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ABSTRACT

The extent to wh'ich' stored radionuclides and their daughter products ]
' might be released by, and subsequently transported away f rom, a high-level 1

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 f ac-

!tors, including numerical values assigned for solubilities and/or _
sorption-desorption particle af finities (Kg's). Numerical values of
radionuclide distribution coefficients 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.

d Measurements of the radioisotope concentrations of a number of ele-
ments ( Am, Pu, U, Pa, Th, Ac, Ra, Po, Pb, Cs, and Sr) in the water and
sediments of a group of clkaline (pH = 9-10), saline lakes _ demonstrate
greatly enhanced soluble-phase concentrationc of elements with oxidation
states of (III)-(VI) as the result of complexing by carbonate ion. Ratios
ofsoj~ubleradionuclideconcentrationsinMonoLaketothoseinseawater

3 ] in Pu(*10),
U( =150), go Ig =h,g times that of gawater{)were:QO Pa, T Th(=10.), and Th( =10 2Ef fective distri-

bution coefficients of these radionuclides ir; high C03 environments are
several orders of magnitude lower (i.e. , less particle reactive) than in
most other natural waters. The importance of CO32 ion on effective Ka
values was also strongly suggested by laboratory experiments in which most
of the dissolved actinide elements became adsorbed to particles af ter a
water sample normally at a pH of 10 was acidified, stripped of all CO2,
and then returned to pH 10 by adding NH 0H. Furthermore, the effect of4
complexation by organic ligands is of secondary importance in the presence
of appreciable carbonate ion concentration.

Neither pure phase solubility calculations nor laboratory scale Kd
determinations accurately predicted the measured natural system concen-i

trations. Therefore, measurements of the distribution of radionuclides in,

natural systems are essential for assessment of the likely f ate of poten-
tial releases from high level waste repositories to groundwater.
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1.0 INTRODUCTION

One of the most _important f actors governing 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 i

terms of an effective distribution coefficient, K , has considerabled
influence on its transpprt rates.and pathways in aquatic systems. Low1

values of Kd (i.e. < 10 ), defined here as the ratio of the Activity of4

Nuclide R per gram of dry solid material to the Activity of Nuclide R per
al of solution (AR Per gram solid /AR Per mi solution), imply behavior

j of radionuclides predominantly as soluble components with relatively
} little retardation of either diffusive or advectivg) aqueous _ phase trans-port. In contrast, high valuesLof Kd (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

j Kd radionuclides. Because the chemical composition of aqueous solutions
exert a profound effect on K , a single non parameterized distribution! d

| 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 '
p

| 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? i

How do numerical values of effective distribution coefficients
i of radionuclides in real natural water systems compare with

those derived from small scale experiments?
1

| 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? ;

I

1.2 Background and Objectives
,

One method to help establish representative.radionuclide distribution,

i coefficients is through laboratory experiments using small amounts of
solid and aqueous phases. "The compositions of both phases can be readily

j varied in such experiments, and "end-members" such as specific clay miner-
als or manganese oxides and 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
,

1-
.
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U : 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 coefficiente.. but they are not sufficient by themselves to

; establish representative radionuclide behavior in real aqueous systems.1

j . 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 toi

i management of radionuclides. In addition, laboratory. experiments yield
numerical, 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
7
' 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 cis 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 Kd measurements can be found in a NRC summary
I

_

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. These lakes can be viewed as a set of large-scale-

i natural experiments from which the effective partitioning of radionuclides
! between water and solid phases can be observed. The time-scales of

equilibration and special scales represented by these natural lakes are,

much greater than is feasible to employ in laboratory distribution coeff-
,

| icient measurements, and thus cat provide valuable constraints on extrapo-
| 1ations of results from these latter experiments to the real systems of
j primary interest in waste management.
;
.

4 ~1.3 Scope of Research
i.

| Our efforts are directed towards obtaining data on radionuclide
behavior in natural water systems which can provide' critical information;

j for testing of nuclide concentrations computed from thermodynamic models
and small scale laboratory experiments. The systeam 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 sampling are f airly 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 i'

,
of the United States (California, Oregon and Nevada). This area is

!

I

!

i.
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i
characterized by a series of structural basins with no exterior drainage
to the ocean. Many of these interior drainage basins contain persistent

j 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-i

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 being 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-
Thislagtergroup,someofwhichhave_carbonateionconcentrationst water.

of more than 10 greater than in seawater, provides an ideal natural [

environment for establishing the effect of carbonate complexing on radio-
i nuclide mobilities,

8 3I239,2WPu, U, Th, 230Th, Th. Pa, Po,y concentrated
1 and Pb from large samples in the field (80 to 240 liters) after.
I filtration through glass fiber filters, by coprecipitation with Fe(OH)3
' The hydroxide precipitates were returned to the 1sboratory, and analyzed
; by chemical preparation and alpha spectrometry procedures frequently used

inthefieldofchemicaloceaggrapg(Ku, Ig;h were made on saall1971; Kaufman et
Wong,

al., 1973). Measurements of U, U and T-

'

andalpha(g8U, g )) or beta ( g ion, laboratory chemical peg g ration
samples (1- 1it after file

U Th) countingi Wemeaged Ra by!

scintillation counting of its gaseous daughter product, Rn. Cesium-137
wasdeterminedbyY-countingofanexchggeresinusedtoremovecesium
from large samples (40-240 liters) and Sr was determined by 8-counting.,

Sediment samples were collected by coring, and analyzed at many depth
,' intervals for the same nuclides discussed above. |

t

3.0 FIELD SAMPLING LOCATIONS ;
,

i

! The Great Basin of the western U.S. is characterized by a series of
I 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
I glacial period a ntenber of the Great Basin lakes were much larger, due to
! greater precipitation and/or lower evaporation rates, and prominent fossil
!' shoreline features of these pluvial lakes have been studied extensively as

indicators of past c1Lnatic 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
'

;
i 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 ,

L of the saline lakes with high proportions of bicarbonate and carbonate

- _ ._ - _ - - _ _ - _ . _ _ _ . _ - . _ .-_. , _ _ . _ _ . . _ _ _ . _ _ _ _ _ _ . _ _ . _ - _
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derive most of their supply of dissolved ions from weathering of silicate
min 2rals followed by extensive evanoration of the resultant fresh water
streams and springs to produce alkaline lakes (dutchinson, 1957; Broecker
and Walton, 1959; Jones, 1966; Carrels 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. Coose 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. Summec 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 trjbutaries 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

3accessiblelakeswasLakeAbert,wjthavolumein1981of0.1to0.2km
and a surface area of about 100 km .

Sediments from each of the six lakes were obtained by coring, either
i 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
i depth contours are shown in Figures 2-7.

4.0 DISSOLVED RADIONUCLIDE CONC"ENTRATIONS IN ALKALINE LAKES

Concentrations of dissolved fallout plutonitsa in Mono Lake measured at
LDGO are listed in Table 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 dialysis bag filled with " artificial" Mono Lake

water (14litersh3 f radionuclides with surface water from the lake.0
The activity of Pu in water inside the dialysis bag after three
days equilibration was the same as for a fresh sampg g Q ater collectedo
from the lake. Most of the 33 vanes chained for i N were

3between 10 and 20 pCi/m . Samples collected prior to 1980 were unfil-
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

i about half of each year had the same plutonitsn concentrations as samples
from oxygenated water.

|

_ _ ._ . _ _ _ _ , , . . .
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I Table i

Alkaline Lake Physical Parameters

Lake Drainage Drainage Annual
Annual Baaln Saaln Stream
Precip. Annual Area

Inpug)Lake Surface Surface Mean Maulmum
Volup)2 (km(km (en) Precip(ca) (km )Elevation (m) Ares (km ) Depth (a) Depth (m)

Hono L. '64a 1948 200 19 52 3.8 -20 43 1650 -0.10
Mono L. '78 1940 160 17 44 2.7 -20 43 1650 -0.03

L. Abert '60b 1300 150 2 5 0.35 -25 30 2230 -0.07
L. Abert '81 1299 120 1.1 4 0.13 -25 30 2230 -0.06

walker L. '68c 1210 165 24 36 4.75 15 23 % 00 -0.13
walker L. '81 1203 132 -17 -23 2.65 15 23 % 00 -0.08

dPyramid L. '68 1161 460 61 109 28 15 35 7140 -0.31
Pyramid L. '81 1149 420 52 97 22 15 35 7140 -0.16

coose L. '62b 1432 338 0.9 2 0.36 35 35 2950 -0.20'

Coose L. '81est 1431 273 0.6 1.3 0.17 35 35 2950 -0.11

Summer L. '63b 1264 100 <1 2 0.03 28 32 1010 -0.08
Summer L. '8 leet 1263 -60 (0.5 (1 <0.0 2 28 32 1010 -0.05

a) Mason, 1967

b) Phillips and VanDenburgh, 1971 !

c) Rush, 1974

d) VanDenbeitsh et al, 1973

_ - _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _ - - _ _ _ _ .
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MONO LAKE
Eastern Central California :

Elevation-1948 meters (1964)
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Dissolved Flutonium in Mono Lake

Year of Laboratory Alpha Sample Water
p5

7,72M,2d ,Sample Control Spectrum Volume Column 2M,2 2M 2M y,

Collection f f (1) Depth (m) (pC1/m ) (pci/m ) (x100)

'78 1361 357 80 1 19.5 1 0.7 0.8510.11 4.4 1 0.6
'78 1362 356 80 1 19.0 1 0.7 0.65 1 0.10 3.4 1 0.5
'78 1363 358 240 1 22.9 2 1.6 1.2510.25 5.5 i 1.2
'78 1364 359 160 1 19.1 1 0.8 0.78 1 0.11 4.1 1 0.6
'78 1365 360 240 1 16.4 2 0.8 0.48 * 0.09 2.9 2 0.6
'78 1366 361 240 1 11.1 2 0.7 0.54 1 0.12 4.8 1 1.1

'79 1406 459 75 1 12.6 * 0.6 0.5 20.1 4.0 1 0.9
'79 1417 502 14 1 12.6 2 1.2 N.D. N.D.
'79 1421 484 80 1 11.2 1 0.6 N.D. N.D.
'79 1421 484 80 1 18.7 1 1.2 N.D. N.D.

'80 1541 522 80 1 8.1 1 0.4 0.33 * 0.07 4.1 1 0.8
'80 1542 523 80 8 11.7 2 0.5 0.33 * 0.07 2.8 1 0.6
'80 1543 524 80 12 12.1 1 0.8 0.56 2 0.15 4.6 1 1.2
'80 1544 525 80 18 9.2 2 0.4 0.27 1 0.06 2.9 1 0.6
'80 1545 526 80 30 12.1 1 0.5 0.52 * 0.09 4.3 1 0.7
'80 1546 527 80 1(u) 12.7 * 0.4 0.56 2 0.08 4.4 1 0.7
'80 1547 528 80 8(u) 11.5 1 0.4 0.4210.07 3.710.6
'80 1548 529 80 12(u) 11.3 1 0.5 0.51 1 0.10 4.5 1 0.7
'80 1549 530 80 18(u) 3.5 1 0.2 0.12 1 0.03 3.4 1 0.9
'80 1550 531 80 30(u) 12.7 1 0.4 0.40 1 0.06 3.1 1 0.5

'81 1652 592 80 2 7.8 i O.8 N.D. N.D.
'81 1653 593 80 7 10.4 1 0.4 0.4510.07 4.3 1 0.7
'81 1654 594 80 13 10.1 1 0.3 0.35 1 0.05 3.5 2 0.5
'81 1655 595 80 20 11.1 1 0.4 0.4110.06 3.720.6
'81 1656 598 80 30 9.3 * 0.2 0.39 1 0.03 4.2 * 0.4
'81 1637 681 80 2 25.1 1 0.7 1.1 1 0.1 4.3 1 0.4
'81 1638 682 80 20 23.5 * 0.5 0.90 * 0.06 3.8 i 0.3
'81 1639 683 80 30 23.8 * 0.7 0.72 1 0.08 3.0 * 0.4
'81 1657 603 80 2 10.6 2 0.3 0.36 * 0.04 3.4 * 0.4
'81 1658 596 80 2 11.911.2 N.D. N.D.
'81 1659 605 80 2 8.2 1 0.2 0.34 2 0.04 4.2 * 0.5

10.5 ! bb h*N ! h*N h'$ $ b.h*

1 166 80 20 .

t.

