measurement of is,eimnediisg dnughgef Ac: .
The data available to us suggest that the Ra to Ra activity ratio in
the alkaline lakes we sampled is of the order of 0.5.

238 Dissolved concentrations of 210Pb and 210?0, both of which are in the
U decay series, are listed in gszle 11. Most of the valustolrezga the
order of 25-50% of the dissolved Ra concentrations, with 5?‘ Pb
ratios about 0.5. However, L. Abert had a cogtsderlblngigher Pb
concentration than the other lakes, having a Pb to Ra r,s&o of
greater than 10. One possible explanation could be input of Pb b
precipitation to the lake surface. Sirse L. Abert has the lowest mean
gfgth of the lakes for which we have Pb data, precipitation-supplied

Pb would be most iikely to be significant in this }tke reiative to
production in the water columnzgl decay of dissolved 3 through the
short-lived daughter products Rn ( }{2 = 3.8 days), Po (ty/2 =3

jputes), Pb (t;‘z = 27 minutes), Bi (t1/2 = 20 minutes), and

Po (t)/2 = 2x1 o sec). A first-order estimate of the maximum
concentration of Pb in L. Abert which could be supported by
precipitation can be made as follows, assuming no removal from solution
except by radioactive decay:

. 210 25 can 22 Yrs  (meap life
250 [Precip Pb] x Yr of Precip | TnZ of Bx&Pb)
L. Atert Pb =
(max) 100 em (mean depth)

Using a precipitation 210p, value of 4 pCi/l (average of 17 months of
nacipiution in Connecticut [Bennipger, 1976]), the maximum L. Abert
210pb concentration would be = 3xl pCi/’ . Since the measured L. Abert

Pb concentration is only = 8x10° pCi/m 1 it g! clear that precipitation
input could easily explain the very high 210ph /2264 ratio in the lake
water, Using the .b?YB precipitation input valuc,loand assuning no stream
supply of dissolved Pb, the residence time of Pb in the water column
of L. Abert would be of the order of 0.5 year.

Also listed in Table 11 is a value of 115¢10 pC}‘,J for 231?. in
Mono L., nclaur,d at USC. The only other reported Pa concentration
(35.8%£1.3 pCi/m”) was for a Mono L. surface sample, partially diluted with
fresh water runoff (Table 23, Ad justing this to average Mono L. chlor-
iuity,(' 20 g/1), the two Pa measured concentrasigno are: 115 and 54
pCi/m” . The concentration of the parent nuclide, U, in Mono Lake is



24

Table 11

Dissolved Zlon, 2‘°Po, and 23'pa in Alkaline Lakes (USC Data)

Lake
Sampled

Mono L. - '79

Mono L. - '80

L. Abert - '8l

Walker L. - '80

Water
Column

Depth (m)

1
1

157 £ 7
9% ¢ 3

752 £ 45

63t 5

2l0P°3
(pCi/m”)
131 z 5
126
122 t 14
44 t 6
185 z 32
7.7 & 2.3

231,
(pCi/m’)

115 £ 10
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obtaiged by nultip}xgggzsbg dissolved concentra®ion of 2380 (137310s 3

pCi/m™) tigs& th / activity ratio (4.6xl =2) = 7.8x10 pCi/m” .
Thus, the 23°Pa/2::U ratio in Mono L. is 7-14x10"", or approximately 1-2
times the Th/“" U ratio (Table g}l This data suggests that actinides
with oxidation states of +5 (i.e. Pa) experience complexing influence
?y carggaate ion similar to that for oxidation state +4 nuclides

i.e. Th).

We Y!’e also 8Btained data for dissolved fission product ff§;out iso~
topes ("°'Cs and ~ "Sr) in several allaline lakes (Table 12). Cs con~-
centrations in Mono L. averaged about 2 pCi/l for 12 samples collected in
1978, 1980 and l?g;. This represents a large fraction of the total fall-

out delivery of Cs to Mono L., since the total sediment inventory is
relatively 11. In contrast, both Walker L. and Pyramid L. have
dissolved Cs concentrations which are less than 10X of those for

Mono L. Although the greiter mean depth of Pyramid L. (=3 times that for
Mono L. and Walker L.) could account for p 5 of the difference, the main
cause is probably greater partitioning of Cs to the sediments in the
lelgonlline lakes (Walker L. and Pyramid L.). The measured concentration
of “"Sr in Mono L. for 1978 and 1980 was about 0.16 pCi/l, or about 0.08
Y§7137Cs. This suggests greater removal of I0g, tols e sediments than for

Cs, since the fallout delivery ratio of 905r to Cs was about 0.67.

Tritium concentrations for four alkaline lakes are listed in
Table 13, The lowest value (35 T.U.) was for L. Abert, and the highest
for Walker L. (86-97 T.U.). Detailed vertical profiles for both Mono L.
and Pyramid L. indicate uniform concentrations with depth in the two lakes
(Mono L. = 70 T.U. and Pyramid L. = 45 T.U.).

5.0 SEDIMENT RADIONUCLIDE CONCENTRATIONS IN ALKALINE LAKES

Data for 13705 concentrations in twelve sediment cores collected at
nine sites in Mono L. over the period 1978-1981 5 listed in Table 14
(see Figure 2 for core locations). Most of the Cs activity was con-
fined to the top 10 ¢m of the sediments, and many of the cores had maximum

values several centimeters below surface, but above 5 cm depth
(Figures 8 aand 9). The sediment Ce inventory per unit area was BreaL-
est in the deep central basin south of Paoha Island, and the highest Cs

activity -eanrs,d was about 0.4 pCi/g. Lake Abert sediments had consider-
ably greater Cs activities per unit weight of sediment (up to a maximum
of more than 3 pCi/g), as well as deeper penetration in the cores ble
15, Figure 10). All four of the other alkaline lakes had greater Cs
sediment concentrations than Mono L. (Table 16, Figures 11, 12, 13 and
14), but the depth distributions for three cores from Pyramid L. (Figure
12) was similar to cores from the deepest area of Mono L.

Sediment 239,240p, concentrations in Mono L. (Table 17) had er-
ally similar trends with depth (Figures 15 and 16) to those for Cs, but
subsurface maximum concentrations per unit weight of sediment were much
higher (upzsg ;eg pCi/kg), relative to surface values (* 10 pCi/kg).

Thus, the »“ 7 "Pu concentrr;;on gradients in Mono L, n,i&-sgbn tended
to be much greater than for Cs. Lake Abert sediment ’ Pu
concentrations (Table 18) were similar to the average of Mono L. values,



Table 12

Dissolved 13705 and 90 in Alkaline Lakes

Water
Lake Laboratory Column 137¢e 905,
Sampled Control # Depth (m) (pCi/l) (pCi/l)
Mono L. -~ '78 1368 1 1.87 £ 0.04 0.185 % 0.045
" 1369 1 2.01 *0.04 -
- 1370 1 1.57 £ 0.03 -
" 1371 1 2.00 £ 0.04 -
Mono L. - '79 1 0.023 £ 0.015
Mono L. -~ '80 1541 1 1.9 0.2 -
" 1542 8 1.8 = 0.2 0.162 £ 0.017
- 1545 30 1.9 t0.2 0.127 £ 0.013
Mono L. - '81 1629 2 2.3 % 0.09
- 1630 7 2.25 £ 0.11
v 1631 13 2.31 0,07
- 1632 20 1.99 £ 0.11
4 1676 30 2.26 £ 0.08
Walker L. - '8l 1633 25 0.13 £ 0.04
Pyramid L. - '81 1634 1 0.11 £ 0.05
s 1635 75 0.17 £ 6.05

Goose L. - '81 1 0.812 £ 0.030



Lake
Sampled

Mono L.

Mono L,

L. Abert
L. Abert
Walker L.

Walker L,
"

Pyramid L.

Pyramid L.
"

Table 13

Tritium in Alkaline Lakes

Sampling

Time

8/80

"
"

7/21
7/80
7/81
7/80

7/81

7/80

7/81

"
L
"
"
"

Water
Column

Depth (m)

1
8
12
18
30

Tritium
Activity

73.1
72.7
72.5
71.8
72.4

65.5
63.0
67.7

35.0

+ I+ v +
P

113

+

12 d

L L L

(T.v.)

— D e e

Lt
.
N -

o
<

27



Table 14

Mono Lake - '37Cs (pCi/kg) In Sediment Cores

87

Station # 1 2A 3A 4A 5A 6A 6B 7 8A 8B 9A 98
Depth
(em) ON 1373 CN 1433 CON 1436 CN 1439 CN 1551 CN 1677 CN 1675 CN 1678 CN 1679 CN 1680 CN 1681 CN 1682
0-1 132250 77230 S4%47 150%56 120%39 146%72 168%26 110250 110%60 63£56 49%51 99%37
1-2 275240 29£24 68%47 110241 151242 122%61 210%17 112351 42%77  410%85 99180 253344
2-3 260%50 130270 189234 2°°+69 119234 287%49 285%65 -104%80 333%74 31442
3-4 16240 152481 -37277 83354  420%71  200%95 98%86 73%75 62139
4-5 60t40 5238 131183 64242 167253 4068 -11%76 5849 76148
5-6 8681 104%81 110%64 -23%76 15891 115256
6-7 36216 128275 5¢60 176%60 3275  177%72 74256  159%57
7-8 30855 122354 118282 164375 ~18%75 7566
8-9 76216 60262 121360 158255 97153 ~16%69 ~=17%77
9-11 5020 32448 20£45 71131 105250 ~-18%4]
11-13 ] ~34%5] 25%19 107%34 10546 37450
13-15 3132} =33%60 70243 7541 95]

15-20 46133 3723 3422 21425

20-25 7424+ 24 %15 1718 11£29

25-30 1t16% 37£17 -13%21

1831t
+ 19-23 em
* 23-27 cm

t 27-31l cm
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Table 15

Lake Abert - cs (pCi/kg) In Sediment Cores

Station # 1 1B 2A 2B 3A 38 4
Depth

(cm) CN 169% CN 1691 CN 1692 CN 1650 CN 169 CN 1695 CN 1651
0-1 21952193 1483:260 1627293 1456 85 854245 826279 1483140
1-2 2060182 1948*105 2110%134° 1815%81 312274 451244 1776%123
2-3 2261281 2222297 2094%123 1962%131 327244 304 £44 1852189
3-4 2847291 2150284 1909%127 20072104 285243 191251 1368*101
4-5 2680%92 2302:117 1304:86 218>%83 243139 79255 1458 £81
5-6 2226291 3196120 819266 2105181 125154 34253 1365%122
6~7 3010296 2882106 734257 19872113 123254 -62257 1973198
7-8 2419287 2849%109 88554 169269 186157 41252 1807%75
8-9 2489107 32552106 531157 941163 7268 -76155 1189279
$-11 2910:88 2722185 324242 821141 15£27t -100%61 1661171
11-13 27812100 287777 217234 66936 -3221 96241
13-15 1923258 2678281 4422]1* 386%29 601%28
15-20 307221 15918 121216 264221
20-25 77238* 998135 132*15
25-30 1913
30-35 11214
35-40 -17220
40-45 5221
45-50 -5%16
*20-22 em
* 13-17 em

t 9%l4dcm

1€
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Table 16

Alkaline Lake Sediment ~'¥cqy (pci/ng)

Walker L. Walker L. Pyramid L. Pyramid L. Pyremid L.  Goose L. Coose L. Summer L. Summer 1.
Depth Station 1| Statiom 2 Statiom 1 Stationm 2 Station 3 Station 1 Station 2 Station 1 Station 2
(cm) N 1442 N 1697 on 1685 Cn 1686 N 1687 _ow 1683 N 1684 CN 1688 CN 1689

Surf. floc. 15342161

01 19152130 1871t 79 2 109 1196112 12702182 662145 28292199 660119 024102
1-2 217021% 21762 72 767120 12350123 12152121 68276 991+ 86 599+ 44 564t 40
-3 a0t | } 13872127 992114 1106 97 629140 708¢ 52 249 32 209¢ 21
3-4 {3020¢ 78} s51¢ 93 477 %100 530140 405138 605 36 169¢ 37 40t 24
-3 | } -14t 88 138 65 M8 43313 652¢ 45 43% 3% 47t 29
5-6 {33772 s} -5 81 84t 78 197 84 277437 $92¢ 40 5S¢ 42 56t 28
67 | } -145¢ 93 89* 65 2182 84 217228 S71¢ 49 22¢ 3 39¢ 23
-8 {33012 73} 32¢ 74 -33:t N 78+ 88 123428 229% 15 10t 17 76+ 28
8-9 i } -90* 84 186¢ 713 s2¢ 81 116223 570% 46 12¢ 28 21% 25
9-11 {2595t 77} 20% 45 8t 51 32¢ 50 82221 Wt 4 17¢ 23 26% 24
11-13 8t 5y 33220 215¢ 18 23 22 9t 19
1315 -13% 45 -15219 105% 18 1% 25 2t 24
15-20 ntn -21118 12¢ 19 -42 16

20-2% 10t 21

129
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Pyramid Laoke Sediment 137Cs
(pCi/kg)
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Figure 12.
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Goose Lake Sediment 3Ts
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Summer Lake Sediment > Cs
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Alpha
Depth Spectrum
(em) *
Station #1-'78
(cw 1373)
0-1 362
1-2 363
2-3 364
3-4 365
&-5 366
Station #2A-"79
(CN 1433)
0-1 462
1-2 463
Station #3A-"79
(cw 1436)
o-1 L84
1-2 465
Station #4A-"79
(cw 1439)
o-1 L64
1-2 &67
Station #5A-'80
(cw 1551)
c-1 533
1-2 534
2-3 535
-4 548
&5 549
5-7 550
7-9 551

13.5%22.7
....

Table 17

Mono Lake Sediment Plutonium

238
(pCi/xg)

1.42%0.31

1.6220.33
N.D.
N.D,
N.D.

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

238 ’.,23!’ 240

(x100)

23’. 25"-, 137c.
(x100)

Pu

11,025

8.6:1.9
N.D.
N.D.
N.D.

..D.
'.n.

N.D.
N.D.
N.D.
N.D.
.Q’.
N.D.
N.D.




Table 17 (Cont'd)

Mono Lake Sediment Plutenium

Alpha
Depth Spectrum ity 238 Py, MY, 24051137 ¢q
(cm) # (pCi/kg) (pCi/kg) (x100) (x100)
Station #6A~'81
(cN 1677)
0-1 698 7.0%0.6 Nu.n, N.D. 4.8
1-2 699 14.4%0.8 0.60%0.15 4,22 .1 125
2-3 710 101.723.9 4.0 *0.6 4.,0%0.6 54.
3-4 711 10,9%1.9 N.D. N.D. T2
Station #7-'81
(cN 1678)
0-1 700 6.8%0.6 - - 4.0
1-2 701 8.5%0.5 0.40%0.11 4.7%1.3 7.6
2-3 712 17.3%1.7 - - 6.0
3-4 713 85.6%3.3 4.0 20,6 4.7%0.7 20.
Station #8A-'381
(CN 1679)
0-1 702 9,.7%0.6 0.49%0.14 5.0%1.4 8.8
1-2 703 18.3%1.3 0.59%0.22 3.2%1.2 (44.)
2-3 714 22.8%2.6 N.D. N.D. 7.9
3-4 715 229.4%6.9 7.1 *0.8 3.130.4 115
Station #9A-'81
(CN 1681)
0-1 704 7.2%0.6 N.D. N.D, 13.
1-2 705 13.7%1.0 0.6%0,2 4.4%0.4 14,
2-3 716 71.722.9 2.0%0.4 2.8%0.6 - ¢
3-4 717 14.,0%1.5 N.D. N.D. 19,

6€
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Figure 16.
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Table 18

Lake Abert Sediment Plutonium

Y

Alpha
- Spegtm 239 2405 238 238 p 0239, 200, 239 240, 137
(em) # (pCi/ig) (pCi/kg) (x100) (x100)
Station #2B
(cN 1650)
0-1 677 24.6 *1.5 1.6 0.4 6.5%1.6 1.7
1-2 678 29.0 t1.3 1.1 20,2 4.0%0.8 1.6
2-3 679 32.3 %1.3 2.0 0.3 6.2%0,9 16
3-4 680 35.9 £1.2 1.5 #0.2 4.0%0.6 1.8
Station #4
(cN 1651)
0-1 611 13.0 0.8 0.64%0 .17 4.,9%1.3 0.9
1-2 610 12,6 %0.6 0.8120.15 6.4%1.3 0.7
2-3 616 16.0 %0.6 0.7840,13 4.,9%0.8 0.9
3-4 617 15.7 20.5 0.74%0,10 4.7%0.6 1l
4=5 618 14.8 %0.6 0.64%0,11 4.4%0.8 1.0
5-6 619 17.2 $0.8 0.73%0.15 4.20.9 1.3
6-7 652 34,0 %1.2 1.8 10.24 5.3%0.7 ™
7-8 637 17.7 *0.7 0.78%0.13 4.4%0.7 1.0
8-9 638 16.7 %0.8 0.76%0.15 4.6%0.3 1.4
9-11 634 21.7 20.5 0.80%0.10 4.0%0.4 1:3
11-13 653 39.8 $1.2 1.6 320,17 4.0%0.4 4,1
13-15 672 19.3 20.6 0.75%0,10 3.9%0.6 3.2
15-20 654 0.93%0.2 N.D. N.D. -
20-25 655 0.11%0,02 N.D. N.D. -
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but had azggcgksmaller range of concentrations. The shape of depth pro-

files of s137Pu in L. Abart sediments (Figure 17) were quiSs E&Ril’t

to those for Cs (Figure 10). Sediment concentrations of ’ Pu in

Pyramid L., Goose L. and Summer L. (Table 19) were in the same rarge as

those for most of the Mono L. and L. Abert sediments (10-60 pCi/kg), and

?syéh profile shapes (Figures 18, 19 and 20) were similar to those for
5.

Samples of sediments from each of the six alkaline lakes were analyzed

for uranium and thorium isotopes by alpha spectrometry (IgBle 392.
Mono L. and Walker L, had the highest concentrations of U, U
(2-3 pCi/g), £32m, iaoT‘h and %%®mh (0.5 to 1.5 pCi/g), while Goose L. and
Summer L. had the lowest concentrations of U isotopes (0.1 to 0.4 pCi/g)
and L. Abert the lowest valusg“foiagh isotopes (0.2 pCi/g). All of the
alkaline lake sediments has 230U/ 239 ratios well above 1, as might be
expected, but they also had Th/“" U ratios of less than 1, with
L. Abert being of the order of Ozgo(Tablezg&). It is difficult to under-
stand why the activity ratio of Th to U was so low in these lake
sediments.
21“Bi concentrations, as measured by gamma spectrometry, in eight
Mono L. sediment cores were generally in tgssrange of 0.5 to 1.5 pCi/g
{(Table 22), suggesting relatively uniform Ra distributions in the
fine-graiyed clay sediments of this lake. In L. Abert sediments, the
average Bi concentrsiéon was substantially lower (0.1 to 0.4 pCi/g),
indicating much lower 215& concentrations in its calcium carbonate-rich
sediments (Table 23). Bi data for three of the other four alkaline
lakes (Table 24) were intermediate between L. Abert and Mono L., while
y,éker L. sediments were similar to the higher values typical of Mono L.

Ac consfetrltions in Mono L. were somewhat lower (0.2 to 1'02?§i/8326
than for Bi (Table 25), indicating that thesszsediments had Ra/"" "Re
ratios of less than 1, while L. Abert affément Ac values (Table 26)
were generally equal to or higher 528“ Bi concentrations. Sediments
from the other alkaline lakes had Ac concentrations (Table 27) compar-
able to Mono L. (0.2 to 1.0 pCéég). Although the countinQZIanett-inties

were somewhat greater for the Ac meg grements than for Bi, there
does appear to be more v55§1bility in Ra concentrations in the alkaline
lake sediments than for Ra.

“Og activities in eight Mono L. cores (Table 28) were 15-20 pCi/g, and
relatively uniform with depth and between cores, suggesting large propogs
tions of potassium-rich clay minerals in the lake sediments. L. Abert K
values were only about 6 pCi/g in two depth intervals of Core #1 (Table
29), indicating higher sand proportions near the stream inlet, busonost of
the depth segments in L. Abert cores vers only slightly lower in K than
for Mono L. Pyramid L. had the lowest “U% activities (6-12 pCi/g) for all
the lakes, especially toward the bottom >f cores (Table 30), suggestiug a
lower proportion of potassium-rich clay minerals than for the other
lakes.
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Lake Abert Sediment 23%240p,

(pCi/kq)
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| Figure 17.



Table 19

Alkaline Lake Sediment Plutonium

Alpha

Depth Spectrum
(cm) E

Walker L.

Station #1

(CN 1442)
0~1 468
1-2 469
2-3 491

Pyramid L.

Station #1

(CN 1685)
0-1 673
1-2 674
2-3 675
I-4 §76
4~35 693
5~6 694

Goose L.

Stacion #2

(CN 1684)
0=1
1-2 -
2-3 684
3-4 -
4-5 -
5-6 695
6-7 685
7-8 -
8-9 -
9-11 686
11-13 -
13-15 696

Summer L.

Station #2

(CN 1689)
0-1 665
1-2 661
2-3 669
3-4 670
4~5 666
5-6 662
6=~7 671
7-8 667
8-9 -
9-11 663
11-13 668
13~-15 664

2!9.250'“
_(pCifxg)

sps
&N -

g

-

w
' ¥ §.-3.8.44
PLuorom-

-
-

.
o o

8'8!.830':'!

.
—

Lo
—

o853
8 3.‘“

.
=z O
h
o

s

e
(pCi/xg)

0.89%0,17

0.56%0.11
0.77%0.12

0.4820.06
0.08%0.02

N.D.
0.506.,17
a.D.
N.D.
N.D.
N.D.
N.D.
N.D.

8 ’“/239. 250'“ 239 lb.nlll7
(x100) (x100)
- 0.6
i 1.3
- 1.4
7.9%2.2 3.1
5.4%.3 4.3
7.6:0.8 4.5
8.9%.2 7.3
N.D. -
N.D. -
ERL R ) 3.6
4.611.0 2.1
3.320.,5 4.1
6.3”.. 2.0
5.7%1.6 5.4
N.D. 1.8
4.821.6 1.8
N.D. 1.9
N.D. 1.7
N.D. -
N.D. 0.6
N.D. -
N.D. -
N.D. -
N.D. -
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Pyramid Lake Sediment 222240y
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Figure 18.



Goose Lake Sediment 239'240Pu
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Figure 19,
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Summer Lake Sediment 239’240Pu

(pCi/kq)
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Figure 20.
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Table 21

Uranium and Thorium Isotope Ratios in Alkaline Lake Sedimenis

(Alpha Spectrometry)

\ Depth
s:;:ed I":::)"l 234, /238 230, 1232, 228,232, 230, /234,
Mono L. 15-20 1.23%0.07 1.5840.09 0.9240.05 0.25 %0.02
L. Abert 25-30 2.170.08 1.06%0.06 0.88%0.06 0.0860.004
Walker L. 15-20 1.28%0.06 1.11%0.05 0.9240.04 0.46 %0.03
Pyramid L.  20-25 1.57%0.06 1.1740.06 0.96%0.05 0.21 #0.01
Goose L. 15-20 2.7120.23 1.1640.07 1.04%0.06 0.84 *0.05
Summer L. 15-20 1.91%0.13 0.87%0.03 0.95%0.04 0.64 10.04



Table 22

Bismuth - 214 in Mono Lake Sediments (pCi/g)
(Gamma Spectrometry)

Station # SA 6A 6B 7 8A 38R 9A 9B

Depth

(cm) CN 1551 CN 1677 CN 1675 CN 1678 CN 1679 CN 1680 CN 1681 CN i682
0-1 0.06%0.01 0.97%0.16 0.87%0.06 1.11%9.13 1.24%0.13 1.03%0.12 0.87%0.11 0.96%0.10
1-2 0.07%0.01 0.77%0.13 0.7420.04 1.1620,13 0.85%0.16 1.00%0.18& 0.94%0.17 0.95%0.10
2-3 0.05%0.01 0.92%0.14 0.46%0.08 1.22%0.12 0.91%0.13 0.70%0.17 0.94%0.15 1.28%0.12
3-4 0.1120.01 0.64%0.16 0.88%0,.13 0.68%0 .15 1.12%0,20 1.03%0.,18 0.95%0.16 0.97%0.10
4~-5 0.05%9.01 0.57%0.17 0.71%0.11 0.8810.13 0.75%0.14 0.94%0.16 0.95%0.10 1.04%0.13
5-6 }o.08%0.01 0.67%0.17 0.87%0.20 1.1420,16 0.87%0.16 0.74%0.16 1.86%0,21 1.1220.14
6-7 } 0.64%0.15 2.04%0.18 C.93%0.15 0.92%0.14 0.76%0.15 1.08%0.13 1.65%0.14
7-8 }o.06%0.01 0.88%0.12 1.0319,314 2,32%0.24 1.98%0,13 0.96%0.17 0.89%0.14
8-9 } 1.70%0.14 0.87%9.1¢4 1.5320.15 1.0020.05 0.81%0.17
9-11 0.04%0.01 1.29%0.12 0.85%n.:12 1.2030.09 1.12%0.11 1.12%0.10
11-13 0.05%0.01 1.1120.12 0.81%0.04 0.9621.10 1.02%0.10 1.02%0.12
13-15 0.05%0.01 1.05%0.13 0.88%0.114 0.9220.11 1.00%0.12

15-20 0.39%0.03 0.82%0.07 1.10%26,07 0.72%0.06

20-25 0.38%0.02 0.66%0,C5 0.88%0,06 0.84%0.07

25-30 0.48%*0.04 0.94%0.05 1.2420,06
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Bismeth = 214 in Lake Abert Sediments (pCi/g)
(Gamma Spectrometry)