,

!
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Dissolved plutonium concentrations in L. Abert, Walker L. and
Fyramid 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.

DissolvedUandThactivitiesinMonoLakearelistedinTablggg. j
Dissolved U values were quite high, averaging about 500 dpm/1 for U, '

- which is almost two hundred times that observed in seavster.- Di,ssolved Th |
values verg3giso 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 i

L., Pyramid L., Goose L. and Summer L. are reported in Table 5. In all I

cases, the U and Th concentrations were considerably gregggr t g in SI*h,
~

ger,butnot as high as in Mono Lake. Lake Abert had U, U, 2 T
228Th and Th concentrations of ongig0% 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 g Mono
geandinTable7fortheremaigderofthelakes. The ratio of Th to

U in Mono Lake was abgg 5x10 , indicating that for this daughter /
parent pair, the parent U is preferentially retained in solution g er230 2 230
the daughter Th by a factor of about 2x10 . Ratios of Th 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 thoritan 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 of the data reported hgg
forLDGOmeasurementsyhesegdependepgresultsprovidevaluesfor Th
(Table 8, USC data), Am, Pa and Ac (Table 9, WHOI data) which
have not been measured at LDGO.

Dissolvedradiumvaluesforggalinelakesarereportedintable10.
Ravalueswere(1978,g80)measuredatThe first two sets of Mono Lake

USC and those for 1981 were done at LDGO. Inbothyghs Ra was measured
by' scintillation counting of the daughter product Rn, which was allowed

,
''

to grow into equilibrium with the parppg isotope in a sealed container.
As for Pu, U end Th, the activity of .RaishigherinMonoIgethanfori

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

..

_n'. sy wr-w m. w- - - g-va w.Ag-- e w* -y ..w- --mw--m---- ~_i- _ _ - _ -
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Table 3

Dissolved Plutonium in Alkaline Lakes

.

Laboratory Alpha Sample Water
239 240 238 238 239 240

gu Pg Pu/ > PuLake Control Spectrum Volume Column *

Sample # # (1) Depth (m) (pCi/m ) (pCi/m ) (x100)
~

L. Abert('80) 1555 538 210 1 6.1 1 0.1 N.D. N.D.
('81) 1670 608 80 1(u) 12.9 10.3 0.45 0.05 3.5 1 0.4"

('81) 1671 609 80 1 12.0 1 0.3 0.47 1 0.05 3.9 1 0.4" ,

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

('81) 1673 602 80 1 10.6 1 0.4 0.43 1 0.07 4.0 1 0.7"

I Walker L.('79) 1428 483 85 1 0.7 i 0.1 N.D. -

('79) 1429 488 85 1 0.5 1 0.1 N.D." -'

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

('79) 1430 489 250 1 0.5 10.1 N.D." -

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

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

('81) 1663 599 240 25 0.19 1 0.01 (0.043 1 0.006) (23 1 4)"

Pyramid L.('80)~ 1554 537 200 1 0.30 1 0.15 N.D. -

('81) 1665 597 240 1 0.29 0.03 N.D." -

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

('81) 1667 601 240 75 0.11 1 0.02 N.D." -

i

,

o

O
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Table 4

Dissolved Uranium and Thorium in Mono Lake

Year of Laboratory Alphe Water Sample
Sample Control Spectrum Column Volume 23g 23g 232 230 228

Th ft Th
3 3 3

Collection # # Depth (m) (1) (pCl/1) (pCl/1) (pci/m ) (pCl/m ) (pCi/m ),

- - 611 2 32 1334 2 52 653 2 40'78 - 1 1.0
400 1 70 1400 1 140 -

1 0.4
', '79 14093 - --

1 0.005 162 2 10 251 1 127 - - -

'79 1409C -

'79 14103 - 1 0.4 - - 750 1 80 1080 t 100 750 1 130
1 0.005 153 1 11 232 2 24 - - -

'79 1410c -

'79 14113 - 1 0.4 - - 710 1 70 1390 1 100 780 2 113
1 0.005 196 1 20 270 1 24 - -

,'79 1411C -
,

1 0.005 116 2 12 190 1 15 - - -

'79 1418C -

1 0.5 - .
- 530 1 90 1980 2 120 630 1 130'79 1419s -

1 0.005 130 t 12 229 1 17 - - -

'79 1419C -

510 1 70 790 1 90 810 1 180'79 14208 - 1 2.0 - -'

'79 1420C - 1 0.005 (4724) (56 1 4) - - -

'80 1541 522 1 0.5 - - 638 2 40 1387 2 62 999 1 101
'80 1541 522 1 0.05 177 1 4 220 1 7 - - -

*80 1541 522 1 80 210 1 13 252 1 12 - - -

'80 1542 523 8 0.5 - - 723 1 33 1420 2 49 1022 1 101
'

'80 1542 523 8 0.05 185 1 3 224 2 4 - - -'

739 * 34 1453 1 49 1046 2 101'80 1543 524 12 0.5 - -

'80 1543 524 12 0.05 187 2 3 220 1 3 - - -

746 1 55 1321 1 75 952 1 102'80 1544 525 18 0.5 - -

'80 1544 525 18 0.05 195 2 9 233 1 11 - - -

'80 1545 526 30 0.5 - - 677 2 57 1531 1 91 1102 2 109
i '80 1545 526 30 0.05 182 2 6 212 1 7 - - -

777 1 36 1340 1 57 664 1 30| '81 1652 592 2 80 - -

815 2 42 1590 1 78 655 2 35'81 1653 593 7 80 - -

871 1 52 1461 * 84 754 1 45'81 1654 594 13 80 - -
,

817 * 49 1358 1 78 671 1 41i '81 1655 595 20 80 - -

'81 1656 596 30 80 - - - - -

728 1 30 1320 1 48 H6 1 26'81 1659A 605 2 80 - -

| 718 2 44 1376 * 80 646 2 40'81 1660A 606 2 80 - -

'81 1661A 607 20 80 - - 698 1 48 1304 2 86 668 2 46

__ - _ _ _ _ _ _ _ _ - _ _ _ _ _ _
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Table 5

Dissolved Uranium and Thorium in Alkaline Lakes

Laboratory Alpha Water
Lake Control Spectrum Column 238, 23%g 232 230 228g Th Th Th

I 3 3Sampled # # Depth (m) (DCI/l) (pci/l) (pCi/m ) (pCi/m __) (pCl/m )
,_

L. Abert 1670 608 1 - - 115 i5 176 17 140 26^" 1671 609 1 19.6 1 1.3 55.1 2 2.3 84 13 107 13 9t" 13
" 1671 738 1 17.6 2 1.0 38.4 1 1.7 - - -

" 1672 604 1 - - 87 *3 114 23 100 13" 1673 602 1 - - 90 23 123 13 107 23

Walker L. 1663 731A 25 51.9 2 1.7 69.6 1 2.2 5.2 2 0.2 8.1 1 0.3 47 21" 731R 25 49.4 2 2.6 75.1 2 3.6 - - -

Pyramid L. 1665 597 1 - - 3.2 1 0.2 4.1 1 0.2 8.310.4" 1665 733 1 6.1 1 0.3 12.0 2 0.5 - - -
" 1666 600 75 - - 2.2 1 0.1 3.0 1 0.1 8.7 1 0.3"

a 1667 601 75 - - 3.9 2 0.2 5.010.2 10.7 2 0.3

Goose L. 1668 732 1 4.2 2 0.2 8.8 1 0.3 - - -

Summer L. 16745 735 1 9.3 0.2 15.4 2 0.3 - - -

;

I

4

0

_ _ _ _ _ _ - _ _ _ _ -_.
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Table 6

Uranium and Thorium Isotope Ratios in Mano' Lake Water
,

-Year of Laboratory Alpha Water
230Th/Sample Control Spectrum Column

(x10 3)U234 23B O 228 232Collection # # Depth (m) U/ U Th/ Th Th/ Th ,

'78 2.18 i .14 1.07 i .09- -

'79 1409 1 1.55 i .79 3.5 i .71 5.6 1 2.9- -

'79 1410 1 1.51 i .19 1.44 i .20 1.00 i .20 4.7 i 0.7-

'79 1411 1 1.38 i .19 1.96 i .24 1.10 i .19 5.1 i 0.6-

'79 1418 1 1.64 i .21 -
. --

'79 1419 1 1.76 i .21 2.04 i .41 1.19 i .32 4.7 i 0.7-

''79 1420 1 1.19 i .13 1.55 i .28 1.59 i .42 (14.1) i 1.9-
,

'80 1541 522 1 1.24 i .05 2.17 i .17 1.57't .19 6.3 1 0.4
'80 1541 522 1 1.20 i .09 - - -

'80 1542 523 8 1.21 i .03 1.96 i .11 1.41 i .15 6.3 1 0.7i

j '80 1543 524 12 1.18 i .02 1.97 i .11 1.42 i .15 6.6 1.0.3
'80 1544. 525 18 1.19 i .08 1.77 i .16 1.28 i'.17- 5.7 i 0.5

'

'80 1545 526 30 1.16 i .05 2.26 i .23 1.63 i .21 7.2 10.8
'81 1652 592 2 1,72 i .11 0.85 i .05 --

'81 1653 593 7 1.95 i .14 0.80 .06- -

'81 1654 594 13 1.68 i .14 0.87 i .07 --

'81 1655 595 20 1.65 i .14 0.82 i .07 --

'81 1659 605 2 1.81 i .10 0.89 i .054 - -
#

'81 1660 606 2 1.92 i .16 0.90 i .08 --

i '81 1661 607 20 1.87 i .18 0.96 1 .09- -

i

!

!
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Table 7

Uranium acd Thorium Isotope Ratios in Alkaline Lake Waters

Laboratory Alpha Water
230 234Th/Lcke Control Spect rum Column

(x10 3)UO 232Sampled # # Depth (m) 't'/ U Th/ Th Th/ Th

L. Abert 1670 608 1 - 1.53 .09 1.21 i .05
-

" 1671 609 1 2.81 .22 1.27 i .06 1.08 i .05 1.9 i .1
" 1671 738 1 2.18 i .16 - - -

" 1.31 .06 1.15 i .051672 604 1 - -

" 1673 602 1 - 1.37 .06 1.19 .05 -

Walker L. 1663 731A 25 1.34 i .06 1.56 i .08 (9) i .40 0.12 i .01

.

1663 731B 25 1.52 i .11" - - -

!