Table 23

Station # 1 1B 2A 2R 3A 3B 4
Depth
(em) CN 1651 CN 1690 ON 1691 CN 1692 CN 1693 CN 1694 CN 1695
0-1 0.26%0.29 -1.14%0.50 0.2220.4 0.70%0.14 0.10%0.06 0.20%0.13 0.53%0.23
1-2 0.06*0.09 0.31%0.16 0.17%0,2C 0.37%0.11 0.11%20.14 0.11%0.08 0.12%0.15
2-3 0.07%0.09 0.26%0.13 U.30%0.19 0.37%0,18 0.42%0.09 0.33%0.09 0.22%0.11
3-4 0.06%0.08 0.34%0.11 0.03%C.2] 0.06%0.11 0.16%0,08 0.23%0.11 0.47%0.15
4-5 0.06%0.11 0.27%0.16 n,20%0.14 0.22%0.,09 0.1020.08 0.08%0.12 0.24%0.12
5-6 0.08%0.10 0.24%0.14 ©.01%0.12 -0,.84%0.05 0.13%20.11 0.31%0.11 0.28%0.18
6-7 0.32%0.10 0.25%0.13 0.16%0..0 0.50%0.16 0.39%0.11 0.32%0.12 0.39%0.11
7-8 0.15%0.10 0.17%0.14 6.11%0,08 0.27%0.09 0.37%0.13 0.25%0.12 0.19%0,11
8-9 0.40%0.13 0.28%0.12 0.2810.11 0.20%0,09 0.16%0.14 0.33%0.12 0.33%0.12
9-11 0.35%0.09 0.21%0.09 0.31%0.08 0.26%0,06 0.23%0.06 0.32%0.14 0.30%0.09
11-13 0.25%0.08 0.23%0.07 0.28:0.07 0.23%0.06 0.23%0.05 0.23%0.06
13-15 0.15%0.06 0.28%0.08 0.39%0.05 0.21%20.05 0.38%0.04
15-20 0.34%0.04 0.36%0.04 0.17%0.03 0.18%0.04
20-25 0.16%0.07 0.3320.04 0.17%0.03
25-30 0.24%*0.03
30-35 0.29%0.03
35-40 0.34%0.05
40-45 0.29%0.05
45-50 0.21%0,04

s



Table 24

Bismuth - 2!%4 in Alkaline Lake Sediments (pCi/g)

(Gamma Spectrometry)

Walker Pyramid Pyramid Pyramid Goose Goose Summer Summe r
_‘Epke L. L. #1 L. #2 L. #3 L. #1 L. #2 L. #1 L. #2
Depth
(em) CN 1697 CN 1685 CN 1686 CN 1687 CN 1683 CN 1684 CN 1688 CN 1689
0-1 1.1120.12 0.73%20.34 0.82%0.19 0.65%0,34 0.41%0.08 0.50%0,38 0.22%0,22 0.22%0.18
1-2 1.61%0.10 1.29%0.23 0.561%0,22 0.79%0.22 0.44%0.13 0.46%*0.15 0.44%*0.,07 0.30%0.06
2-3 }2.2220.10 0.67%0.21 0.4520.20 0.87%.18 0.45%.,07 0.34%0.08 0.50%0.06 0.51%0.05
3-4 } 0.69%0.18 0.84%0,20 1.82%0,26 0.45%0.07 0.54%0.06 0.42%0.08 0.40%0.06
4-5 }1.7520.08 0.82%0.19 0.85%C.14 0.58%0.,16 0.46%0.06 0.43%0.07 0.46%0,07 0.44%0.07
5-6 } 0.69%0.17 0.45%0.16 0.R1%0.17 0.50%0.07 0.42%0.07 0.50%0.09 0.37%0.07
6-7 }1.56!0.08 0.43%0.20 0.71%0.14 0.7%%0.18 0.46%0 .05 0.50%0.08 0.4920.07 0.5920.06
7-8 } 0.55%0.16 0.58%0.17 0.75%0.18 0.39%0.06 -0.08%0.03 0.42%0.08 0.47%0.07
8-9 }1.1910.09 0.48%0.17 0.78%0.17 0.56%0.17 0.36%0.05 0.45%0.08 0.48%0.06 0.39%0.06
9-11 } 0.64%0.10 0.64%0.12 0.34%0.10 0.37%0.05 0.44%0,04 0.59%0.06 0.46%0.06
i1-13 0.70%0.12 0.36%0.04 0.42%0,04 0.4820.05 0.49%0.05
13-15 0.72%0.10 0.3420,04 0.38%0.04 0.49%0.06 0.44%0,06
15-20 0.61%5,08 0.2720.04 0.36%0.04 0.40%0,04
20-25 0.50%0.05
* 2,00%0,30

*Surface floc (above 0-1 cm)

£S



Table 25

Actinium-228 in Mono Lake Sediments (pCi/g)
(Gamma Spectrometry)

7 8A 8B 9A 9B

Station #

Depth
(cm) 167° N 1678 CN 1679 CN 1680 CN 1681 CN 1682

12 .82%0.27 0.35%0. .45%0,17 . . . . .89%0.20
13 .91%0.24 0.3220.05 .50%0.18 . . . . - .26%0 .31
.10 .39%0.25 0.23%0, .29%0.16 . . . . .77%0.27
.28 .0420.30 0.12%0, 47%0.21 . . . . .60%0,28
213 .26%0,32 0.43%0, 46%0,20 . . . . .67%0.19
.05 ).84%0,31 0.48%0, . o 23 . . 400,37
.40%0,28 0.75%0.24 . .21 0.47%0.22
.44%0,05 .79%0,22 0.3120. .4120.32 0.86%0.30
.35%0.25 0.11%0, .75%0.721 1. o 0.63%0.27

0

0

1

O 0 O 0O 9 © O ©°o

—
.

,78%0.19
.82%0.18
.05%0.20

o

0.28%0.06 .99%0.19 0.56 %, 0. 0.12
0.28%0.10 .88%0.20 0.56x0.07 N 13
0.22%0.10 .2120.23 0.3320.16

0.30%0.09 0.34%0.09 0. . 0.51*0.10
0.34%0.,06 0.29%0.06 o 0.59%0.11
0.21%0.11 0. .06 0.74%0.08

o




Table 26

Actinium=228 in Lake Abert Sediments (pCi/g)
(Gamma Spectrometry)
Station # 1 18 2A 2B 3A 3B 4

Depth

(cm) CN 1651 CN 1690 CN 1691 CN 1692 CN 1693 CN 1694 CN 1695

0-1 0.13%0.41 0.19%0.98 C.53%0.2% -0.29%0.20 0.15%0.10 0.29%0.21 0.42%0.44
1-2 0.26%0.14 0.02%0,2¢ 0.21%0.38 0.24%0.17 0.62%0,¢7 0.08%0.12 0.1620,26
2-3 0.66%0.18 0.30%0,24 0.14%0,34 0.20%0.13 0.3820.13 v.09%0.13 0.13%0.17
3-4 0.28%0.13 0.43%0.25 0,710,719 0.25%0.17 0.26%0,13 0.02%0.17 0.33%0.28
4-5 0.23%*0.19 0.01%0.27 0.35%0.25 0.03%0.13 0.05%0.13 0.29%0.20 0.67%0.23
5-6 0.55%0.19 0.40%0.25 0.12%0.2: 0.26%0.13 0.33%20,20 0.60%0.21 0.58%0.35
6-7 0.29%*0.19 0.57%0.24 0.07%0.18 0.19%0.29 0.54%0.21 0.50%0.23 0.07%0.17
7-8 0.34%0.19 0.06%0.24 0.38%C. .14 0.13%0.13 0.35%0.20 0.09%0.21 0.4620.20
8-9 0.17%0,25 0.26%0,72 0.16%C.16 0.23%0.14 0.22%0.26 0.24%0.22 0.43%0.22
9-11 0.40%0.15 0.28%0,15 3.03%,19 0.30%0.11 0.28%#0.10 0.48%0.25 0.52%0.15
11-13 0.25%0.12 0.34%0.13 0.21%9.14 0.39%0.10 0.34*0.08 0.38%0.10
13-15 0.16%0.10 0.3220.14 0.1120.12 0.28%0.09 0.1010.06
15-20 0.20%0.06 0.26%0.06 0.44%0.,08 0.33%0.06 0.22%0.06
20-25 0.30%0.12 0.29%0.07 0.21%0.05
25-30 0.17%0.04
30-35 0.26%0.05
35-40 0.19%20.08
40-45 0.40%0.09
45-50 0.33%0.06
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Table 27

Actinium=228 in Alkaline Lake Sediments (pCi/g)

(Gamma Spectrometry)

9¢

Walker Pyramid Pyramid Pyramid Goose Goose Summer Summe r
Lake L. L. #1 L. 92 L. #3 L. #1 L. #2 L. #1 L. . #2
Depth
(em) CN 1697 CN 1685 N 1686 CN 1687 CN 1683 CN 1684 CN 1688 CN 1689
0-1 1.1620.19 1.11%0.65 0.24%0.29 .1.7520.66 0.43%0.13 v.10%0,11 1.69%0.42 0.17%0.27
1-2 1.34%0.16 0.78%0.42 1.53%0.42 1.11%0.42 0.35%0.23 0.65%0,28 0.24%0.13 0.50%0.10
2-3 }1.25%0.14 1.3320.41 0.97%0,37 1.38%0,33 0.33%0.11 0.75%0.14 0.73',11 0.51%0.07
3-4 } 0.92%0.33 0.25%0,37 - 0.61%0.11 0.46%0.10 0.32%0.13 0.33%0.09
4-5 }1.15%0.12 0.76%0.33 0.85%0,25 1.11%0,31 0.50%0.10 0.28%0.12 0.38%0.12 0.361).11
5-6 } 0.90%0.32 0.8%%0.%9 1.26%0.33 0.14%0.12 0.50%0.12 0.41%0.15 0.54%0.11
6-7 }1.22%0.11 0.71%0,36 0.1720,25 0.58%0,31 0.38%0.09 0.53%0.14 0.47%0.12 0.44%0.,10
7-8 } 0.82%0.29 0.36%0.32 1.14%0.34 0.54%0.10 - 0.52%0.14 0.38%0.11
8-9 }o.97%0.14 1.17%0.33 0.7320.30 0.61%0.32 0.32%0.08 0.60%0.13 0.57%0.11 0.30%0.09
9-11 } 0.67%0.17 0.56%0.22 0.36%.19 0.30%0.08 0.42%0.07 0.52%0.09 0.45%0.09
11-13 0.49%0,21 0.30%0.07 0.44%0.06 0.46%0.08 0.42%0,07
13-15 0.52%0.17 0.32%0.07 0.38%0.06 0.36%0.10 0.38%0.09
15-20 0.42%0,12 0.32%0,07 0.27%0.07 0.37%0.06
20-25 0.58%0.08
* 0.50%0.54

*Surface floc (above 0~1 cm)



Table 28

Potassium-40 in Moano Lake Sediments (pCi/g)
(Gamma Spectrometry)

Station # SA 6A 6B 7 8A 8B 9A 98
Depth
(cm) CN 1551 CN 1677 CN 1675 CN 1678 CN 1679 CN 1680 CN 1681 CN 1682
0-1 16.1%0.9 17.7%1.6 16.6%0.6 20.0%1.1 19.4%1.3 21.6%1.2 17.5%1.1 13.7£0.8
1-2 15.6%0.9 19.4%1.3 13.420.4 18.0%1.2 17.9%1.7 17.8%1.7 22.7%1.8 18.840.9
2-3 15.€0.8 17.6%1.5 15.0:0.8 18.5%1.1 20.6%1.4 19.0%1.8 16.6%1.5 15.2%0.9
3-4 14.50.9 21.0%1.7 16.821.2 15.6%1.3 18.9%2.0 19.6%1.9 14.6%1.6 17.4%0.9
4-5 14.9%0.9 18.6%1.8 15.1%0.9 15.741.2 19.7%1.5 20.7%1.7 19.1%1.1 15.5¢1.1
5-6 }15.420.6 16.4%1.8 15.3%1.7 16.3%1.3 - 21.5%1.7 17.0%1.9 17.1%1.2
6-7 } 18.5%1.6 15.041.,3 17.8%1.3 18.8%1.7 17.7%1.6 19.1%1.3 146.9%1.2
7-8 }15.3%0.6 19.3%1.3 17.8%1.2 17.8%1.7 17.0%1.4 - 21.0%1.7 16.8%1.4
8-9 } 18.5%1.3 18.6%1.3 18.5%1.2 17.0%1,1 - 21.4%1.6 19.7%1.7
9-11 }14.1%0.6 19.8%1.1 18.0%1.2 18.140.9 - - 19.5%1.2 18.7%1.0
11-13 } 18.2%1.2 17.320.3 18.7%0.9 - - 18.0%1.1 14,3%1,1
13-15 17.3%1.3 17.5%1.¢ 15.540.9 - - 20.4%1,2 -
15-20 - 16.0%0.7 18.140.7 - - 16.1%0.7 -
20-25 - 11.045.5 14.0%0.6 - - 18.4%0.8 -
25-30 - - 15.6%0.5 - - 16.9%0.6 -