Pyramid L. 1665 597,733 1,30 1.97 i .13 1.28 i .10 2.59 i .20 0.34 i .02
" 1666 600 75 - 1.36 i .08 2.90 i .17 -

" 1.28 i .08 2.14 i .12 -1667 601 75 -

i

Cocce L. 1668 732 1 2.10 .12 - - -

Summer L. 1674 735 1 1,66 i .05 - - -

:

;

v

4

4
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Table 8
4

I Dissolved Uranium and Thorium in Alkaline Lakes (U.S.C. Pata)
!
i Water
. Lake Column 23g 23g 23g 232 230 228g g 7h

3g g,cgfg) g,cgy,33 g,cgf,3) (pci/m )sampled Depth (m) (pci/1) (pc/1) 23%gf238

i

Mono L. '80 30 - - - 216 2 18 631 1 9 1577 2 158 -

!
!

) L. Abert '81 1 13 2 1 2812 2.2 1 0.1 18 2 3 66 1 4 86 2 3 -

i

i Walker L. '81 1 57 1 2 74 2 3 1.3 2 0.06 41 1 6 - 61 2 5 -

;

25 6123 8314 1.4 i 0.07 31 1 4 - 132 1 6 -"

{

Pyramid L. '81 1 - - - 0.59 2 0.09 - 6.8 1 0.5 -

75 0.77 2 0.09 1.1 * 0.14 1.4 * 0.17 0.50 1 0.14 - 0.18 2 0.05 -"

Coose L. '81 1 3.8 1 0.3 5.0 2 0.4 1.3 1 0.12 1.8 2 0.3 4922 53 2 4 -
*

;

i

i

!
!

- - - _ _ _ _ _ _ - _ _ - -
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Table 9

.

Mono Lake Actinide Concentrations (Woods Hole Data)*

Nuclide Activi_ty

239,240pu 11.2 i 1.1 pCi/m

3241
Am 1.22 1 0.27 pCi/m

238
U 108 i 3 pCi/l

234
U 123 1 4 pCi/1

232 3
Th 399 i 14 pCi/m

3230Th 754 1 20 pCi/m

3228Th 435 i 16 pCi/m4

231 3pa 35.8 * 1.3 pCi/m

227 3
Ac < 2.7 pCi/m

* Data are based on a sample collected from the western shore of the lake
having a Cl concentration of 13.2 g/l (Anderson et al.,1982),
Indicating that the shoreline sample reported here was probably diluted.

by about one-third with fresh spring water.

4

JA G

E

!
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Table 10

Dissolved Radium Isotopes in Alkaline Lakes
|

228Lake Laboratory Depth Ra Ra
3 3Sample Control f (m) (pCi/m ) (pci/m ) i

1 450 1 100Mono L. - ('78) -
-

" 1-11 536-

" " 536 506 i 36 231 1 41-

" 15-30 482-

" " 468-

Mono L. - ('81) 1652 2 326
" " " 339 332 1 10 -

L. Abert - ('81) 1670 1 41
" - " " 37 39 i 3 -

Walker L. - ('81) 1663 1 195
" " " 216 199 1 15 -

" " " 186

Pyramid L. - ('81) 1665 30 26
" " " 27 26 i 1 -

Goose L. - ('81) 1668 1 21
a " " 21 20 1 1 -

n n n 19 ,

:

I

.

|
1

1

i
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;- .value of Ra, Laeasured by gasuna . spectrometry determination of Ac
L using a large quantity of CACO 3 precipitated from Mono Lake water. Subse- '

' quent atte:apts to duplicate this procedure have not' been successful. At,.;
,

; present, it_' appears as if the CaC12 we added to the 1981 samples to cause
precipitation of CACO 3 was sufficiently contaminated with radium isotopes
to introduce substantial error in the final measurements. Since we used
several different ' batches of CaC12 during the 1981 field work, we have not
been.abi g o establish consistent enough blank values to obtain g ro-

! ducible Ra values- from measurement of igI8 inunediggg daughter Ac.
The data available to us suggest that the Ra to Ra activity ratio in

'

i the alkaline lakes we sampled is of the order of 0.5.

210 210Dissolved concentrations of Pb and Po, both of which are in the
238

U decay series, are listed in g le 11. Most of the valu g are g the
order of 25-50% of the dissolved Ra concentrations, with y Pb i

j ratios about 0.5. However,L.Aberthadacogderabigigher Pb
. concentration than the other lakes, having a Pb to Rargoof
j greater than 10. One possible explanation could be input 'of Pb by

precipitation to the lake surface. SjgeL.Aberthasthelowestmean ,

gth of the lakes for which we have Pb data, precipitation-supplied |

Pb would be most likelytobesignificantinthisjpgerelativeto
production in the water columng decay of dissolved g through the,

j short-live Rn ( Po (t1/2'" 3pgutes),gggaughterproductsPb(tif2=27 minutes),gf2=3.8 days).i B1 (t1/2 = 20 minutes), and
!

Po(t1/2=2xibo**inL.Abertwhichcouldbesupportedby
^ ~# #** " " * * " " """*

concentration of Pb;

j precipitation can be made as follows, assuming no removal from solution
j except by radioactive decay:
+

] 210 25 cm , 22 Yrs (meaQife(pgp Pb] x Yr of Prectp InZ of Pb)
,

.210' L. Ahert Pb =

{ (max) 100 cm (mean depth)
i

i

; :

210Using a precipitation Pb value of 4 pCi/1 (average of 17 months of3

{ ggeipitation in Connecticut (Bennigger,I I

Pb concentration would be = 3xig pCi/ g76]), the maxistas L. Abert9 Since the measured L. Abert210 ;
j Pb concentration is only = 8x10 pCi/m it i

Pb/ gelear that precipitationg 2 ;
' input could easily explain the very high Ra ratio in the lake |

Using the ab g precipitation input valuel10and assuming no streamwater. i

; 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.

231 , g,3
Also listed in Table 11 is a value of 115110 pCj g for p

Mono L., measurgd at USC. 1he only other reported Pa concentration i

(35.811.3 pCL/m ) was for a Mono L. surface sample, partially diluted with
fresh water runoff (Table g Adjusting this to average Mono L. chlor-
inity (= 20 g/1), the two Pa measured concentra 115 and 54
pCi/m . The concentration of the parent nuclide, gne are:

'

3
U, in Mono Lake is;

i

i
i
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Table 11

210Pb, 210Po, and Pa in Alkaline Lakes (USC Data)231Dissolved

Water
Lake Coluam p3 210 , 231 ,

.

p p |210

Sampled Depth (m) (pCi/m ) (pCi/m ) (pci/m ) |

M no L. '79 1 261 1 9 131 i 5 115 i 10o

1 284 1 14 126 1 5" -

Mono L. ' 80 8 157 * 7 122 i 14 -

30 94 1 3 44 i 6" -

L. Abert '81 1 752 1 45 185 * 32 -

Walker L. '80 1 63 1 5 7.7 * 2.3 -

1

!

,

4

i

,

f

I

I
!

!

1

I

i
I

.

'
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U (1 7x10
obtaiged by multip g 2 g e dissolved concentrationU activity ratio (4.6x10'2)f3 3,

pCi/m ) tig thg U = 7.8x10 pCi/m .
E U ratio in Mono L. is 7-14x10 , or approximately 1-2Thus, the

230 '/ 23:e

with oxidation states of +5 (i.e. g his data suggests that actinidesTh U ratio (Tabletimes the
Pa) experience. complexing influence

by cargate ion similar to that for oxidation state +4 nuclides
(i.e. Th).

topes ( g e also g tained data for dissolved fission product fgout iso-
We

Cs and Sr) in several a11 aline lakes (Table 12). Cs con-'

centrations in Mono L. averaged about 2 pCi/1 for 12 samples collected in
1978, 1980 and i g . H is represents a large fraction of the total fall-
out delivery of Cs to Mono L. , since the total sediment inventory is

i. relatively y 11. In contrast, both Walker L. and Pyramid L. have
j dissolved Cs concentrations which are less than 10% of those for

Mono L. Although the gretter mean depth of Pyramid L. (=3 times that for
MonoL.andWalkerL.)couldaccountforpyyyofthedifference,themain
cause is probably greater partitioning of Cs to the sediments in the .

lesI0 saline lakes (Walker L. and Pyramid L.). We measured concentration
i of Sr in Mono L. for 1978 and 1980 was about 0.16 pCi/1, or about 0.08

l37 Og Cs. his suggests greater removal of Srtopesedimentsthanfor
; Cs, since the fallout delivery ratio of Sr to Cs was about 0.67.

Trititan concentrations for four alkaline lakes are listed in.

! Table 13. H e 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 lakes1

(Mono L. = 70 T.U. and Pyramid L. = 45 T.U.).

.

5.0 SEDIMENT RADIONUCLIDE CONCENTRATIONS IN ALKALINE LAKES
i

! Data for Cs concentrations in twelve sediment cores collected at
nine sites in Mono L. over the period 1978-1981 p{p listed in Table 14
(see Figure 2 for core locations). Most of the Cs activity was con-

;

i fined to the top 10 cm of the sediments, and many of the cores had maximum

values several centimeters below ge;Cs inventory per unit area was grpyp-
surface, but above 5 cm depthi

| (Figures 8 and 9). He sediment
~

f est in the deep central basin south of Paoha Island, and the highest Cs

| activity meas g d was about 0.4 pCi/g. Lake Abert sediments had consider-
1 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 gble
: 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'

1 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 239,2WPu concentrations in Mono L. (Table 17) had g er-
i ally similar trends with depth (Figures 15 and 16) to those for Cs, but

subsurface maxistas concentrations per unit weight of sediment were much
. higher (upg g pCi/kg), relative to surface values (= 10 pCi/kg).

to be much greater than for % on gradients in Mono L. s % m g s tendedj h us, the e Pu concentr ,

Co. lake Abert sediment * Pu
concentrations (Table 18) were similar to the average of Mono L. values,

;

i

i

f

, _ - , . _ - ~ _ - -- - - - -m., - - - - - . _ , ~ . , - - - - - . , - - , - . - - - - , - . . , . , - , , , > - - . . . , - - - , . .- - -
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Table 12
,

137 90Dissolved Cs and Sr in Alkaline Lakes

Water
90 ,137Lake Laboratory Colunut Cs 3

Sainpled Control # Depth (m) (pCi/1) (pci/1)

Mono L. '78 1368 1- 1.87 1 0.04 0.185 1 0.045
1369 1 2.01 1 0.04" -

1370 1 1,57 1 0.03"' -

1371 1 2.00 1 0.04" -

Mono L. '79 1 0.023 1 0.015
;

! Mono L. '80 1541 1 1.9 1 0.2 -

" 1542 8 1.8 1 0.2 0.162 1 0.017
" 1545 30 1.9 i 0.2 0.127 * 0.013

Mono L. '81 1629 2 2.36 1 0.09
" 1630 7 2.25 1 0.11
" 1631 13 2.31 * 0.07
" 1632 20 1.99 i 0.11
" 1676 30 2.26 i 0.08

Walker L. '81 1633 25 0.1310.04

Pyramid L. '81 1634 1 0.11 1 0.05'

" 1635 75 0.17 1 0.05
.

Goose L. '81 1 0.812 1 0.030
,

.

$

i

i

. - , , - - - - . , - - . . . - , - - - - _w. ---- --w- --_ ---~ ,,.
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|Table 13
!

Tritium in Alkaline Lakes

Water Tritium
Lake Sampling Column Activity

Sampled Time Depth (m) (T.V.)