LS



Table 29

Potassium-40 i: Lake Abert Sediments (pCi/g)
(Camma Spectrometry)

Station # 1 1B 2A 2B 3A 3B 4
Depth
(cm) CN 1651 CN 1690 CN 1691 CN 1692 CN 1693 CN 1694 CN 1695
0-1 - 13.5%6.1 16.9%1.8 9.4%1.0 - - 18.3%2.5
1-2 - 10.7%1.9 13.6%2.5 14.3%0.9 15.6%1.5 - -
2-3 6.3%0.9 10.3%1.6 17.6%2.3 13.3%1.6 - - -
3-4 - 14.8%1.3 15.0%2 5 15.51.2 - - 15.8%1.6
4-5 15.9%1,2 17.1%1.9 16.0%1.7 15.0%0.9 - 13.5%1.4 12.2%1.3
5-6 11.4%1.1 16.7%1.7 15.8%1.5 16.1%0.9 16.3%1,2 17.0%1.4 14.241.9
6-7 17.2%21.1 13.9%1.6 15.8%1.3 16,7%1.7 18.0%1.2 16,.5%1.5 -
7-8 13.8%1.,1 17.3%1.6 6.2%1.0 14.1%0.8 - 13.7%1.3 17.8%1.2
8-9 15.4%1.4 16.8%1.5 15.8%1,7 13.2%0.9 14.0%1.5 12.8%1.5 11.6%1.2
9-11 17.2%1.0 15.5%1.1 15.2+1.0 15.240.,7 15.3%0.6 13.5%1.6 16.9%0.9
11-13 - 15.1%0.9 16.5%0.9 15.9%0.7 12.9%0.6 13.9%0.6
13-15 6.6%0,6 14.8%1.0 }14.720.6 17.7%0.6 -
15-20 14.8%0.5 14.6%0.5 14.3%0.5 -
20-25 14.5%0.8 15.3%0.5 -
25-30 -
30-35 15.7%0.5
35-40 15.2%0.7
40-45 14.9%0.6
45-50 15.4%0.5

8s



Table 30

Potassium-40 in Alkaline Lake Sediments (pCi/g)
(Gamma Spectrometry)

*Surface floc (above 0-1 cm)

Walker Pyramid Pyramid Pvramid Goose Goose Summer Summe r
Lake L. L. #1 L. #2 L. #3 L. #1 L. #2 L. #1 L. #2
“Depth

(em) CN 1697 CN 1685 CH 1686 CN 1687 CN 1683 CN 1684 CN 1688 CN 1689
0-1 14.0%1.0 14.5%3.3 13.7%1.5 15.1%3.3 14.0%0.8 17.2%3.7 18.5%2.2 17.0%1.7
1-2 10.3%0.9 15.4%2.2 12.1%£2,1 12.8%2,1 12.8%1.3 14.2%1.5 17.2%0.8 18.0%0.8
2-3 }20.6%0.8 17.4%2,) 8.3%].6 18.4%2.0 12.0%0.7 15.5%0.9 18.2%20.7 18.4%0.6
3-4 } 16.3%1.8 i2.5%2.0 38.3%3.0 12.9%0.7 13.5%0.6 19.4%0.9 15.8%0.7
4-5 }18.2%0.8 15.3%1.7 9.0%£1.3 3.8%1.6 14.2%0.7 14.4%0.8 18.520.9 15.6%0.8
5-6 } 9.7%1.9 G.0%1.5 9.2%1.7 10.7%0.7 13.1%0.8 19.3%1.0 16,.6%0.8
6-7 }16.3%0.7 14.121.5 7.7%1.3 12.821.7 11.9%0.6 14.6%0.9 19.1%0.8 17.0%0.7
7-8 } 10.4%1.7 7.2%1.9 5.8%1.8 11.0%0.6 - 16.6%20.9 15.4%*0.8
8-9 }13.0%0.9 11,221.0 7.6%1.9 4,2%1.6 10.5%0.5 12,7%0.8 16.2%0.7 14.0%0.7
9-11 } 12.321.2 8.4%1.4 2.5%1,0 9.5%0.5 10.8%0.4 15.720.6 16.0%0.6

11-13 10.620.9 8.2%0.4 9.6%0.4 15.920.6 15.020.5

13-15 10.2%0.7 8.9%0.4 8.8%0.4 17.1%0.7 17.0%0.7

15-20 7.820.4 7.8%0.4 14.5%0.5

20-25 17.5%0.6
* 20.2%2.8

6S
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6.0 CHEMICAL DATA FOR ALKALINE LAKES

All six of the lakes discussed here were known to have high propor-
tions of bicarbonate and carbonate ions in solution relative to saline
waters more similar to seawater composition, Table 31 provides represent-
ative published data for the chemical composition of these lakes, gener-
ally for somewhat higher lake levels than existed during 1981 when our
samples were collected for radionuclide measurements. Based on this pub-
lished data Mono L. had the highest alkalinity, Goose L. and Pyramid L.
the lowest, and all of the lakes had high pH values (8.9-9.7).

Samples from four of the lukes were equilibrated for pCO; measurements
in the field (Table 32) at the ambient cemperature of the sample., When
corrected to the same te!perature, Mono L. samples all gave pCO2 values in
the range of 800-900x10~" atmospheres, or about 2.5 to 3 times the atmos-
pheric value for pCO2. Thus Mono L., as well as the other lakes to a
somewhat lesser extent, has a substantial net gas exchange flux of inor-
ganic carbon to the atmosphere.

Chemical data on the samples of alkaline lake water collected in 1981
are reported in Table 33. Total alkalinity (measured by procedures des-
cribed in Edmond, 1970) in Mono L. was about 0.7 eq/l, 0.5 eq/l in
L. Abert, 0.3 eq/l in Summer 1., 0.05 eq/1 in Walker L. and Goose L. and
0.02 eq/l in Pyramid L. Carbonate alkalinity, which was measured by
subtracting the measured titration alkalinity after removal of the diss-
olved inorganic carbon, was somewhat lower for each of the lakes, and the
total range of carbonate alkalinity values was about a factor of 30
between Pyramid L. and Mono L. The lowest carbonate alkalinity value
(Pyramid L.) was approximately an order of magnitude greater than values
typical of seawater, Lake Abert had extremely high dissolved silicare and
quite low dissoived sulfate relative to other aniors in the alkaline
lakes., Toral boron, as measured by plasma emission spectroscopy, was
about 5%3% of rotal inorganic carbon, with higher values for lakes with
the highest alkalinity, Carborate ilorn concentrations, as ameasured by
difference between carborate alkaliaity and total inorganic carbon, range
from a maximum of 200 mM for Meoae L. to i-2 mM for Pyramiu L., compared to
a value of = 0.2 oM for seawater. Mersurements of carbonate ion
(0.21%0.01 M) in Mono Lake (Simpson and Takahashi, 1977) made previously
by a pCO; titration method (Simpson and Broecker, 1973) were quite similar
to those reported here (Table 33).

Representative alkaline lake anion concentrations of chloride, sulfate
and carbonate alkalinity, expressed in terms of equivalents, are listed in
Table 34, These data are based on measurements made on samples collected
in August, 1981 (Table 33), and the percent of total anion values were
computed assuming that Cl , S0,%, HCO3;~ and CO3;* account for all
of the anion composition. These relative anion proportion values are
plotted in Fi-ure 21, indicating the range of relative anion abundances
represented by these alkaline lake samples. Lake Abert had the lowest
proportion of sulfate equivalents, Summer L. the highest proportion of
carbonate equivalents, and Pyramid L. the lowest proportion of carbonate
equivalents.



a)
b)

c)

Table 31

Published Chemical Data for Alkaline Lakes

(mM)

Mono L.% L. Abert® Walker L.¢ Pyramid L.® Goose L.b

Na* 935 - 101
4 30 14 2.4
Mg** 1.4 <8 2.7
ca** 0.1 <5 0.2
c1- 380 403 46
Soy ™ 77 7.6 16
ICCy 261 171 29
Alk 433 296 36
pH 9.6 9.7 9.2

Jones, 1966
Phillips and Van Denburgh, 197!

Whitehead and Feth, 1961

71
3.1
4.8

0.2

56
2.9

19

22

8.9

11.5
0.7
0.1

o.‘

2.3
0.5

10

8.9

61

Summer L.b

106
2.9

<.°5

45
3.6

52

57

9.6
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Table 32

Field Equilibration Chemical Data on Alkaline Lakes - July, 1981

Lake
Slngled

Mono L.
"

L. Abert
"

Walker L.
"

Pyramid L.
"
"
"

Depth Temp
(m) (*c)
1 20.3
" "
7 19.8
lo "
13 15.2
15 7.9
18 6.0
30 4.8
1 24.5
" LU
1 24.0
75 4.5
1 22.5
" "
15 10.4
30 9 L 7
40 7.8
) 7.5
75 ~4.5

pCO2insitu

(patm

854
843
"
750
525
523
523

686
672

646
275

487
509

pCO2

(22°¢)

893

894
LU
904
792
841
874

644
608

612
487

4717
502

IAlk
meq/1

710
706
663
691
683
706
698
651

504
508



Table 1

Chemical Composition of Alkaline Lakes

NonCarbonate Carbonate LCarbonate

Lake Depth LAlkalinity [ICO; Alkalinity TIBoron ISilicate Phosphate Chloride Sulfate Alkalinity Ton pht
___Sempled (m) (meg/1) (m) (meq/1) (mi) (mM) (mM) (mt) (mM) (meq/1) (mM)
Meno L. =79 1 - - - - - - 589 - - - -
Moro L. - 80 1 - - - - - - 555 - - - -
Mono L, - 81 2 - - - - 597 - - 10

i 10 702 453 - - - - - 134 - - -

- 10 703 - 48.1 48.7 0.44 0.72 - - 655 202 -

» 10 701 - 43.1 - - - - - 658 205 -

- 18 690 - 44.2 - - - - - 646 193 -
L. Abert 1 502 330 16.6 9.8 3.48 0.7. 735 12.3 485 155 10
Walker L. 1 55.1 Ny 1.3 2.5 0.014 0.017 74.2 26.7 53.8 20 9.2
Pyramid L. 3 25.1 0.7 1.9 2.3 0.008 0.0054 59.1 3.13 22.2 1.4 9.1
Goose L. 1 53.5 35.8 3.2 1.5 1.09 0.17 65.6 3.31 50.3 17 9.5
Summer L. 0.1 275 20 1. 12 - - 149 133 268 38 -
Sea Water 2.8% 2,58 0.09 0.43 0.15 0.003 548 28 1.7 0.18 8.0

€9



Table 34

Average Major Anion Composition of Alkaline Lakes

%9

Total
aniona:
Carbonate Inorganic C1™+80,"+ Carbonate
Chloride C*loride Sulfate Sulfate Alkalinity Carbon HCO3+C03" ion
Lake ___(meq/1) (X of"Anions) _ (meq/1) (X of IAnions) (meq/1) (X of TA~ions) (meq/1) (m)
Mono L. 595 39 268 18 650 43 1513 200
Abert L. 735 59 24 2 485 39 1244 160
Walker L, 74 41 53 29 54 30 181 20
Pyramid L. 59 €8 6.3 7 22 25 87.3 (10)
Gooose L, 66 54 6.6 5 S0 41 122.6 20
Summer L. 150 34 27 5 270 60 447 40

Sea Water 550 95 25 5 2.5 0.4 580.5 0.2
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7.0 SUMMARY OF RADIONUCLIDE CONCENTRATIONS IN ALKALINE LAKE WATER
AND SEDIMENTS

Measurements of radionuclides in natural water systems often present
quite difficult analytical problems, especially for samples with high
ionic strengths. We have not provided any details of the analytical
procedures, nor substantial complications encountered in making the meas-
urements reported here. In general the procedures were those employed in
our laboratory for low-level radionuclide measurements in seawater, Con-
siderably more space would be required to document the analytical method-
ologies than seems justified, but suffice it to say that it would not have
been possible to make the large range of mea:urements reported here with-
out considerabe effort by a number of rad.ochemists and chemists at LDGO
as well as others at USC and WHOI.

pissolved 23%:2“%py concentrations iyaeono | De,e been measured at
LDGO using two different yield tracers ("  Pu and Pu), as well as
several sample volumes, a range of spike esquilibration times, and diff-
erent oxidation states of the yield tracer. The range of analytical
values obtained (Figure 22) probably does not indicate real differences in
Muno L. dissolved plutonium concentraticns at different times, but rather
thezggblgsntial analytical difficulties encountered in measuring a few dpm
of ’ Pu in a large sample of very salty water with chemical charac-
teristics quite different from the fresh water or seawater compositions
for which !g;tzgs the analytical procedures h,ve been developed. The
dissolved »“ "Pu concentration of 13 pCi/m” reported for Mono L.
(Table 35) was obtained by averaging all of the LDGO data (Table 2).
Although this average value was quite similar to the values mos* frequent-
ly obtained in our measurements (Figure 22), several samples for which we
have no reason to suspect problems gave values almost twice as great as
the average. In general, the dissolved radionuclide data reported in
Table 35 was the average of all of the LDGO data, or a single value if
that were the only resulc available. Values lictedZ§B plreniggligovere
computed (Walker L. and Pyramid L.) from ratios of Pu t ' P!au
observed in other lakeuzzgr appear to be either too low (Pyramid L. Th)
or too high (Walker L. Th).
239 240 : » .
The range of ’ Pu concentrations observed in Mono Lt§9 sedi-
ments (Figure 23) was considerably larger than for sediment Cs concen-
trations (FiguSSQZon but we believe this variation Eg,be real. The
covariance of ’ Pu with observed trends in the Cs sediment con-
centrations with depth, plus the substantially less complicated analytical
procedures required for measuring plutonium in a few grams of sediment
compared to 80 liters of water both tend iggigsseale confidence in the
absolute values of the reported sediment ’ Pu concentrations. In
5?&'250'2' the difficulty of deriving one "representative" value of

’ Pu fyc Mono Lake sediments relates more to real heterogeneity in
the system than to analytical uncertainties. For all of the individual
data points we have quoted analytical uncertainties based only on counting
statistics (one sigma), including counting uncertainty in background and
blank values. This quoted uncertainty does not address systematic errors,
for which we could not reliably assign numerical values. In general, we
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Table 35

Summary of Dissolved Radionuclides in Alkaline Lakes

Nuclide ] Mono L. L. Abert Walker L. Pyramid L. Goose L. Summer L.

241 pn (pCi/m’) 1.8 - -

239 ,£'~OD

u (pCi/m’) 13 : 0.2

238p, (pCi/m’) 0. . (0.008)
238y (pci/1) 6
23% (pci/1) 12
g (pCi/ma)

(pci/l)

(pCi/m’)

(pCi/ma)

(p&i/m3)

(pCi/mg)

(pCi/m)

(pci/m3)

(pti/m3)

(pCi/m’)

(pCi/l)

(pCi/l)

(T.U.)
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b?’ ‘“quvn to average all of the available xvd\ment data (i.f. fur
Pu) or all of that in the top 4 cm of sediment cores (i.e. for
Cs) to generate the values listed in Table 36. Sediment concentrations
listed in brackets wer:t computed assuming secular equilibrium with a meas-
ured radioactive parent nuclide or a nuclide nqg}ler ;? the 9§7dV uspng
?»»" att1v1tv Lu.Ld he reasonably estimated ( s . Al 5 Ra,
Ra, Po, and *UPb). In the case of ¢10ph we know tkn~ top few cen

fimeters of Hnno L. sediment were actually about 2-3 times the activilty of

L4

Iif

Ra (Simpson et al., 1'980; Hammond, personal communication), but we con-
sider this difference to be small enough to neglect here.

If we divide the sediment radionuclide concentrations compiled

Table 36 by the dissolved radionuclide concentrations in Table 35, the
results can be expressed as a distribution coefficient (K4 = Aj per g
sud\Tvnt/A ReT ml yq&»r). These ratios, listed_jip ‘lable 37, range from
1x10" for );H and " U in Mono L. to 4x10° for “” Pu in Pyramid L

Values for "7 'Th are listed in brackets because the short radioactive
half-11f= (24 navsg & es not permit sufficient time for this nuclide, pro-
duced by decav of U in solution, tQ 'whull brate" wlgg the svi'montq
TQS close agreement of K4 values for {"Th, “Th and Th (except for
31QI\ in Walker L. and Pyramid L.) argue against 1nt-rprut;9; the computed
" Th ratios as distribution coefficients. The value for in Table

£

- ’ - 37
}7 is also listed in brackets because dissolved %% Ac was nnlv reported as

a "less than" value, and thus does not have as much confidence as for
actually detected at measurable activities.

Distribution coefficient values from Table 37 are plotted on log
ale as a function of the logarithm of carbonate alkalinity 1

LK&”"R 25, 3h5‘&7, 28, 29, and 30. Distribution coefficients of
“*“Pu and ° Pu (Figure 25) were two orders of mag nitpd‘ lywgr in

and L. Abert (2-3x10" ) than in Pyramid L. (2-4x10 “*%U and

listribution coefficients increased by o about a fdw'wr of twenty

in the lower alkalinity lakes (Figure 26). The substantial difference in
uranium distribution coefficients between Mono Lake and L. Abert (factor
of 5-6) probably cannot be attributed only to the difference in carbonate
alkalinity between these two |(1k--s, but based on the trends observed for

the other lakes, the valye, fo . égh’t seems most anomalous Distri-
bution coefficients tnr bt m and show much higher valucs (1-3x107)

Fs g

3
r lower ,.“JL§P‘°V lakes, compared to 0.5-2x10" for Mono 1. and .. Abert

'

(Figure 27). Th 1s clearly anomalous among the thorium i sotope as

238,
(t 3 = 1.9 vt;% appears to yield a Kq value substantially lower thn
for rh ?95 Th 1n Walker L. and Pyramid L. However, without d;ﬁgltur

dissolved Ra 1n these two lakes, it is difficult to invoke slow

the result of its short half-life as discussed earlier and even

equilibration time following production in the water column from 2% soluble
parent nuclide. Note that in the case of Mono L., the ratio of h to

£ d

Ra 1n the water column is actually greater than 1 (Table 35).

je _have plotted distr ibution coefficients of “X'”Rel (Figure 28), ‘qu'Ply
and “""Po (Figure 29), and '~ 'Cs (Flgurw 30) as _a function of carbonate
alkalinity, but in the case of both 6 and 117Fq, the lower values of
Kq for higher carbonate alkalinity prwhahlv have more to do with the
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Table 36

Summary of Sediment Radionuclides in Alkaline Lakes

Muclide Mono L. L. Abert Walker L. Pyramid L. Goose L. Summer L.
“am (pCi/kg) (7) - - - - -
239,240p, (pci/kg) 28 22 16 40 20 10
238%p, (pCi/kg) 1.1 1.1 0.6 3 0.7 0.5
238y (pci/g) 2.4 £ 2.7 1.4 0.1 0.2
23% (pcilp) 2.9 2.4 3.5 2.2 0.3 0.4
231p, (peCi/g) (0.11] - - - - -
23%m (pci/g) (2.4] (1.1] (2.7} (1.4] (.11 (0.21]
232 (peilgp) 0.5 0.2 1.4 0.4 0.2 0.3
2304y, (pcilg) 0.7 0.2 1.5 0.5 0.3 0.3
228m, (pci/g) 0.4 0.2 1.3 0.4 0.3 0.3
228, (pcilg) 0.3 0.2 1.2 0.4 0.3 0.4
227 5 (pcilg) [0.11] - - - - -
2282a (pcil/g) (0.5) (0.2] (1.4] (0.4] (0.2] [0.3]
228ga (pcil/g) (0.8) (0.2] (1.5] (0.6] (0.3] (0.4]
21%pi (pci/g) 0.8 0.2 1.5 0.6 0.3 0.4
2105, (pci/g) {0.8) (0.2] (1.5) (0.6] {0.3] [0.4]
210y (pci/g) (0.8) [0.2] [1.5] (0.6] [0.3] (0.4]
137¢s (pci/kg) 150 1500 1800 1100 750 600

90, (pCi/kg) ~1000 - - - - -

“O (pci/g) 16 15 16 12 9 17



Nuclide

lblA-

239'260'u

Z39Pu
2SOU
234,

aafPa

*B“Th

232.llh

ZBOTh
zzaTh

227Ac

228R‘

226R.

210Po

210Pb

137c.

9°Sr

Table 37

Ratio of Se'ireat t: Dissolved Radionuclides
(expressed as <y = A; per g sed./A; per ml water)
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Mono L. L. Abe-t Walker L. Pyramid L. Goose L.  Summer L.
6:103 - . - - - s
2x10? 2103 x10" 2x10° - ”
2x103 3x10° Ix10" 4x10° - -
1x10° 6x10’ sx10* 2x102 x10! 2x10!
1x10} 5x10 5x10 2x10° 3x10} x10’
ix10? - - - - -

[1x10'] T6x10") (8x10%) [2x10°) [6x10%] -
7x102 2x10° 3x10° 1x10° - -
5x102 2x10° 2x10° 1x10° - -
5x102 2x103 x10* 4x10* - ”

[>4x10*] - - - k. .
2x10° - - - - -
2x10° 5x10° 8x10° 2x10" 2x10" -
8x10° 1x10° 2x10° - - -
4x10° Ix102 2x10" - - -
8x10’ - 1x10* 8x10° - -
6x10° - - - - -
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higher ionic strengths (especially higher Na*, K*, Cs*) of Mono L.

and L. Abert than to the effect of carbonate complexing. However, fcr
consistency, we have reported the data for these nuclides in the same form
as for Pu, U and Th isotopes, which probably all are strongly igflucnced

by casbonnte ion complexing. The distribution coefficient of232 Pa 230
(1“1923 in Mono L. (Figure 29) is quite similar to those for Th, Th
and Th.

Presentation of data on log-log plots can sometimes obscure valuable
information. The effects of carbonate complexing o: enhancingdg?lubglity
of both Pu and Th appear to be ver a , and_can be readily obser-
ved on a linear plot of dissolved ¥3;.5§8Pu’ gasTh cnd-gssTh vs. carbon-
ate alkalinity (Figure 31) for the alkaline lakes (radionuclide data from
Table 35). Another illustrative comparison can be made between dissolved
radionuclide concentrations in Mono L. and seawater (Table 38). In this
case, concentrations typical of the upper few hundred meters of the water
column in the northern hemisphere have been used for the oceag, to permit
reasonable comparisons for the fallout nuclides. Deep ocean Ra values
are much higher (by a factor of = 5) than the value quoted in Table 38 but
fallout ““f§§“ activities in deep water are much lower. The ratio of
Mono Lake Cs to that for seawater is 15-20, primarily becaugg of the
deeper "dilution" depth f0f3§his fallout nuclide in the sea. Sr shows a
much lower ratio than for Cs because much of this nuclide has
apparently been removed from solution in Mono L., probably in association
with CaCO3 precipitation in localized deposits near the lake margin. The
meut dramatic trendo.revefled in Table ;gsarezsbe great}y eggsnced?ze
géfsolved cgncentrggjons in Mpno L. of U, U (= 107), Th, Th,

Pa (= 107) and Th (> 107), compared to seawater. Thus, these two
types of saline water with very similar chloride concentrations (= 0.6 m)
differ in dissolved concentrations of radionuclides with oxidation states
of IV-VI by orders of magnitudes. The primary cause of this difference
appears to be complexing by carbonate ion.

8.0 LABORATORY DISTRIBUTION COEFFICIENTS FOR MONO LAKE USING TRACER
ADDITIONS

The data discursed up to now were obtained from analysis of radio~
nuclide abundances already present in natural waters. The only tracer
additions made were for yield measurements, The most commou method for
estimating distribution coefficients is to add tracers to small laboratory
samples to simulate real systems. We have performed a few of these equil~
ibration experiments using Mono L. water and sediments for Sg,p.rilon with
our field sample data. For plutonium experiments, we used Pu, an alpha
emitcer normally used in our laboratory as a yield tracer. Small quan-
tities of fine-grained Mono L. sediment (10 or 50 mg, dry weight) were
added to 100 ml of o L. water. After stirring for a few hours, approx-
imately 100 dpm of Pu was added in dilute acid solution to the suspen-
sion and allowed to equilibrate for 10 days. Then the particles were
separated by filtration and the particle and solution !D,l.l were analyzed
separately. For 10 mg of plrticleggzabout 0.3 dpm of Pu adsorbed to
the solid phase, while 108 dpm of Pu stayed in solution (Table 39, K4
= 3x10°). For 50 mg of particles the Kq obtained was about 4x10°,
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Table 38

Comparison of Dissolved Radionuclides in Mono Lake and Sea Water

Mono Lake

Nuclide (pCi/m”)

241 am (11D) 1.8

239,205, (1v-vI) 13

0.54

2385, (1V-V1)

238

U (VD) 170,000

234y (vD) 230,000

231pa (V) 115

234 ..

Th (1IV) (220,000)

232 (1¥) 690

230

Th (1v) 1,330

Th (1IV) 790
(rrn) {2,
(11)
(11)
(1v)
(11

137¢s (1)

Wsr (11)

HTo (T.V.) 70

a) Livingston and Bowen, 1976

b) Bowen et al., 1980
¢) Ku et al,, 1977

d) Moore and Sackett,
e) Bhat et al,, 1969
f) Kavfman, 1969;

1964

1981

Moore,

Surface
Sea Water

(pci/m’)
0.234
1.4°
0.055b

1,100¢
1,300¢
0.14
800®
<0,008f
0,64
<0.48

20h

gol

15®

g) Knauss et al,,
h) Kaufman et al,
i) Bruland et al.