Mono L. 8/80 1 73.1 1 1.1
" " 8 72.7 1 1.1,
" " 12 72.5 i 1.1
" " 18 71.8 i 1.0
" " 30 72.4 i 1.1

-

Mono L. 7/81 1 65.5 i 1.1
" " 10 63.0 1 1.2
" " 30 67.7 1 1.1

L. Abert 7/80 1 35.0 1 0.9

L. Abert 7/81 1 33.8 1 2.5

Walker L. 7/80 1 95.1 1 1.5

Walker L. 7/81 1 86.4 1 5.3
: " " 50 96.7 1 3.6
i

Pyramid L. 7/80 1 47.2 1 0.6
_

Pyramid L. 7/81 1 44.2 i 3.0
" " 15 41.7 1 2.0i

" " 30 44.6 i 1.0
" " 45 43.8 1 0.7
" " 60 46.2 1 0.9
" " 75 44.1 1 3.3

:

1

i

,

o
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Table 14

Mono Lake 137Cs (pCi/kg) In Sediment Cores

Streion # 1 2A 3A 4A SA 6A 6B 7 8A 8B 9A 9B

Depth
(en) CN 1373 CN 1433 CN 1436 CN 1439 CN 1551 CN 1677 CN 1675 CN 1678 CN 1679 CN 1680 CN 1681 CN 1682

0-1 132150 77230 54147 150156 120139 146172 168126 110150 110160 63156 49151 99137
i 1-2 275140 29124 68147 110141 15.1142 122161 210117 112151 42177 410185 99180 253144

2-3 260150 130170 189134 2?' 169 119134 287149 285 65 -104180 333174 31142
,

| 3-4 16140 152181 -37177 83154 420i71 200195 98186 73175 62139
4-5 60140 5138 131183 64142 167153 40168 -11176 58149 76148

86181 104181 110164 -23176 15191 1151565-6 '

i 6-7 - 36216 128i75 5t60 176160 3175 177172 74156 159157
30155 122154 118182 164275 -18175 751667-8 '

8-9 - 76116 60162 121160 158155 97253 -16169 -17177'

9-11 50120 32148 20145 71131 105150 -18141
11-13 -34151 25119 107134 105246 37150

| 13-15 , 8132 -33160 70143 75141 9151
15-20 46133 37123 34122 31125

i 20-25 7124+ 24115 17118 11129
25 -30 1116* 37117 -13121

li31t

i

!

+ 19-23 cm<

o 23-27 em
| t 27-31 cm
|

|

!

i

- - _ _ _ _ _ _ _ _ _ . _ - _ _ _ -_-.
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| Mono Lake Sediment '37Cs
(pCi/kg)
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Mono Lake Sediment '37Cs
(pCi/kg)
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T bla 15

Lake Abert .137Cs (pCi/kg) In Sediment Cores

Station # 1 IB 2A 2B 3A 35 4
Depth
(ca) CN 1690 CN 1691 CN 1692 CN 1650 CN 1694 CN 1695 CN 1651

0-1 21951193 14831260 1627193 1456185 854145 826179 14831140
1-2 2040182 19481105 21101134* 1815181 312174 451144 17761123

| 2-3 2261181 2222197 20941123 19621131 327144 304144 1852189
| 3-4 2847191 2150184 19091127 20072104 285i43 191151 13681101

4-5 2680192 23021117 1304186 2185 83 243139 79255 1458181'

5-6 2226191 31961120 819266 2itSt81 125154 34153 13651122
6-7 30101 % 28821106 734 57 19871113 123154 -62157 1973298
7-8 2419i87 28491109 885154 1692169 186157 41152 1807175
8-9 24891107 32551106 531157 941163 72168 -76155 1189179
9-11 2910188 2722185 324142 821141 15127t -100 61 1661171
11-13 27812100 2877177 217134 669136 -3 +21 962i41
13-15 1923158 2678181 44121* 386129 601128
15-20 307121 159118 121116 264221
20-25 77238+ 998135 132115
25-30 19113
30-35 11114
35-40 -17220
40-45 Si21
45-50 -5116

+ 20-22 cm
* 13-17 cm
t 9-14 cm

M

_ _ _ _ _ _ _ _ _ _ - _ _ . ._



. - .- - .

33

Lake Abert Sediment '37Cs
(pCi/kg)
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Table 16

Alkaline Lake sediment *I37Cs (pci/k8)

Walker L. Walker L. Fyronid L. Fyramid L. Fyramid L. Coose L. Coose L. Sonner L. Summmer L.

Depth Station 1 Station 2 Station 1 Station 2 Station 3 Station 1 Station 2 station 1 Station 2

| (ce) cm 1642 cm 1697 cm 1685 ca 1686 a 1687 cm 1683 w 1684 cet 1688 cit 1689

Surf. floc. 15342161
|

f 0-1 19152120 18712 79 8671179 11962112 12702182 662145 8292199 660tt19 702t102

| 1-2 21701130 21761 72 7671120 12351123 12151121 682176 9912 86 599t 44 5642 40

2-3 4202140 [ } 13872127 9922114 11062 97 629140 7082 52 2492 32 2092 21

3-4 {3020278} 5511 93 4771100 5301140 405238 6052 36 1692 37 402 24

4-5 | ) -142 88 1382 65 2812 83 433134 6522 45 431 36 472 29

5-6 {3377278) -52 81 841 78 1972 84 277237 5922 40 552 42 561 28

6-7 | ) -1452 93 392 65 2182 84 217228 5712 49 222 31 392 23

7-8 {3301173} 322 74 -332 73 782 88 123228 2292 15 101 37 762 28

8-9 { } -902 84 1862 73 522 81 116223 5702 46 122 28 212 25

9-11 {2595277) 202 45 82 51 322 50 82221 3842 24 172 23 241 24

11-13 82 53 33120 2152 18 231 22 92 19

15-15 -131 45 -15219 1052 18 lit 25 22 24

15-20 32 33 -21218 122 19 -42 16

20-25 10t 21

{
|

|

U

t
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Walker Lake Sediment '37Cs
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Pyramid Lake Sediment '37Cs !
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Goose Lake Sediment '37Cs
(pCi/kg)
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Summer Lake Sediment '37Cs
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Mono Lake Sediment Plutonium

239 240 , 238 238p p, p,7239, 240 , 239, 2Wp,j Cs
l37Depth S rum p

(cm) # (pcias) (PCiAg) (x100) (x100)

Station #1 '78
(CN 1373)

0-1 362 12.911.0 1.4220.31 11.0 12.5 9.8
1-2 363 18.811.2 1.6220.33 8.611.9 6.8

' 2-3 364 20.611.8 N.D. N.D. 7.9
3-4 365 N.D. N.D. N.D. -

4-5 366 N.D. N.D. N.D. -,

Station #2A '79,

| (CN 1433)
0-1 462 3.710.9 N.D. N.D. ".8.

1-2 463 1.310.3 N.D. N.D. 4.5

'.
Station #3A '79 *

(CN 1436)
I 0-1 464 4.821.2 N.D. N.D. 8.9

1-2 465 N.D. N.D. N.D. -

Station #4A '79
(CN 1439) J

i 0-1 466 13.5t2.7 N.D. N.D. 9.0
1-2 467 N.D. N.D. N.D. -

Station #5A '80
(CN 1551)

0-1 533 3.320.3 N.D. N.D. 2.8
1-2 534 6.720.6 N.D. N.D. 4.4
2-3 535 32.921.9 N.D. N.D. 17
3-4 548 2.520.4 N.D. N.D. 1.6
4-5 549 N.D. N.D. N.D. -

5-7 550 N.D. N.D. N.D. -

7-9 551 N.D. N.D. N.D. i-

_
_ _ _ _ _ _ - _ _ _ _ _
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Tsble 17 (Cont'd)

M no Like Ssdiment Plutoniua

Depth Se rum Pu Pu p,j239, 240Pu a
9 O 238 238 Pu/ Cs

(cm) # (pci/kg) (pci/kg) (x100) (x100)

Station #6A '81
(CN 1677)

0-1 698 7.010.6 M.D. N.D. 4.8
1-2 699 14.410.8 0.6010.15 4.2 1.1 12.
2-3 710 101.7i3.9 4.0 io.6 4.010.6 54.
3-4 711 10.911.9 N.D. N.D. 7.2

Station #7 '81
(CN 1678)

4.00-1 700 6.8i0.6 - -

1-2 701' 8.510.5 0.40i0.11 4.7 1.3 7.6
2-3 712 17.311.7 - - 6.0
3-4- 713 85.613.3 4.0 10.6 4.710.7 20.

Station f8A '81
(CN 1679)

0-1 702 9.710.6 0.4910.14 5.0 11.4 8.8
1-2 703 18.311.3 0.5910.22 3.211.2 (44.)
2-3 714, 22.812.6 N.D. N.D. 7.9
3-4 715 229.4 6.9 7.1 10.8 3.li0.4 115

Station #9A '81
(CN 1681)

0-1 704 7.210.6 N.D. N.D. 15.
1-2 705 13.711.0 0.6io.2 4.410.4 14,

2-3 716 71.712.9 2.0 io.4 2.810.6 22.
3-4 717 14.011.5 N.D. N.D. 19.

$

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - .__ _ _ __
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Table 18

; Lake Abert Sediment Plutonium,

!

Depth S rum Pu Pu p,j239, 2WPu 'e Pu/ Cs239 2W 38

(cm) # (pci/ M (pci/kg) (x100) (x100)

Station #2B
(CN 1650)

0-1 677 24.6 11.5 }.6 20.4 6.5 11.6 1.7
1-2 678 29.0 11.3 1.1 0.2 4.020.8 1.6
2-3 679 32.3 11.3 2.0 20.3 6.210.9 1,6

3-4 680 35.9 11.2 1.5 0.2 4.020.6 1.8

Station f4
(CN 1651)

0-1 611 13.0 10.8 4 .6420.17 4.911.3 0.9
1-2 610 12.6 10.6 0.81i0.15 6.4 11.3 0.7
2-3 616 16.0 10.6 0.78i0.13 4.920.8 0.9
3-4 617 15,7 10.5 0.7410.10 4.7 iO.6 1.1
4-5 618 14.8 10.6 0.6420.11 4.420.8 1.0
5-6 619 17.2 10.8 0.7310.15 4.210.9 1.3
6-7 652 34.0 11.2 1.8 20.24 5.320.7 1.7
7-8 637 17.7 10.7 0.78i0.13 4.4 10.7 1.0
8-9 638 16.7 10.8 0.7620.15 4.620.3 1.4
9-11 634 21.7 10.5 0.8010.10 4.010.4 1.3

, 11-13 653 39.8 11.2 1.6 20.17 4.0d0.4 4.1
| 13-15 672 19.3 10.6 0.7510.10 3.9 10.6 3.2
l 15-20 654 0.9310.2 N.D. N.D. -

20-25 655 0.1110.02 N.D. N.D. -

!
_ _ _ _ _ _ _ _ _ _ _ - - - _ . -____ __ __ _ _ - _ _ _ - _ _ _ _ _ _ _ _
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but had ag maller range of concentrations. The shape of depth pro-
| files of n men 8 gue W were qujgg g p ar.

137
to those for Cs (Figure 10). Sediment concentrations of Pu ins

Pyramid L., Coose L. and Summer L. (Table 19) were in the same rar.ge as
those for most of the Mono L. and L. Abert sediments (10-60 pCi/kg), and
pgythprofileshapes(Figures 18,19and20)weresimilartothosefor

Cs.