23 ?gson et

ke
Cs to SUSr

1) Bowen et al.

m) Roethcr, 1967

Mono L./Sea Water

8
9

10

1978

. 1973

, 1974

1976; Nozaki et al., 1976
ratio assumed to be 1.5
1969




Table 39

Laboratory Distribution Coefficient Measurements - Pu

Solution Sediment Distribution
Solution Sediment Solution Sediment Activ&g; Activsgzr Coefficient
Composition Composition Volume (ml) Mass (mg) (dpm Pu) (dpm u) (ml/g)
Mono L. water (A)  Mono L. Sed 100 10 107.741.4 0.31£0.03 3x10°
Mono L. water
free of inorganic
carbon (B) " " " 43.2%1.4  52.2 *0.9 1.2x10"
A+B (50/50) " " " 101.4%1,2 9.05%0.01 s5x10°
Mono L. water (A)  Mono L. Sed 100 50 98.6%0.7 0.190.04 4x10°
Mono L., water
free of inorganic
carbon (B) " " " 31.7%0.4  70.0 2.0 4x10°
A+3 (50/50) " - " 100.8%1.2 0.07%0.02 1.4x10°

£8
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These values are substantial}y different than we obtained from our field
measurements (Table 37, 2x10°). A second set of experiments was conducted
using Mono L. water which had been first acidified, stripped of COZ‘23nd
readjusted to pH 10, In this case, a much larger fraction of the Pu
activity adsorbed to the particles (52 dpm for 10 mg and 70 dpm for
50 mg). The Kq values derived for these equilibrations were 1.2x10 and
4x10" , respectively. We also used a mixture of ‘ono L. water plus
Mono L. water free of inorganic carbon (50/50) to equilibrate with 10 and
39203 of sediment particles. In both cases a very small fraction of the
Pu activity remained in solution, with Ky values slightly lower than
for pure Mono L. water. We expected the K4 results to be slightly
higher rather than lower, but do not believe the difference is very
significant. These laboratory tracer experiment results clearly demon-
strate the strong effect of inorganic carbon (presumably carbonate ion)
complexing, but the absolute values of distribution coefficients for
plutonium are quite different from thos~ we derived by analysis of radio-
nuclides from field samples in Mono L.

An analogous group of laboratory experiments was also conducted for

Po using Mono L. water and sediments (Table 40). Polonium became
associated with the particles to a greater extent than did plutonium, but
the large effect of carbonate ion ua!‘elso clearly demonstrated. The
dist~ibution coefficient xalues for Po in the laboratory experiments
using Mono L. water (7x10°) were about an order of nggnitude lower than we
derived from our field measurements in Mono L. (8x107).

210

9.0 DISTRIBUTION COEFFICIENTS FOR MONO LAKE WITHOUT TRACER ADDITTONS

In most nsiural waters, the concentrations of radionuclides already
present are usually too low to permit distri. 'tion coefficient measure~
ments on sma sam 8. the se o ono L., howe s e concen-
trations of HSU, ggsU, 2;9Th, 288Th, szyTh and even XSE’ZEBP“ are
sufficiently high to permit measurements of radionuclide concentrations in
water and particle phases without tracer additions (except as yield
monitors). We performed a series of large volume equilibration experi-
ments (1980) at Mono L. (80 liters of Mono L. water and 100 grams of wet
Mono L. sediment) to .nvestigate the importance of carbonate complexirg
(Table 41). The !§3i558t' were fr m 30-50 cm below the sediment surface,
and thus free of »" "Pu prior to the experimegs9 260
After equilibrnsion for 48 hours, the dissolved ’ Pu concentration
(12.620.6 pCi/m”) was the same as; a frel?g'!ﬂﬂle of Monc .. surface
water., We were not able to detect any ’ Pu activity on the par-
ticles above our background. Equlibration of sediments with Mono L. water
acidified, stripped of COp, aggsrsgsored to pH 10 resulted in a very high
fraction of the totaé sample ’ Pu activity being adsorbed by the
particles (Kq = 3x10 ). An additional equilibration of walei and sedi-
ment after addition of sufficient Na2CO3 to restore carbunate alkalinity
to a value comparable to unperturbed Mono L. water (cnrbog,gezhalkllinity
= 0,7 eq/1) resulted in approximately the same amoynt of »" "Pu
activity associated with the two phases (K4 1x107). Thus the distri-
?ysiggocoefficient we measured by first inducing adsorption of fallout

»“""Pu, followed by desorption resulting from carbonate conp}cxing.
was quite comparable to the ratio based on our field data (2x107),.



Table 40

Laboratory Distribution Coefficient Measurements - Po

Solution Sediment Distribution

Solution Sediment Solution Sediment Activis; Activi&x Cecefficient
Composition Composition Volume (ml) Mass (mg) (dpm Po) (dpm Po) (ml/g)
Mono L. water (A)  Mono L. Sed 100 10 161.5%4.3 11.420.3 7x10%
Mono L. water

free of inorganic &
carbon (B) " - . 18.5%C.3 137.5%1.0 7x10
A+B (50/50) " " " 105.4%1.8 49.2%..0 sx10°
Mono L. water (A)  Mono L. Sed 100 50 121.1%1.6 42.7%1.0 7x102
Mono L. water

free of inorganic .
carbon (B) - - - 12.3%0.3 179.0%1.0 3x10
A+3 (50/50) " " " 31.120.7  126.6%1.0 8x10°

c8



Table 41

Field Distribution Coefficient Measurements - Pu

Recovered Solution Sediment Distribution

Solution Sedinent Solution Sediment Dry Actsvssx ol Activ&t;sg 260 Coefficient
Composition Composition Volume (1) Weight(g) (pCi/m » T TPu)(pCi/m »" " "Pu) (ml/g)
I Mono L. water (A)® Mono L. Sed 80 23.5 12.6%0.6 N.D. -
IT1 Mono L. water ()P " 80 46.6 0.5%0.1 14.2%2.7 Ix10"

free of inorganic

carbon
111 Solution BS " 80 40.8 6.9%0.4 8.9%0.4 x10°®

plus sufficient
NayC03 to restore
conditions similar
to A

a) =100 g of wet sediment from the bot:iom of Mono Lake Core #]1 was equilibrated for 48 hrs,

b) =~100 g of wet sediment was equilibrated for 48 hrs. with 80 liters of Mono Lake water which had been acidified,
bubbled with N2 to remove CO2, and readjusted to pH 10 with NaOH,

¢) An identical experiment to that above (b) was done, followed by reequilibration after NayC03 was added to restore
conditions to those similar to unperturbed Mono Lake water.



A similar series of experiments was performed in the laboratory du:ing

980 u 0 L. er and iments to establish the partitioning o

323, !%2;’"332rh. ’S%Th and 35 Th (Tables 41 and 42). The ngo!e& pro-
cedures employed were the same as those described above for ’ Pu,
except that much smaller quantities of water and sediments were used.
Approximately 2 liters of water and 0.5 g of sediment were sufficient to
measure both uranium and therium isotopes. In one set of experiments
stirring was accomplished by bubbling a stream of air through the suspen+
sion (Table 42), and in the second set of experiments nitrogen gas was
continuously flushed through the experimental vessels (Table 43). In both
sets of experiments the adsorption of Th tc particles was lubltunclallya
incr!’,;: vgsaranorganss carbon was removed from the water (Kq = 5-7x10

’

for and a'l'h), ared with mix fresh Mono L. water and
sediments (K4 = 0.7-2x10° for Sg!gh. 93U’l‘h and !Q‘Th). These latter

values were quite comparable to thogc we obtain from field sample measure-
ments (Table 37, Kg = 0.5 to 0.7x107).

10.0 CONCLUSIONS

The data reported here for radionuclide concentrations in a group of
alkaline lakes demonstrate clearly that effective solubilities of a number
of nuclides with oxidation states of [II to VI are substantially higher
than in natural waters with lower carbonate fon concentrations. 1In
addition, the degree of solubility enhancement is proportional to carbon-
ate ifon concentration, especially for elements such as Th_and Pu_(Simpson
et al., 1983). Concentrations of dissolved U and Th (lO'6 - 10-* mole/1)
in the highest alkalinity lakes (0.5 - 0.7 eq/l of carbonate alkalinity)
demonstrate substantial mobilities for elements with oxidation states of
IV and VI in natural waters with appreciable carbonate ifon concen=
trations. Although both laboratory distribution coefficlent experiments
and pure-phase thermodynamic solubility calculations clearly support the
importance of carbonate complexing in enhancing actinide solubility,
neither of these approaches is able to accurately predict or explain
distribution coefficients based on field sample radionuclide concentration
measurements, There is clearly no adequate substitute for such field data
in assessing radionuclide transport pathways and rates for possible
releases from a high level waste repository to groundwater,

11.0 RECOMMENDATIONS

Design and performance assessment of high-level radionuclide waste
repository facilities requires consideration of a laryge set of complicated
and interactive processes and components. Some of the most {._ortant
elements of choice for appropriate sites and design strategles are the
geologic and hydrologic environments to be used. Solid phase and ground-
water chemical conditions, as well as groundwater movement rates in the
vicinity of a waste repository will be very strongly influenced by both
geologic and hydrologic conditions. Behavior of radionuclides in a
variety of groundwater environments can be computed on the basis of a
variety of thermodynamic and laboratory simulation models to gain insights
about important processes, In addition to these activities, however, it
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Table 42

Laboratory Distribut ion Coefficient Measurements - Th, U*

Recovered Solution Distridbution
Sediment Solution Sediment Bry Activity Coefficient
Composition Composition Volume (1) Weight(yg) Woc | ide (pci/1) (ml/g)
Noso L. water (A) Woso L. Sed 2.20 0.38 :"a 0.642 4,03 0.53%0.06 o.n:
B 1.28% 0.04 0.98:0.08 #x10
:“u 0.94% 0.11 0.6620.09 m10?
”’.% /e t9 1.6 0.2 sx10°
v 451 1.1 2.2 =10°
I1 Moo L. water - 2.40 0.44 :”u 0.272 0.02 1.7120.11 sx10’
free of inergeanic o 0.54% 0.02 3.6420.16 Txiv
:“a 0.441% 0.06 2.5020.26 uu:
», 32 4 20.4 20.5 6x10
1%y, a8 26.7 0.6 ex10}
111 Solution B - 2.40 0.70 :"u 0.53¢ 0.02 0.48%0.06 m10?
plus sufficient Taam 1.10 0.03 0.7616.08 7103
NazCOD3 to restore - m 0.67% 0.05 .5820.10 9107
conditions similer ”’:o 2 W 1.1 20.1 w107
v a6 19 1.9 201 &x10

a) Suspensions mixed for a period of | week with & streasm of asir bubbles



Table &3

Laboratory Distribution Coefficient Measurements - Th, U*

Recovered Solution Sediment Distribution
Solation Sediment Solution Sediment Dry Activity Activity Coefficient
Composit ion Composit ion Volume (1) weightl(g) Nuclide (pci/1) (pCilg) (ml/g)

1 l!ln 3
Moso L. water (A) Mono L. Sed 2.5% 0.43 : 0.49% 0.02 0.66%0.08 1x10}
o 1.0%¢ 0.03 1.0520.10 12107
: 0.58% 0.05 1.3320.23 2x10)
e 357 m 1.5 20.2 4x10)
v 473 19 2.7 0.2 6x10
IT Mome L. water - 2.45 0.51 :”a 0.25¢ 0.01 1.8020.10 10’
free of imorganic b 0.49% 0.02 3.5820. 14 =10’
carbon (8) :“n 0.42% 0.04 2.02%0.13 mo:
z"b us 2 3.1 20.2 sx10
y 489 110 3.9 0.2 ax10°
11T Selution B - 2.45 0.78 :"a 0.30% 0.01 0.2120.01 =102
pius sufficient u“n 0.61% 0.02 0.3820.02 sx10?
Na2003 to restore - 0.54¢ 0.05 0.2410.01 ulo:
conditions eimiler - % 33 12 1.5 0.1 &xlQ
to A e 460 S 2.2 0.1 sx10°

a) Suspensions mixed for & period of | week with a stream of N2 bubbles

68



90

is important to accumulate sufficient information on radionuclide behavior
in natural systems to provide direct indication of likely soluble phase
nuclidc concentrations in the far field for & number of geologic and
hydrologic conditions., We recommend that a significantly larger research
effort should be devoted to the study of radionuclide behavior in natural
environments than is presently occurring. This effort is not presently
being accomplished under the general category of “"site characterization”,
and represents what should be a more important component of the national
program in high level nuclear waste mauagement,

12.0 PLANNED RESEARCH

The data reported here were obtained to provide information about the
influence of carbonate complexing on radionuclide mobility in natural
waters. We are currently analyzing water and sediment samples collected
from high sulfate and high chloride environments to establish the effect
of these anions on enhancing or reducing solubilites of radionuclides in
natural systems. The fileld environments from which these samples were
collected include evaporite deposit areas (gypsum or halite) in the USA
(New York and New Mexico) and saline lakes in western Canada.

Based on the information gained from the reseach presented here, and
preliminary data from other field environments, some specific areas of
research that need to be addressed are:

a) the apparent mobility of Pu and Th in extremely high SOuz' lake waters,
b) the kinetics of U reduction in anoxic waters,

c¢) redox controls on Th and Ra mobility in groundwaters, and

d) development of improved analytical procedures for determination of
radionuclides in high DOC, anoxic waters.
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APPENDIX I
Mono Lake U and Th Concentrations
238y = 170 pci/1
Conversion to molar units:

2.22 d 5.26x10° min . 4.51x10%yr 1 mole
apm x x x
pCi Yr 1n2 6.02:1023 atoms

= l.26x10"a x ggi = mole
1 1

238y = 1.7%10% pei 5 1.26x10°% = 2.1x10~° mole/1

- ——— -~~~ -

2321y = 690 pCi/m®

Conversion to molar units:

2.22 dpm x 5.26+10%min , 1.39x10'%yr 1 mole x 107%n°
pCi Yr In2 6.02x10% atoms 1

= 3.80c10° ! x pCi./ll3 = mole/1

2321, = 6.9%10? pci x 3.89x107'! = 2.7x10"° mole/l

-3
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APPENDIX II

Uranium and Thorium Solubility Calculations for Mono Lake 2

] h
Assumed solubility limiting species U02(0OH)2(s) Tho2(s)
Solubility product (Kg) 10-%3 10-34
log(U022*]=(1log Kg+28.0-2pH) 10~ 5mole/1 --
(pH=10)
log[Th**]=(log Kg*56.0-4pH)P -- 10~*%mole/1
(pH=10)
U0, 2*43003% 7+, 00,(C03) 3" (83 )¢ 102" -
'rh“*¢scogz'¢.m(co3)56‘ (Bs )€ - 10"
U(VI) complei/U02°*-Mono Laked 1022 o
Th(1V) complex/Th'*-Mono Laked - 1033

T Most of the calculations summarized in this table are based on results
from Allard, 1982,

b values of [Th“’] tabulated were computed from the expression shown in
this table (taken from Allard, 1982). Another cnlfglation of ThO2
solubility suggests ITh(IV) concentrations of =10""" mole/l above

pH=8, including hydrolysis effects but not carbonate ion (Langmuir and
Herman, 1980).

€ These complexes were chosen to illustrate representative actinide
carbonate complex constants for Mono Lake, based on personal
communications with Prof. I. Grenthe, Royal Institute of Technology,
Stockhnlm, Sweden.

d Mono Lake water contains total carbonate ion concentrations of 2:10'l
mole/l (Simpson and Takahashi, 1973).
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APPENDIX III
Fallout Nuclide Inventories in Mono Lake and Lake Abert

Our primary attention has been directed to obtaining dissolved and sediment
fallout and natural radionuclide concentrations in alkaline lakes to establish
effective distribution coefficients for these nuclides. In the case of fallout
nuclides, because information is available on delivery rates per unit area, we
can also compare our measured inventories with those expected from regional
fallout data. Our water and sediment data is most compreheasive for Mono L.
and L. Abert, ,ggv’“sonfine inventory estimates to those two lakes.

Dissolved »“""Pu was measured a number of times in both Mono L. and
L. Abert (Tables 2 and 3), and our best estimates of average water column
concentrations for the two lakss yere 13 pCi/m” and 11 pCi/m”, respectively
(Table 35). Total diasolxed £33, & Puacan then be estimated by multiplying
by lake volumes of 2.7 km~ and 0.13 km  for Mono L. and L. Abert (Table 1).
Mono L. has declined in volume substantially since diversion of a major
fraction of its stream inputs by the Los Angeles Department of Water and Power
began in 1940 and expanded in later years, especially since 1970. Our estimate
of volume for the period of our sampling probably has an uncertainty on the
order of * 10%, but should not be much greater becauoezygng“b. is relatively
deep (mean depth = 17 meters). The total quantity of »“ " "Pu in the water
colunn of L. Abert is somewhat more diffcult to estimate, primarily because of
the large changes in volume experienced by this very shallow lake (mean depth =
1.1 meters in August, 1981) over fairly short periods of time. At the level
existing in 1981, a change in surface elevation of 0.5 meter can result in a
total volume change approaching a factor of two. We have estimated the volume
of L. Abert during our sample collection (August, 1981) by comparison of the
chloride concentration in the lake at the time of sampling (26.1 °/**) with
published data (Table A-1) on chloride and lake surface elevation between 1939
and 1963 (Figure A-1) to estimate the lake level. This computed lake level was
then used to estimate the lake volume, based on published (Table 2 in Van
Denburgh, 1975) bathymetry information (Figure A-2). Two of the data points
(obtained in the 1940's) shown in Figure A-l were ignored in estimating the
relationship between chloride and surface elevation because they fall well
outside the range of the other points, and because the sampling locations at
the lake were not reported. Significant errors in estimating the surface
elevation of a very shallow lake can be made in the absence of careful
surveying to fixed bench mark positions during low wind conditions. From the
information plotted in Figures A-1 and A-2, we estimate the volume of L. Abert
in August, 1981 to have been = 0.13 lm", vhisg igolelu than 5% of the volume of
Mono L. The total quantities of dissolved »“""Pu in Mono L. and L. Abert
were estimated to be 35 mCi and 1.4 mCi, respectively (Table A-2). The total
quantities of other dissolved fallout nuclides were estimated (Table A-2) by
multiplying the cogg*ntrationo liltf97in Table 35 by §Be volume of Mono L. as
diacuncgd above: Am (4.9 mCi), Cs (5400 mCi), ""Sr (430 mCi) and HTO

(6.1x10° mCi).

Estimation of the total sediment burden of fallout radionuclides in the two
lakes is considerably more difficult than for the water column, primarily
because sediment depcsition patterns tend to be extremely heterogeneous.
Fallout radionuclide concentrations in sediments are li,s’d for Hggg kaoin
Table A-3 and for L. Abert in Table A-4. Integrals of Cs and ’ u
accumulation are listed for each core in Table A-5, expressed in terms of
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Table A-1

Lake Abert Surface Elevation and Chloride Concentrations*

Year of

Sampling

'39
‘44
'45
'55
'56
'57
'58
's8
'59
'59
'61
'61
'61
'61
'61
'62
'62
‘62
'62
'62
'62
'63

*Phillips and VanDenburgh, 1971

(1939-1963)

Lake Level
(fe)

4,248,2
4,249,1

.- w

Chlorigo

28,500
16,600
22,900
14,000

7,760

7,440

6,780

5,140

7,040

7,570
13,900
14,100
15,500
19,200
20,800
19,300
18,100
17,900
16,700
22,000
25,000
15,500



Lake Abert

|

Lake
Surface
Elevation

(4,2XX")

Chloride (%o) ——




Lake Abert

- Lake
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(4,2XX")

Lake Volume (acre-ft x|O3)——>
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400

300
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Table A-2
Alkaline Lake Radionuclide Inventories

Mono Lake 5hert Lake

239.2u0

Diss>ylved Pu (mCi) .SXlO’ 1.4x10°

Dissolved **’an (mCi® .9x10° -

13

Dissolved '¥7Cs (mCi) 5.4x10° (3x102)

Dissolved “°Sr (mCi) .3x102 -

Tritium (mCi)* .1x10° 1.5x10"

239’2~0

Sediment Pu (mCi) 4x10° 6.5%10

Sediment 237Cs (mCi) .6x102 A.3x103

Sadiment 90Sr (mCi) .3x103) -

239 240

Total lake Pu (mCi) .QxlOl 6.6)(10l

Total lake '37Cs (mCi) 6x103 (4.6x10°)

Tota! lake °Sr (mCi) .7x10%) -

239'2h0 137

Total lake P/ 9x10~3 1.4x10~2

*To obtain pCi/m3 from T.U. by 3.24x10°




Table A-3
FPallout Radionuclide Inventory in Mono Lake Sediments

Dry Weight 137 137
Laboratory Sample wt, Density " Cs e Pu

233'2‘~C°u .’39'2“0
Control # (g) (g/em”) (pCi/kg) (mCi/km?®) (pCi/kg) {(mCi /¥xm?)

1373A . 0.32 132 ‘ 2. 0.041
0.45 275 . 8. 0.085
0.34 260 0. 0.069

0.36 16 " .D.

'0.33 60 D.

)

1.
6.
"
N.
N.




Table A-3 (Cont'd)
Fallout Radionuclide Inventory in Moro Lake Sediments

Dry Weight 137 137 239 240

Laboratory Sample wt, Density " Cs Cs Pu

239 2“0p
’ u
(g) (g/em”) (pCi/kg) (mCi /km?) (pCi/kg) (mCi /km?)

Control #

o7 146 1.12 0.05
7! 122 0.87 14, 0.10
75 231 1.73 101. 0.76
56 - - 10. 0.06
.54 131 0.70
. 86 0.44
.60 128 0.76
.66 30 0.20
57 60 0.34
52 32 0.33

6.49

15.4
14.2
15.0
1.3
10,7
10.3
11.9
3.4
313
20.7

U

1677

R

=Nl R Ne NNl

i

oa:u;huln(.\uw—-a
OGOV WN -

168 .21
210 .88
119 .86
83 .39

¢ .33

104 .56
.03

5 4

.65

.20

14 .4
17.9
14 .4
9.3
10.4
10.8
10.5
11.6
10.8
19.6
18.7
173
36.3
53.6

0-1
1-2
2=3
3-4
4-5
5-6
6~7
7-8
8-9

0.24
.60
0.67
.65

COOCOO0OOOCDOOCOCOO

ZXr*XxXuUmxXxOTYm




Table A-3 (Cont'd)

Fallout Radionuclide Inventory in Mono Leke Sediments

Dry Weight :
o 137 137 239 240 239 240
Laboratory C Sample wt, Density Cs ‘Cs Cadt ’

“Pu Pu

Control # (g) (g/cm”) (pCi/kg) 'mCi/kqil (pCi/kg) (mCi /km?)

12,7 0.64 110 .70 . 0.04
15.0 0.75 112 .84 . 0.06
14.5 0.73 287 .08 : 0.16
1.3 0.57 420 .37 Yo 0.49
12.1 0.61 167 1.01
kl.} 0.56 110 0.61

0.49 176 ).86

0.53 118 .62

0.57 158 .90

0.60 71 0.85

0.51 107 1.09

0.45 75

0.43 34

0.52 17

0.45 37

-
|

!
WV 4 W N e

1678A

e
Ve g

WP LN -
i i

el
|
p—

0.79
0.60
0.70
0.51
0.60
0.68
0.56
0.62

t 1 1
N -

[

U |

|
O

(x)\n:rw&'\,;w.-o
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Table A-3 (Cont'd)

Fallout Radionuclide Inventory in Mono Lake Sediments -5
. ——
Dry Weight : ae == g
Laboratory Core Depth Sample wt. Density A37Cs x'”Cs; ; 2”'“0Pu 239'2*03"17
Control # # (cm) (g) (g/cm”) (pCi/kg) (mCi /km?) (pCi/kg) (mCi/km")
1680A 8B 0-1 17.0 0.85 63 0.54 -
B - 1-2 11.2 n.56 410 2.30 -
C " 2-3 9.8 0.49 - -
D " 3-4 11.2 0.56 98 0.55
E » 4=-5 10.7 0.54 - -
F w 5-6 13.0 0.65 - -
G = 6-7 11.6 0.58 177 1.03 -
442
CN1681A 9A 0-1 15.5 0.78 49 0.38 7.2 0.06
B - 1-2 11.7 0.59 99 0.58 13.7 0.08
c . 2-3 11.9 0.60 333 1.98 71.7 0.43
D " 3-4 12.3 0.62 73 0.45 14.0 0.09
E " 4-5 19,2 0.96 58 0.56 -
F - 5-6 9.9 0.50 15 0.07 -
G " 6~-7 15.7 0.79 74 0.58 -
H " 7-8 11.6 0.58 - - -
I " 8-9 11.8 0.59 - -
J " 9-1 21.5 0.53 105 -
K " 11-13 19.5 0.49 105 -
7% 5768
1682A 98 0-1 17.9 0.90 99 0.89 -
B ¥ =2 13.2 0.66 253 1.67 -
C » 2~3 16.8 0.84 31 0.26 -
D " 3-4 17.2 0.86 62 0.53 -
E " 4-5 14.9 0.75 76 0.57 -
F i 5-6 11.4 0.57 115 0.66 -
G - 6-7 11.8 0.59 159 0.94 -
H 0 7-8 13.9 0.70 75 0.52 -
I " 8-9 11.8 0.59 - - -
J - 9-11 23.7 0.59 - - -
K " 11-13 20.0 0.50 37 - -




Table A-4
Fallout Radionuclide Inventory in Lake Abert Sediments

Dry Weight - o :
: 137 137 239 240 239 240
Laboratory Sample wt. Density c *"cs y 240py ’ Pu

vs
Control # (g) {g/cm”) (pCi/kg) (mCi /km?) (pCi/kg) (mCi/km?)