Samples of sediments from each of the six alkaline lakes were analyzed
for uranium and thorium isotopes by alpha spectrometry ( g le g .

had the hi hest concentrations of U, UMono L. and Walker L
22$(2-3 pCi/g), 232Th, 130Th and Th (0.5 to 1.5 pCi/g), while Goose L. andi

Sunener L. had the lowest concentrations of U isotopes (0.1 to 0.4 pCi/g)
and L. Abert the lowest valugg fof3p is topes (0.2 pCi/g). All of the
alkaline lake sediments has U/ U ratios well above 1, as might be

230
expected, but they also had Th/ U ratios of less than 1, with

L.AbertbeingoftheorderofOh0 * * "
f 2

*
,

stand why the activity ratio of Th to U was so low in these lake
sediments.

214 Bi concentrations, as measured by gamma spectrometry, in eight
MonoL.sedimentcoresweregenerallyintbI6 range f 0.5 to 1.5 pCi/g
(Table 22), suggesting relatively uniform Ra distributions in the

finegragdclaysedimentsofthislake. In L. Abert sediments, the

Biconcentrgonwassubstantiallylower(0.1to0.4pCi/g),average
indicating much lower yaconcentrationsinitscalciumcarbonate-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

gkerL.sedimentsweresimilartothehighervaluestypicalofMonoL.
Ac con g trations in Mono L. were somewhat lower (0.2to1.0gi/gb6

than for Bi (Table 25), indicating that thes g ediments had Ra/ Re

ratios of less than 1, while L. Abert aggment Ac values (Table 26)
were generally equal to or higher g n Bi concentrations. Sediments
from the other alkaline lakes had Ac concentrations (Table 27) compar-
able to Mono L. (0.2 to 1.0 pCg). Although the counting g ncertainties
were somewhat greater for the Ac megggrements than for Bi, there

doesappeartobemorevgabilityin Ra concentrations in the alkaline
lake sediments than for Ra.

40K activities in eight Mono L. cores (Table 28) were 15-20 pCi/g, and

relatively uniform with depth and between cores, suggesting large propog
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, bukom st of
the depth segments in L. Abert cores werg only slightly lower in K than
for Mono L. Pyramid L. had the lowest " K activities (6-12 pCi/g) for all
the lakes, especially toward the bottom of cores (Table 30), suggesting a
lower proportion of potassium-rich clay minerals than for the other
lakes.

. . ...
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Lake Abert Sediment 239,240pg
(pCi/kg)
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Table 19
i

Alkaline Lake Sediment Plutonium

p p, p,j239, 240,, 239,_240Fu/ Co
3239,240 , 238 238De th S rum

(ca) # (pCI/ka) (gC1/ka) (x100) (x100)

W2lker L.
Station #1
(CN 1442)

0.60-1 468 11.7 22.1 - -

1.31-2 469 29.0 24.5 - -

1.42-3 491 5.9 21.4 - -

Pyramid L.
Station el
(CN 1685)

0-1 673 26.7 22.1 2 .1 20.6 7.9 22.2 3.1
1-2 674 33.0 21.8 1.8 20.4 5.421.3 4.3
2-3 675 62.8 11.9 4 .7 20.5 7.6 20.8 4.5
3-4 576 40.3 21.6 3 .6 20.4 8.921.2 7.3
4-5 693 2.4 20.3 N.D. N.D.' -

5-6 694 4.3 20.4 N.D. N.D. -

Coose L.
Station #2
(CN 1684)

0-1 - - - -

1-2 - - - - -

2-3 684 25.8 11.1 0.8920.17 3.420.7 3.6
34 - - - - -

4-5 - - - - -

5-6 695 12.2 20.6 0.56 20.11 4.621.0 2.1
6-7 6d5 23.5 20.8 0.7720.12 3.3 20.5 4.1
7-8 - - - - -

8-9 - - - - -

9-11 686 7 .7 20.3 0 .48 20.06 6.3 20 .8 2.0
11-13 - - - - -

13-15 6 96 1.4 20.1 0.0820.02 5.721.6 5.4

Summer L.
Station #2
(CN 1689)

0-1 665 12.9 21.2 N.D. N.D. 1.8
1-2 661 10.4 20.8 0.5020.17 4 .8 21.6 1.8
2-3 669 4.0 20.8 N.D. N.D. 1.9
3-4 670 0.6820.20 N.D. N.D. I'. 7
4-5 666 N.D. N.D. N.D. -

5-6 662 0.36 20.08 N.D. N.D. 0.6
6-7 671 N.D. N.D. N.D. -

7-8 667 N.D. N.D. N.D. -

8-9 - - - - -

9-11 663 0.2320.05 N.D. N.D. -

11-13 668 0.2620.06 N.D. N.D. -

13-15 664 N.D.

_ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _
- - -
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239,240PUPyramid Lake Sediment
(pCi/kg)
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Goose Lake Sediment 239,240 Pu
(pCi/kg)
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Table 21

Uranium and Thorium Isotope Ratios in Alkaline Lake Sediments |
(Alpha Spectrometry)

Depth
f

L a'<e Interval
234 238 230 232 228 232 O 34

Sampled (cm) gf U Th/ Th Th/ Th Th/ U
,

Mono L. 15-20 1.23t0.07 1.5810.09 0.9210.05 0.25 20.02

L. Abert 25-30 2.1720.08 1.0610.06 0.8810.06 0.086 io.004

Walker L. 15-20 1.2810.06 1.1110.05 0.9220.04 0.44 10.03

Pyramid L. 20-25 1.5710.06 1.1710.06 0.9620.05 0.21 i0.01

Coose L. 15-20 2.7110.23 1.1610.07 1.0420.06 0.84 10.05

Summer L. 15-20 1.91i0.13 0.8710.03 0.9520.04 0.64 20~.04

i

i

f

- - - - _ - -- - -- . - - . - - - - .. -- - - - -
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Tsble 22

Bismuth - 214 in M:no Lake Sediments (pci/g)
(Gamma Spectrometry)

Strtien # SA 6A 6B 7 8A 8B 9A 9B
Dapth
(c=) CN 1551 CN 1677 CN 1675 CN 1678 CN 1679 CN 1680 CN 1681 CN 1682

0-1 0.0610.01 0.9720.16 0.8710.06 1.11iO.13 1.2410.13 1.0310.12 0.8710.11 0.96t0.10
1-2 0.07,10.01 0.77i0.13 0.7410.04 1.1620.13 0.8510.16 1.0010.18 0.94iO.17 0.9510.10

2-3 0.0510.01 0.9210.14 0.4610.08 1.2h t0.12 0.9110.13 0.7010.17 0.9410.15 1.2810.12

3-4 0.1110.01 0.6410.16 0.8810.13 0.6810.15 1.1210.20 1.0310.18 0.9510.16 0.9710.10

4-5 0.0520.01 0.5710.17 0.7110.11 0.8810.13 0.7510.14 0.9410.16 0.9510.10 1.0410.13

5-6 }0.0810.01 0.6710.17 0.87 t0.20 1.1410.16 0.8710.16 0.7420.16 1.8610.21 1.1210.14

6-7 } 0.6410.15 2.0410.18 0.9310.15 0.92i0.14 0.7610.15 1.0810.13 1.6510.14

7-8 }0.0610.01 0.8810.12 1.0310.14 2.3210.24 1.9820.13 0.9610.17 0.8910.14

8-9 } 1.7020.14 0.8720.14 1.5310.15 1.00io.05 0.8110.17

9-11 0.0410.01 1.2910.12 0.8519.12 1.2G20.09 1.1210.11 1.1210.10

11-13 0.0510.01 1.11i0.12 0.8120.04 0.9611.10 1.0210.10 1.0210.12

13-15 0.0510.01 1.05 0.13 0.8810.11 0.9210.11 1.0010.12

15-20 0.3920.03 0.8310.07 1.1010.07 0.7210.06

20-25 0.3810.02 0.6610.05 0.8820.06 0.8410.07

25-30 0.4810.04 0.9410.05 1.2410.06

Y

______________________- ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table 23

Bismeth - 214 in Lake Abert Sediments (pCi/g)
(Gamma Spectrometry)

Station # 1 IB 2A 2B 3A 3B 4

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

0-1 0.2610.29 -1.1410.50 0.2210.14 0.7010.14 0.1010.06 0.2010.13 0.5310.23

- 1-2 0.06i0.09 0.3110.16 0.1710.2C 0.3710.11 0.1120.14 0.1120.08 0.1220.15

2-3 0.07 0.09 0.2610.13 0.3010.19 0.3710.18 0.4210.09 0.3310.09 0.2210.11

3-4 0.0610.08 0.3410.11 0.03io.21 0.0620.11 0.1610.08 0.2310.11 0.47 0.15

4-5 0.0610.11 0.2710.16 0.2010.14 0.2210.09 0.1010.08 0.0810.12 0.2410.12

5-6 0.0810.10 0.2410.14 0.0110.12 -0.8410.05 0.1320.11 0.31 0.11 0.2810.18

6-7 0.3210.-10 0.2510.13 0.1610.10 0.50i0.16 0.39 0.11 0.3210.12 0.3910.11

7-8 0.1510.10 0.1710.14 0.1110.08 0.2710.09 0.3720.13 0.2520.12 0.1910.11

8-9 0.4010.13 0.2810.12 0.2810.11 0.2010.09 0.1610.14 0.3310.12 0.3310.12

9-11 0.3510.09 0.2110.09 0.3110.08 0.2610.06 0.2310.06 0.3210.14 0.3010.09

11-13 0.2510.08 0.2320.07 0.2810.07 0.2310.06 0.2310.05 0.2310.06

13-15 0.1510.06 0.2810.08 0.3910.05 0.2120.05- 0.3810.04

15-20 0.3410.04 0.3610.04 0.1710.03 0.1810.04

20-25 0.1610.07 0.3310.04 0.1720.03

0.2410.0325-30
0.2910.0330-35
0.3410.0535-40
0.2910.0540-45
0.21 0.0445-50

.