~
0
=)
~

0.34 2195 Te
12 2040 14,
91 2261 20.
.80 2847 L
.83 2680 22.
.98 2226 - |
.86 3010 o
0§ 2419 18.
.71 2489 17 .4
.66 2910 38.4
.63 2781
N 1923
.05 307
.03 71

6.
14,
18.
15,
16.
19.
17.
15.
14,
26.
25.
30.
1C5.

41.

1690A

SNAWVMeE WN ~=0O
i

gD NP WN -

OIS

O N SN WUNOVMON W

B
C
D
E
F
G
H -
I
J
K
L
M
N

wn

.16 1483
.60 1948
.76 2222
.84 2150
% 2302
- 3196
0.71 2882
.78 2849
.73 3255
e 2722
73 2877
.76 2678
0.84 159
0.92 998

o

O

ZE R LUNIEIOMEN IO W >
W 00 00w O ~

NN~ 0V

Omu‘!mv—-.w-c\:-n
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Table A-4 (Cont'd)
Fallout Radionuclide Inventory in Lake Abert Sediments

Dry Weight . !

1 137 7 239 240 239 240
Laboratory Sample wt. Density ’ Cs e Cs 2 =, Py ’ Pu2
Control # (g) (g/cm”) (pCi/kg) (mCi/km®) (pCi/kg) (mCi/km®)

16924 1 12.5 0.63 1627 10.
10.7 0.54 2110 11.
10.7 0.54 2094 11.

7.9 0.40 309
13.8 0.69 1304
15.7 0.79 819
18.8 0.94 734
21.5 1.08 885
21.8 1.09 531
32.9 0.82 324
31.1 0.78 217
77.0 0.96 A

NP WOWVMOPFENUVRN WN

Lt " IRV R - . e RV R

o]
.
o~

0.36 1456
0.54 1815
0.44 1962
0.81 2007
0.70 2185
0.75 2105
0.68 1987
0.62 1692
0.85 841
o 821
o 669
79 386
121

U

I
e DG NE WON e

|

@ W

0
1
2
3
4
G
(’ -
7
8
9
1

—

——— R O

N




Table A-4 (Cont'd)
Pallout Radionuclide Inventory in Lake Abert 3ediments

Dry Weight .

5 137
Laboratory Sample wt. Density ' Cs 37Cq - Pu
‘glem”) (pCi/kg) (mCi/km?) (pCi/kg) (mCi/km?)

9 240
1 239 20, 239 2%

~
0
3
~

Control #

|

0.91 854
n.88 312
0.77 327
0.71 285
0.78 243
0.71 125
0.72 123
0.70 186
0.81 72
0.36 15

1694A
B

I 1 ]

L

WA WOV OWBmWND®

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-1

>
[l
o
el

0.59 826
0.85 451
0.83 304
0.72 191
0.93 79
0.81 34
0.87 -

0.86 41
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Table A-4 (Cont'd)
Fallout Radionuclide Inventory in Lake Abert Sediments
Dry Weight 137 13

7
Laboratory Sample wt, Densigv Cs Cs -
Control # - _(g) (g/em™) (pCi/kg) (mCi/km“) (pCi 'kg) (mCi/km*)

239,J~Cp 239’2“0Pu

u

13. 0.053
12, .060
16 .( .086
23, .108
14.8 .098
17 .098
34, ).269

8.

A ) 0.41 1483
B | 9.

c p

D

0.48 1776
0.54 1852
.69 1368
0.66 1458
0.57 1365
0.79 1973
0.61 1807 17 .108
.67 1189 16, o142
.78 1661 ‘ 21. .339
ot 1 962 . 39. 363
.86 601 . M .332
% 4 264 .9 0.9 0,035
0.79 132 o2 0.11 004
.80 19
% 11
.88 -
0.94

1651

J

13,

E N
F > 11.
15.

12,

13,

31,

11-13 28,
13~15 34,
15-20 75
20-25 78,
25-30 79.
30-35 91
35-40 88.
40-45 94 .

SComoatowne

.
o

2
6
8
8
4
7
2
4
S
3
4
0
8
s
9
3
3




Table A-5

Alkaline Lake Radionuclide Inventories in Sediments

9 2 . 2
234’._Wopu(mcl/km2) 239,LL00 u/137

P Cs

137 0 (mCi /km?)

Mono Lake
i
2A
3A
LA
SA
6A
6B
7
8A
8B
9A
98

>

—

v
G\'b&‘w&‘@d‘uOOON

Lake Abert Core _#_
i

IB

24 -
2B >0.0050

3A -
3B -

4 " 0.0150




' 29
mCi/kmz. e range of “'Cs accumulation rates in Mono L. was_ from

0.25 mCi/km™ to = 15 mfx’hn(, while in L. Abert the sediment *’Cs inventories
were much greater (14-330 mCi/km”). For £5V 4 “wpn the sediment gccumulation
rates varied from 0.01-1.5 mCi/km° for Mono L. and 0.7-2.3 mCi/km“ for

L. Abert.

Our coring sites were not chosen to cbtain samples of the lake sediments
which were equally representative of the different depositional environments.
Instead we generally selected sites which were expected to have high
accumulation rates to obtain sediment samples indicative of the fine-particle
activities during the years of maximum fallout. Thus the total sediment
inventory for the lakes should not be derived simply by averaging accumulation
rates for all the cores and multiplying by lake surface area. In the case of
Mono L., the cores collected in the deep basin south of Paoha Island have much
higher fallout nuclide accumulation rates than for the rest of the lake, Lake
Abert has its highest fallout nuclide accumulation rates near the stream input
at the south end of the lake, with relatively high values also in the deepest
central area. Considering these uncertainties, we have estimated total fallout
nuclides in the sediments as follows:

- average accumulation rate for 12 cores = 4.9 mCi/km3
Cs - lake average estimate, assuming high deposition areas
represent = 10% of total area (ranG 1, 5SA, 6A, 6B,

7, 8A, 8B, 9A, 9B - average 6.4 /km“) and low
deposition areas represent = _90% of ‘)'al ,area (cores 2A
3A, 4A - average 0,45 mCi/km®)

1 mCi/km® x 160 km° = 160 mCi.

1) Mono Lgke
e

L3

- average_accumulation rate for 9 cores =
).48 mCi/km" .

- lake average estimate, assuming high deposition
areas represent = 10% of totgl area (cores 1, SA, 6A, 7
8A, 9A - average 0.70 mCi/km") and low deposition areas

represent = 90% of total areag (cores 2A, 3A, 4A - average
0.017 mCi/km“) = 0.09 mCi/km”

0.09 x 160 = 14 mCi.

2) Lake Abert
W | . o e . b .
A 13}&% average accumulation rate for 7 cores = 148 mCi/km“.
"7 'Cs - lake average estimate, assuming high deposition areas
represent = 10% of total area (cores 1, 1B, 2A, 2B, 4 -
g . 2 "1/ < ) ] : :
average 200 mCi/km ) and low deposition areas represeqgt
®= 90% of total area (cores 3A, 3B - average 18 mCi/km
36 mCi/km) ;
. . . g
36 mCi/km“ x 120 km“ = 4300 mCi.

- accumulation rate for 1 core = 2.3 nCi’kmz.

lqke average ?3rxwﬁte ?§ uming value of 36 mFI/km
for ""'Cs and a Cs ratio of 0.0150 (core
# 4) = 0.54 _mC1/

0.54 mCi/km“ x 12 65 mCi .




We have included several numerical values in Table A-2 in addition to those
discussed a gve. We included S»txmatps for both total lakeigsed&menrs plus
dissolved) ~ Sr and sediment Sr, by assuming a rario of " Cs/ Sr = 1.5 for
the input of these fallout nuclides to Mono L. We also dngved a value for
total lake "~ Cs in L. Abert, by assuming that dissolved Cs concentrations
in L. Abert were equal to those in Mono L.

239 Ihg total quantities (including the water column and sediments) of
Pu in Mono L. and L. gnr' were thus estimated to be 49 mCi and
66 mCi, ;vspectlvvlv. For“ Cs the total inventories were estimated to be
5.6 x 10° mCi and 4.6 x 10° mCi. These "measured" inventories can be compared
with inputs obtained by multiplying fallout delivery rates to lake surface area
during the vears of maximum fallout., A recent attempt to make fallout delivery
estimates in Utah (Beck and Krey, 1983) reported a simple 'inear relationship
between total fallout delivery and mean annual precipitation rate. Using the
elationship derived fnr Utah, we computed tntal fallout del;xgri §o Mono L.
and L. Abert of about 4-5 timesg ,Lhe amounts we measured for Pu and
about three times 28 muLh for ks Cs (Table A-6). Estimates of total fallout
delivery based on ~ Sr deposition in Washington, Oregon and California during
the mid-1960's (Table A-6) were consideraly lower, yielding amounts quite
comparable tc the inventories we derived from measurements in the water column
qqg thmoﬂtb of _Mono L. and L. Abert, Thus the total quantities of fallout
and "“'Cs observed in these alkaline lakes are generally compatible
with regional fallout delivery rates for the sta' 05 daqungtnn Oregon and
California. We conclude that the unusually high Pu concentrations
observed in the water column of Mono L. and L. Abert result from complexing by
carbonate ion, and not from the delivery of any large "extra'" component of
fallout.




137 ,a

239 240, 1

137 4c

239 240, ¢
csd
239.2~0

pud

137, e

239 240, o

Table A-6

Estimated Fallout Delivery of Radionucl*égg

wCi /km? mCi

mCi/km2

mC i

(P=20 cm/yr) (P=20 cm/yr) (P=25 cm/yr) P=25 cm/y

(A=200 km?)

(A=150 km

3

1.4x10"

Z.nx102

6.2)(103

1.2x102

4.0x10°

7.6x10°

3.6x10°

6.8x10"

1.2x10"

2.3x102

5.1x10°

9.6x10"

3.3x10°

6.3x10"

2.9x10°

$.4x10°




Table A-6 (Cont'd)

inated Fallout Delivery of Radionuclides

Beck and Krey (1383) reported the following relationsnip for fallout
1374 delivery (decay corrected to 1979) and mean annual precipitation

rate (P in cm/yr) for Utah (15-50 cm/yr of annual precipitation):
13706 (mCi/km?) = 2.22xP+26 mCi/km?

239.2h0

- 137
Beck and Krey (1983) reported a ratio of 7¢s to Pu

integrated global fallout for samples collected in 1979 »f 5320.5.

239 240 137

Expressed as the reciprocal, this value gives a Pu to Cs

ratio of l.89x10'2,

Simpson (1970) found the following relationship for 903r deposition

vs., annual precipitation in cm for 5 sites in the state of Washington

during the mid 1960's.
90g, (aCi/km?) = 0.46xP+20 mCi/km?

1

37¢s in 1980 _an"be estimated from the above expression for gy by

mltiplying by 1.5 and dividing by 1.41 to correct for radioactive
decay to 1980, 239,240, ¢o 137Ca vas assured to = 1,89x102

Simpson (1970) found the following relationship for 908r deposition vs.

annual precipitation in cm for 2 sites in the state of Oregon during the
mid 1960’s.

0, (uCi/km?) = 0.36xP+12 mCi/km?

137 239'2M0

Cs and Pu deposition in 1980 can be estimated as described in

footnote c.

Simpson (1970) found the following relationship for 9OSr deposition vz.
annual precipitation in cm for 3 sites in the state of California during
the mid 1960's.

9% (mCi/km?) = 0.28xP+1]1 mCi/km?

137¢4 ana 239,240p, deposition in 1980 can be estimated as described in

footnote C.
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s Measurements of the radioisof@pe concentrations of a number of ele-
ments (Am, Pu, U, Pa, Th, Ac, Ra, Pey Pb, Cs, and Sr) in the water and
sediments of a group of alkaline (pHL 9-10), saline lakes demonstrate
greatly enhanced soluble-phase concénfrations of elements with oxidation
states of (III)-(VI) as the result'of &@mplexing by carbonate ion. Ratios
of soluble radionuclide concentrafkions fm Mono Lake to those in seawater
95803 ~] 1n Mgno Le&% %%% timeg that ofzsgawater; were: Pu(=10),

U( =150) , s, Ih, Th(=}0"), and “Th(=10"), JEffective distri-
bution coefficients of these radionuclides @ high C03;°" environments are
several orders of magnitude lower (i.e., lessiparticle reactive) than in
most other natural waters. The importance of 0032' ion on effective Ky
values was also strongly suggested by laboratory experiments in which most
of the dissolved actinide eléments became adsorbed to particles after a
water sample normally at a pH of 10 was acidified, gtripped of all COz2,
and then returned to pH 10 by adding NH4OH. Furthermore, the effect of
complexation by organic ligands is of secondary importance in the presence

of appreciable carbonate fon concentration,
Neither pure phase sélubility calculations nor labogatory scale K4

determinations accurately predicted the measured natural System concen-
trations. Therefore, measurements of the distribution of radionuclides in
natural systems are essential for assessment of the likely f§ge of poten-
tial releases from high level waste repositories to groundwatex.
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