__ - _ _ . _ _ _ _ _ _
-

7 '' _ _ - - _ _ _
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Table 24

Bismuth - 214 in Alkaline Lake Sediments (pci/g)
(Garma 5pectrometry)

"

Walker Pyramid Pyramid Pyramid Goose Goose Summer Summer
Lake L. L. #1 L. #2 L. #3 L. #1 L. #2 L. #1 L. #2

Depth
(cm) CN 1697 CN 1685 CN 1686 CN 1687 CN 1683 CN 1684 CN 1688 CN 1689

|

0-1 1.1120.12 0.7310.34 0.8210.19 0.6510.34 0.4110.08 0.5010.38 0.22 0.22 0.2210.18

1-2 1.61i0.10 1.2910.23 0.6110.22 0.7910.22 0.4410.13 0.46i0.15 0.44i0.07 0.30i0.06

2-3 }2.2210.10 0.6710.21 0.4510.20 0.8710.18 0.45 0.07 0.34io.08 0.5010.06 0.5110.05

3-4 } 0.6910.18 0.8410.20 1.8310.26 0.4510.07 0.5410.06 0.4210.08 0.4010.06

4-5 }1.7510.08 0.8210.19 0.8510.14 0.5810.16 0.46 0.06 0.43IO.07 0.4610.07 0.4410.07

5-6 } 0.6910.17 0.4510.16 0.8110.17 0.5010.07 0.4210.07 0.50i0.09 0.37 0.07

6-7 }1.5610.08 0.43i0.20 0.7110.14 0.7910.18 0.4610.05 0.5010.08 0.49i0.0! 0.5910.06

7-8 } 0.5510.16 0.5810.17 0.75iO.18 0.3910.06 -0.0810.03 0.4210.08 0.4710.07

8-9 }1.1910.09 0.4810.17 0.7810.17 0.5610.17 0.36io 05 0.45 0.08 0.48 0.06 0.3910.06

9-11 } 0.64 0.10 0.6410.12 0.3410.10 0.3710.05 0.4410.04 0.59i0.06 0.46i0.06
11-13 0.7010.12 0.36i0.04 0.4210.04 0.4810.05 0.4910.05

13-15 0.7210.10 0.3420.04 0.3810.04 0.4910.06 0.4410.06

15-20 0.6110.08 0.2710.04 0.3610.04 0.4010.04

20-25 0.5010.05
* 2.0010.30

CSurface floc (above 0-1 cm)

O

_________ _ _ _ _ _ _ _ . -.
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Table 25

Actinium-228 in Mano Lake Sediments (pCi/g)
(Gassa Spectrometry)

Station # 5A 6A 63 7 8A 85 9A 95

Depth 1

(ca) CN 1551 CN 1677 CN 1675 CN 1678 CN 1679 CN 1680 CN 1681- CN 1682

0-1 0.2610.12 0.8210.27 0.3510.09 0,.4510.17 0.95io.23 0.9310.21 0.8910.20 0.2210.13

1-2 0.4810.13 0.9110.24 0.3210.05 0.50io.18 0.5810.28 1.17io.32 1.2410.31 0.45*0.14

2-3 0.3910.10 0.3910.25 0.2310.11 0.2910.16 0.8110.23 0.8710.32 0.7710.27 0.6110.17

3-4 0.0110.28 1.04 0.30 0.1220.18 0.4710.21 0.1620.33 0.9820.34 0.6010.28 0.6110.15

4-5 0.4720.13 0.2610.32 0.4310.16 0.4610.20 0.4610.26 0.9010.29 0.67io.19 0.3910.17

0.7920.30 1.4010.37 0.48 0.21-
5-6 }0.4610.05 0.8410.31 0.4810.28 0.5610.23 -

6-7 } 0.4010.28 0.7510.24 0.2310.21 0.5010.29 0.2110.28 0.4710.22 0.6310.20

7-6 }0.4410.05 0.7910.22 0.3110.20 1.4120.32 0.5610.25 0.8620.30 0.9710.25

8-9 } 1.3510.25 0.1110.20 0.7510.21 1.2710.21 0.6310.27 1.1120.31

9-11 0.2810.06 0.9910.19 0.5610.18 0.5510.12 0.78io 19 0.6820.16

11-13 0.2810.10 0.8810.20 0.5610.07 0.4010.13 0.8220.18 0.66i0.20

13-15 0.2210.10 1.2110.23 0.3320.16 0.4120.14 1.05 0.20

15-20 0.3010.09 0.3410.09 0.6010.09 0.5110.10

20-25 0.3410.06 0.2920.06 0.4220.07 0.59to.11

25-30 0.2110.11 0.4520.06 0.7410.08

. .

. - . , . .
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Tcble 26

Actinium-228 in Lake Abert Sediments (pCi/g)
(Ganana Spectrometry)

Station # 1 IB 2A 2B 3A 3B 4

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

0-1 0.1310.41 0.1910.98 0.5310.25 -0.2910.20 0.1510.10 0.2910.21 0.42i0.44

1-2 0.2610.14 0.0210.29 0.2110.38 0.2410.17 0.62i0.27 0.0810.12 0.1610.26

2-3 0.6610.18 0.3010.24 0.1410.34 0.2010.13 0.3810.13 u.0910.13 0.1310.17

3-4 0.2810.13 0.4310.20 0.7120.39 0.2510.17 0.2410.13 0.02io.17 0.33io.28

4-5 0.2320.19 0.0110.27 0.3510.25 0.0310.13 0.0510.13 0.29io.20 0.67i0.23

5-6 0.5510.19 0.4010.25 0.1210.21 0.2610.13 0.3310.20 0.6010.21 0.58 0.35

6-7 0.29 0.19 0.5710.24 0.0710.18 0.1910.29 0.5410.21 0.5010.23 0.07t0.17

7-8 0.3410.19 0.0610.24 0.3810.14 0.1310.13 0.35 0.20 0.0910.21 0.4610.20

8-9 0.1710.25 0.2610.22 0.1610.16 0.2310.14 0.2210.26 0.2410.22 0.4310.22

9-11 0.4010.15 0.2810.15 0.0310.19 0.3010.11 0.28to.10 0.48 0.25 0.5210.15

11-13 0.2520.12 0.3410.13 0.2110.14 0.3910.10 0.3410.08 0.3810.10

13-15 0.1610.10 0.3220.14 0.11io.12 0.28 0.09 0.1010.06

15-20 0.2010.06 0.2610.06 0.4410.08 0.3310.06 0.22i0.06

20-25 0.3010.12 0.2910.07 0.2110.05

25-30 0.1710.04

30-35 0.2610.05

35-40 0.1910.08

40-45 0.4010.09

45-50 0.3310.06

IS

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ . . _ _ _ _ _ _
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*Table 27

Actinium-228 in Alkaline Lake Sediments (pCi/g)
| (Gamma Spectrometry)
i

Walker Pyramid Pyramid Pyramid Goose Goose Summer Summer
Lake L. L. #1 L. #2 L. #3 L. #1 L. #2 L. #1 L. #2

Depth
(cm) CN 1697 CN 1685 CN 1686 CN 1687 CN 1683 CN 1684 CN 1688 CN 1689

0-1 1.1610.19 1.1110.65 0.24 t0.29 ,1.7510.66 0.43 0.13 0.1020.11 1.6910.42 0.1710.27

1-2 1.3410.16 0.7810.42 1.'i310.42 1.11 0.42 0.3510.23 0'.6510.28 0.2410.13 0.5010.10

2-3 }1.2510.14 1.3310.41 0.9710.37 1.3810.33 0.3310.11 0.7520.14 0.73'0.11 0.5120.07'

3-4' } 0.92 0.33 0.9510.37 - 0.6110.11 0.4610.10 0.3210.13 0.3310.09

4-5 }1.1510.12 0.7610.33 0.85io.25 1.1120.31 0.5020.10 0.2820.12 0.3820.12 0.3610.11

5-6 } 0.9010.32 0.8910.29 1.2410.33 0.1410.12 0.5010.12 0.4110.15 0.54 0.11

6-7 }1.22i0.11 0.7110.36 0.1710.25 0.5820.31 0.3810.09 0.5320.14 0.4720.12 0.4420.10

7-8 } 0.8210.29 0.3610.32 1.1410.34 0.5410.10 - 0.5210.14 0.3810.11

8-9 }0.9710.14 1.1710.33 0.7310.30 0.61io.32 0.3220.08 0.6020.13 0.57i0.11 0.3020.09

9-11 } 0.6710.17 0.56io.22 0.36io.19 0.3010.08 0.42 0.07 0.52i0.09 0.4510.09

11-13 0.4910.21 0.30i0.07 0.44i0.06 0.4610.08 0.4210.07
.

| 13-15 0.5210.17 0.32i0.07 0.38i0.06 0.36i0.10 0.3810.09

15-20 0.4210.12 0.3210.07 0.2710.07 0.37i0.06

20-25 0.5810.08
* 0.5010.54

OSurface floc (above 0-1 cm)

I

_ _ - _ _ - - _ _ - _ _ - . - _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _
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Tcble 28

Potassiumr40 in Mono Lake Sediments (pci/g)
(Gamme Spectrometry)

Stetion # SA 6A 6B 7 8A 8B 9A 9B
Dapth
.(ca) CN 1551 CN 1677 CN 1675 CN 1678 CN 1679 CN 1680 / CN 1681 CN 1682

0-1 16.120.9 17.711.6 16.620.6 20.011.1 19.4il.3 21.6il.2 '17.5il.1 13.710.8

.
1-2 15.610.9 19.411.3 13.420.4 18.011.2 17.911.7 17.811.7 22.721.8 18.810.9

2-3 15.Cto.8 17.611.5 15.010.8 18.5il.1 20.611.4 19.011.8 16.611.5 15.210.9

3-4 14.510.9 21.011.7 16.811.2 15.611.3 18.912.0 19.611.9 14.6il.6 17.410.9-

4-5 14.910.9 18.611.8 15.110.9 15.7 11.2 19.711.5 20.711.7 19.121.1 15.5 1.1

5-6 }15.410.6 16.411.8 15.311.7 16.311.3 - 21.511.7 17.011.9 17. l il . 2
,

6-7 } 18.511.6 15.011.3 17.811.3 18.811.7 17.711.6 19.111.3 14.911.2

7-8 }15.310.6 19.311.3 17.811.2 17.811.7 17.011.4 21.0 1.7 16.8 il .4-

8-9 } 18.511.3 18.611.3 .18. 5 il . 2 17.011.1' 21.411.6- 19.711.7-

9-11 }14.120.6 19.811.1 16.011.2 18.lt0.9 - - 19.511.2 18.711.0

11-13 } 18.211.2 17.320.3 18.720.9 18.011.1 14.311.1- -

13-15 17.311.3 17.521.0 15.510.9 20.411.2- - -

16.0 20.7 18.320.7 16.110.715-20 - -- -

11.0f0.5 14.010.6 18.410.820-2$ - - --

t

15.820.5 16.9 io.625-30 - -- - -

i

.

O

:
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Table 29

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

Station # 1 IB 2A 2B 3A 3B 4
Depth
(cm) CN 1651 CN 1690 CN 1691 CN 1692 CN 1693 CN 1694 CN 1695

0-1 - 13.516.1 16.911.8 9.4 11.0 - - 18.312.5
1-2 10.711.9 13.612.5 14.320.9 15.611.5 - -

-

2-3 6.310.9 10.311.6 17.612.3 13.311.6 - - -

3-4 14.8 1.3 15.012.5 15.511.2 15.811.6- - -

4-5 15.911.2 17.111.9 16.011.7 15.010.9 13.511.4 12.211.3-

i 5-6 11.411.1 16.721.7 15.811.5 16.110.9 16.311.2 17.011.4 14.211.9
' 6-7 17.2il.1 13.911.6 15.8t1.3 16.711.7 18.021.2 16.511.5 -

7-8 13.811.1 17.311.6 6.211.0 14.110.8 13.711.3 17,811.2-

8-9 15.411.4 16.811.5 15.811.3 13.210.9 14.011.5 12.811.5 11.611.2
9-11 17.211.0 15.521.1 15.2tl.0 15.2io.7 J15.310.6 13.5 1.6 16.910.9

11-13 15.110.9 16.510.9 15.910.7 12.910.6 13.910.6-

13-15 6.610.6 14.811.0 14.710.6 17.7 io.6 -

| 15-20 14.810.5 14.610.5 14.310.5 -
'

20-25 14.510.8 15.310.5 -

25-30 -

, 30-35 15.710.5
} 35-40 - 15.2 0.7
| 40-45 14.910.6

45-50 15.410.5

t

. - - -- . _ _ - _ _ _ _ _ _ _ _ _ _ _
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Tchlo 30

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

Walker Pyramid Pyramid Pyramid Goose Goose Summer Sumne r

Lake L. L. #1 L. #2 L. #3 L. #1 L. #2 L. #1 L. #2

Depth
(cm) CN 1697 CN 1685 CN 1686 CN 1687 CN 1683 CN 1684 CN 1688 CN 1689

,

0-1 14.011.0 14.513.3 13.711.5 15.113.3 14.020.8 17.213.7 18.512.2 17.011.7

1-2 16.3 0.9 15.412.2 12.112.1 12.812.1 12.811.3 14.211.5 17.210.8 18.010.8.

2-3 }20.620.8 17.412.1 8.311.9 18.422.0 12.010.7 15.510.9 18.210.7 18.4 0.6

3-4 } 16.311.8 12.512.0 38.323.0 12.910.7 13.510.6 19.410.9 15.810.7

4-5 }18.210.8 15.311.7 9.021.3 9.811.6 14.210.7 14.410.8 18.510.9 15.610.8

5-6 } 9.711.9 9.021.6 9.211.7 10.710.7 13.110.8 19.311.0 16.610.8

6-7 }16.310.7 14.111.5 7.7il.3 12.811.7 11.910.6 14.610.9 19.110.8 17.010.7

7-8 } 10.421.7 7.221.9 5.011.8 11.010.6 16.610.9 15.410.8-

i 8-9 }13.010.9 11.211.0 7.6 il .9 4.211.6 10.510.5 12.720.8 16.210.7 14.010.7

9-11 } 12.311.2 8.4 11.4 2.521.0 9.510.5 10.810.4 15.710.6 16.010.6

11-13 10.610.9 8.210.4 9.610.4 15.910.6 15.010.5

| 13-15 10.210.7 8.910.4 8.810.4 17.110.7 17.010.7

15-20 7.810.4 7.810.4 14.510.5i

20-25 17.510.6

.
20.222.8*

!

# * Surface floc (above 0-1 cm)

$

1

.___ _ ______ _ _ - ________ _ - ____ . .
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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
I 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 1skes were equilibrated for pCO2 measurements f.

in the. field (Table 32) at the ambient temperature of the sample. When'

| corrected to the same tegperature, Mono L. samples all gave pCO2 values in
the range of 800-900x10- atmospheres, or about . 2.5 to 3 times the atmos- I

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-i

ganic carbon to the atmosphere.t

1
i

L 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/1, 0.5 eq/1 in
| L. Abert, 0.3 eq/1 in Summer I.. , 0.05 eq/1 in Walker L. and Goose L. and

0.02 eq/1 in Pyramid L. Carbonate alkalinity, which was measured by
subtracting the me'asured 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

l (Pyramid L.) was approximately an order of magnitude greater than values
'

typical of seawater. Lake Abert had extremely high dissolved silicate and
quite low dissolved sulf ate relative to other anions in the alkaline
lakes. Total boron, as measured by plasma emission spectroscopy, was
about 513% of total inorganic carbon, with higher values for lakes with

Ithe highest alkalinity. Carbotetc ion concentrations, as measured byj
; difference between carbonate alkalinity and total inorganic carbon, range ,

j from a maximum of 200. mh for Maao L. to 1-2 sh for Pyramin L., cospared to
a value of = 0.2 mM for seawater. Mecourerents of carbonate ion

! (0.2110.01 M) in Mono Lake (Simpson and Takahashi,1973) made previously i

|
by a pCO2 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
i Table 34. These data are based on measurements made on samples collected
! in August, 1981 (Table 331, and the percent of total anion values were
i computed assuming that C1, Sog", HCO and CO " account for all3 3
; of the anion composition. These relative anion proportion values are
4- plotted in Firure 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
I equivalents.

i

t

i

l

. -, . . - , ,,. - ,,-.--,~-,._,-m. ~ . ,,,. . , . . - - - . ..n, , ,_ n. _ , , . .
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Table 31

Publiahed Chemical Data for Alkaline Lakes
(mM)

Mono L.a L. Aberth Walker L.c Pyramid L.a Coose L.D Summer L.D

101 71 11.5 106Na+ 935 -

K+ 30 14 2.4 3.1 0.7 2.9

Mg++ 1.4 <8 2.7 4.8 0.1 <.05

Ca++ 0.1 <5 0.2 0.2 0.4 <.1

Cl- 380 403 46 56 2.3 45

Sog" 77 7.6 16 2.9 0.5 3.6

ECC2 261 171 29 19 9 52

Alk 433 296 36 22 10 57

pH 9.6 9.7 9.2 8.9 8.9 9.6

1

I

c) Jones, 1966
b) Phillips and Van Denburgh, 1971
c) Whitehead and Feth, 1961

,

I

i

- - - - - , , - - - _ _ _ ,



-

62

Table 32

Field Equilibration Chemical Data on Alkaline Lakes - July, 1981

Lake Depth Temp pCO2insitu pCO2 IAlk
Sampled (m) (*C) (patm) (22*C) meq/1

Mono L. 1 20.3 854 893 710 |
" " " 706-.-

7 19.8 843 894 663"
,

" " "" 10 691 !

13 15.2 750 904 683"

" 15 7.9 525 792 706
18 6.0 523 841 698"

30 4.8 523 874 651"

L. Abert 1 24.5 686 644 504
" " " 672 608 508

Walker L. 1 24.0 646 612 56.6
" 75 4.5 275 487 52.4

Pyramid L. 1 22.5 487 477 24.7
"" " " 509 502

" 15 10.4 25.0
" 30 9.7 23.9
" 40 7.8 -

" 45 7.5 24.3
" 75 -4.5 23.8

_ - _. - - - _ . _ _ _ _ _ - -
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Table 13

Cheelcal Composition of Alkaline Lakes

MonCarbonate Carbonate ICarbonate
Lake' Depth IAlkalinity ECO2 Alkalinity Inoron ESilicate Phosphate Chloride Sulfate Alkalinity Ion pH

Sampled (a) (een/1) (uM) (meg /1) (mM) (aM) (mM) (mel) (am) (meg /1) (aM)

Mono L. - 79 1 - - - ' - - - 589 - - - -

555 - - - -Mono L. - 80 1 - - - - - -

10597 - - -Mono L. - 81 2 - - - - - -

134 - . -10 702 453 - - - - -"

10 703 - 48.1 48.7 0.44 0.72 - - 655 20 2 -"

658 205 -43.1" 10 701 - - - - --

18 690 - 44.2 - - - - - 646 193" -

L. Abert 1 502 330 16.6 9.8 3.48 0.72 735 12.3 485 155 10

Walker L. 1 55.1 33.7 1.3 2.5 0.014 0.01T 74.2 26.7 53.8 20 9.2

Fyreald L. 30 24.1 20.F 1.9 1.3 0.008 0.0054 59.1 3.13 22.2 1.4 9.1

Coose L. 1 53.5 33.6 3.2 1.5 1.09 0.17 65.6 3.31 50.3 17 9.5

149 13.3 268 38 -

Summmer L. 0.1 275 230 7.1 12 - -

Sea Water 2.84 2.58 0.09 0.43 0.15 0.003 548 28 2.75 0.18 8.0

e ,

W

_ _ . . _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _. _ _
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Table 34

Average Major Anton Composition of Alkaline Lakes

Total
anions:

Carbonate Inorganic Cl +Sog"+ Carbonate
Chloride C'loride Sulfate Sulfate Alkalinity Carbon HCO3+C0 " ion3

Lake (meg /1) (I ofrAnions) (meg /1) (I of IAntons) (meg /1) (I of Ik'3.ons) (meg /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)
i

Cooose L. 66 54 6.6 5 50 41 122.6 20

Summer L. 150 34 27 6 270 60 447 40

Sea water 550 95 28 5 2.5 0.4 580.5 0.2

.- ._ _ _ _ _ _ - - - _
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7.0 SUMMARY OF RADIONUCLIDE CONCENTRATIONS IN ALKALINE LAKE WATER
AND SEDIMENTS3

J

Measurements of radionuclides in natural water systems often present
i- quite difficult analytical problems, especially for samples with high

ionic strengths. We have not provided any details of the analytical
i 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. Co n-
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 measurements reported here with-,

i out considerabe effort by a number of radiochemists and chemists at LDC0
; as well as others at USC and.WHOI.
i .

'

Dissolved 239,280Pu concentrations i
LDC0 using two different yield tracers (p3 p no

1,. g e been measured at
Pu and Pu), as well as

; several sample volumes, a range of spike. equilibration times, and diff-
erent oxidation states of the yield tracer. The range of analytical

j values obtained (Figure 22) probably does not indicate real differences in
Mono L.' dissolved plutonium concentratir,ns at different times, but rather

gntialanalyticaldifficultiesencounteredinmeasuringafewdpmthe
,

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 the analytical procedures hgve 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 most 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

i Table 35 was the average of all of the LDG0 data, or a single value if
that were the only resulc available. Values listed g paren g sII0"*#84

computed (Walker L. and Pyramid L.) from ratios of Pu to s{
observedinotherlakesgrappeartobeeithertoolow(PyramidL.g3,,Th)

3

!q

j or too high (Walker L. Th).
!-

The range of 239,2W Pu concentrations observed in Mono L g sedi-
ments (Figure 23) was considerably larger than for sediment Cs concen-

i trations (Figu g 2 g but we believe this variation g 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 plutonius in a few grams of sediment
"

compared to 80 liters of water both tend g i g ease confidence in the
absolute values of the reported sediment Pu concentrations. In*

,

gsgse, the difficulty of deriving one " representative" value of
Pu for Mono Lake' sediments relates more to real heterogeneity in4 e

i the system than to analytical uncertainties. For all of the individual
j data points we have quoted analytical uncertainties based only en 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'

;

)

.,_r. w-- - - , . - - - ,-,.,+-r- r --wwr s------m,-s. , - - - - .___.----..,e---.
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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.

3241 Am (pCi/m ) 1.8 - - - - -

3239,240Pu (pCi/m ) 13 11 0.5 0.2 - -

Pu (pCi/m ) 0.54 0.42 (0.02) (0.008)3238 - -

U (pci/1) 170 19 51 6 4 9238

U (pci/1) 230 47 72 12 9 15234
,

3231 - - - - -

Pc (pCi/m ) 115

Th (pci/1) 220 18 36 (0.6) 1.8234 -

3232Th (pci/m ) 690 94 5 3 - -

3230 Th (pCi/m ) 1330 130 8 4 - -

3228 Th (pCi/m ) 790 110 (47) 9 - -

'
3227 Ac (pCi/m ) <2.7 - - - - -

3228 Rn (pCi/m ) 230 - - - - -

322s as (pCi/m ) 420 40 200 25 20 -

321o Po (pCi/m ) 105 185 7.7 - - -

321o rd (pCi/m ) 200 750 63 - - -

137 0.13 0.14Cs (pCi/1) 2.0 - --

80 sr (pCi/1) 0.16 - - -

HTO (T.U.) 70 35 93 45 - -

I
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I gegosentoaveragealloftheavailablesedimentdata(i.e. for
Pu) or all of that in the top 4 cm of sediment cores (i.e. for*

I3
Cs) to generate the values listed in Table 36. Sediment concentrations

listed in brackets were computed assuming secular equilibrium with a meas-
ured radioactive parent nuclide or a nuclide e

gseagvitycoughereasonablyestimatg(ggierjgtheg9aysgggePa, Th, Ac, Ra,
Ra, Po, and Pb). In the case r,f Pb we know the top few cen-

geters of Mono L. sediment were actually about 2-3 times the activity of
Ra (Simpson et al., 1980; Hammond, personal communication), but we con-

sider this difference to be small enough to neglect here.

If we divide the sediment radionuclide concentrations compiled in
Table 36 by the dissolved radionuclide concentrations in Table 35, the
results can be expressed as a distribution coefficient (Kd=Ai per g
sedipent/Ai3ger m yg s,pstedh0ese ra * ##"E" #". *21x10 for 23yand U in Mono L. to 4x10 for Pu in Pyramid L.
Values for Th are listed in brackets because the short radioactive
half-life (24 days}3goes not permit sufficient time for this nuclide, pro-
duced by decay of

U in solution, tg32Th,kb## "hb
'

" ** **" **
g close agreement of Kd values for Th and Th (except for
23t+1h in Walker L. and Pyramid L.) argue against interpretjpgthecomputed

Th ratios as distribution coefficients. Thevaguefor Ac in Table
2237 is also listed in brackets because dissolved Ac was only reported as

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

Distribution coefficient values from Table 37 are plotted on a log
scale as a function of the logarithm of carbonate alkalinity ir.
g u g 25, 2633j7,28, 29, ad 30. Mstaude cdcients of

Pu(Figure 35)weretwoordersofmagnitgdeIgrin* Pu and
goL.andL.Abert (2-3x10 ) than in Pyramid L. (2-4x10 ). U and

U distribution coefficients increased by only about a factor 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 lakes, but based on the trends observed for
the other lakes, the va13I2f r L. g rt seems most anomalous. Distri 5bution coef ficients for Th and Th show much higher valucs (1-3x10 )

3forloweralkagitylakes,comparedto0.5-2x10 for Mono L. and L. Abert
(Figure 27). Th is clearly anomalous among the thorium isotop g asthe result of its short half-life as discussed earlier, and even Th

(tt/332Thpgg$h0
Y# 8Ppears to yield a Kd value substantially lower than*

for Th in Walker L. and Pyramid L. However, without dggg fordissolved Ra in these two lakes, it is difficult to invoke slow Th

equilibration time following production in the water column from f8 8 *
2gentnuclide. Note that in the case of Mono L., the ratio of Th to

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

l 226havePotteddistribgoncoefficientsof Ra (Figure 28), 210PbYi0and Po (Figure 29), and Cs (Fige 30) ag function of carbonate i
alkalinity, but in the case of both Ra and Cs, the lower values of
Kd for higher carbonate alkalinity probably have more to do with the
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Table 36

Sunuaary of Sediment Radionuclides in Alkaline Lakes

l'uclide Mono L. 'L. Abert Walker L. Pyramid L. Goose L. Sunumer L.

^ Ann (pCi/kg) [7] - - - - -

239,240
.

Pu (pci/kg) 28 22 16 40 20 10

238Pu (pCi/kg) 1.1 1.1 0.6 3 0.7 0.5

238 U (pci/g) 2.4 1.1 2.7 1.4 0.1 0.2

234U (pci/g) 2.9 2.4 3.5 2.2 0.3 0.4

231*

Pa (pci/g! [0.11] - - - - -

234Th (pci/g) [2.4] [1.1] [2.7] [1.4] [0,1] [0.2]
a

232Th (pci/g) 0.5 0.2 1.4 0.4 0.2 0.3

230Th (pCL/g) 0.7 0.2 ' 1.5 0.5 0.3 0.3

228Th (pci/g) 0.4 0.2 1.3 0.4 0.3 0.3

228Ac (pCL/g) 0.3 0.2 1.2 0.4 0.3 0.4

227Ac (pct /s) [0.11] - - - - -

228 Ra (pci/g) [0.5] [0.2] [1.4] .[0.4] [0.2] [0.3]
226 Ra (pci/g) [0.8] [0.2] [1.5] [0.6] [0.3] [0.4]
214 B1 (pci/g) 0.8 0.2 1.5 0.6 0.3 0.4
210 Po (pci/g) [0.8) [0.2] [1.5] [0.6] [0.3] [0.4]

OPb (pci/g) [0.8] [0.2] [1.5] [0.6] [0.3] [0.4]
137Cs (pCi/kg) 150 1500 1800 1100 750 600

90Sr (pci/kg) -1000 - - - - -

| "OK (pCi/g) 16 15 16 12 9 17

,

-~ v- -. - . . , . - - - , - . , , , _ _ _ - _
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Table 37

Ratio of SeJieent t9 Dissolved Radionuclides
(expressed as '6d = Al per g sed./Ai per al water)

Nuclide Mono L. L.Abht Walker L. Pyramid L. Coose L. Summer L.

!
241 3 - -Am 4x10 - - -

3 3 5239,240Pu 2x10 2x10 3x10" 2x10
-

_

3 3 5'23S , 2x10 3x10 3x10" 4x10 _ _p

238 1 I I 2 1 1
U 1x10 6x10 5x10 2x10 3x10 2x10

1 I 1 2 1 1234 ' 1x10 5x10 5x10 2x10 3x10 3x101

231 3
Pa 1x10 - - - - -

1 1 I 3 27'd"n [1x10 ] [6x10 ] [8x10 ] [2x10 ] [6x10 j _
-

232 2 3 5 5n 7x10 2x10 3x10 1x10 _ _

230 2 3 5 5'

n 5x10 2x10 2x10 1x10 _ _

228 2 3 3x10" 4x10" -

n 5x10 2x10 -

227 [>4x10".]Ac - - - - -

228 3
Ra 2x10 - - - - -

226 3 3 3 2x10" 2x10"Ra 2x10 5x10 8x10 -

210 3 3 5 _ _
Po 8x10 1x10 2x10 _

210 3 2 2x10"Pb 4x10 3x10 - - -

3137 1 1x10" 8x10Cs 8x10 - - -,

90 3 - -

] Sr 6x10 - - -

!

!

|

s

e

'

I
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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, for

consistency, we have reported the data for these nuclides in the same form
asforPu,UandThisotopes,whichprobablyallarestronglyj9[Pa1uenced

-The distribution coefficient of.bycagbonateioncomplexing. 232 O

.(1x1 Q 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. He effects of carbonate complexing on enhancing solubility
of both Pu and Th appear to be ver g , an g an be o g readily obser-
ved on a linear plot of dissolved Pu, Th and Th 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 ocea g o permit,

j 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
i falloutnugdeactivitiesindeepwateraremuchlower. The ratio of

Mono Lake Cs to that for seawater is 15-20, primarily becau g of the'

~

deeper " dilution" depth f * " """ * " * **** # * *

muchlowerratiothanfor[3 Cs because much of this nuclide hasi
; apparently been removed from solution in Mono L., probably in association

with CACO 3 precipitation in localized deposits near the lake margin. The
,

mostdramatictrendsrevealedinTableg8U, 2 N I ** kI '3 W * 228
; *#*

geolved c9ncentrggons in Mgno L. of U (= 10 ), Th, Th,4

I Pa (= 10 ) and Th (> 10 ), compared to seawater. Thus, these two
j types of saline water with very similar chloride concentrations (= 0.6 m)
i differ in dissolved concentrations of radionuclides with oxidation states
j of IV-VI by orders of magnitudes. The primary cause of this difference
j appears to be complexing by carbonate ion.

|
<

} 8.0 LABORATORY DISTRIBUTION COEFFICIENTS FOR MONO LAKE USING TRACER |

j ADDITIONS

The data discur. sed up to now were obtained from analysis of radio-'

i nuclide abundances already present in natural waters. The only tracer
,

additions made were for yield measurements. The most conmou method for i

1 estimating distribution coefficients is to add tracers to omall laboratory |

] samples to simulate real systems. We have perforn:ed a few of these equil-
! ibration experiments using Mono L. water and sediments for g parison with
j' our field sample data. For plutonium experiments, we used Pu, an alpha

emitter 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
I addedto100mlof}ggoL. water. After stirring for a few hours, approx-

imately 100 dpa 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 ggses were analyzed .

i separately. For 10 mg of particles about 0.3 dpm of Pu adsorbed to
242

i =3x10{idphase,while108dpaof Pu stayed in solution (Table 39, Kd ithe so

). For 50 mg of particles the Kd obtained was about 4x10*. i;

i-
,'

t

i
_ _ _ ~ - _ _ _ , _ . . _ _ _ . ~ . _ - - . _ _ _ _ . _ _ , _ , . _ _ _ . _ . _ _ _ _ _ _ _ .
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Table 38

Comparison of Dissolved Radionuclides in Mono Lake and Sea Water

Surface
MonoLage SeaWatgr

Nuclide (pCi/m ) (pC1/m ) Mono L./ Sea Water

241 Am (III) 1.8 0.23a 8

239,240Pu (IV-VI) 13 1.4D 9

Pu (IV-VI) 0.54 0.056b in238

238 U (VI) 170,000 1,100c 150

234 U (VI) 230,000 1,300c 180

3
Pa (V) 115 0.1d >1x10231

23:e Th (IV) (220,000) 800* 250

Th (IV) 690 <0.008f >8x10"232

3
Th (IV) 1,330 <0.6d >2x10230

3228 Th (IV) 790 <0.48 >2x10

227Ac (III) <2.7 - -

Ra (II) 230 20h 12228

Ra (II) 420 401 11226

Po (IV) 105 303 4210

Pb (II) 200 501 4210

Cs (I) 2,000 120k 17137

Sr (II) 160 801 290

MT0 (T.U.) 70 15" 5

a) Livingston and Bowen, 1976 g) Knauss et al., 1978
b) Bowen et al., 1980 h) Kaufman et al., 1973
c) Ku et al., 1977 i) Bruland et al., 1974

k) g on et g., 1976; Nosaki et al., 1976
j)d) Moore and Sackett, 1964

Ce to se ratio assumed to be 1.5e) Bhat et al., 1969
f) Kaufman, 1969; Moore, 1981 1) Bowen et al., 1969

m) Roether, 1967

|.

|
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - -
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Table 39

Laboratory Distribution Coefficient Measurements - Pu

Golution Sediment Distribution
; CoefficientActiv g ) Activ g ) (al/g)
' Solution Sediment Solution Sediment

(dpa Pu (dpa PuComposition Composition Volume (al) Mass (ag)

|
.

Mono L. Sed 100 10 107.721.4 0.3120.03 3x10Mono L. water (A)

Mono L. water'

free of inorganic
carbon (B) 43.221.4 52.2 10.9 1.2x10"" " "

a

0
" " " 101.411.2 0.0510.01 5x10j A+B (50/50)

0

Mono L. water (A) Mono L. Sed 100 50 98.610.7 0.1910.04 4x10

i

i Mono L. water

! free of inorganic 3
" " " 31.720.4 70,0 12.0 4x10carbon (B)

0100.811.2 0.0710.02 1.4x10i A+B (50/50) - "" "

';

5,

;

t

3

3

.
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4

+

W ese values are substantial b i d from our field-
measurements (Table 37, 2x10}y different than we o ta ne). A second set of experiments was conducted'

using Mono L. water which had been first acidified,- stripped of CON 2and
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 g

50 mg). The Kd values derived for these equilibrations were 1.2x10 and?

4x10 , respectively. We also used a mixture of Mono L. water plus
Mono'L. water free of inorganic carbon (50/50) to equilibrate with 10 and; ,

gagofsedimentparticles. In both cases a very small fraction of theI

Pu activity remained in solution, with Kd values slightly lower than*

We expected the K .results to be slightlyfor pure Mono L. water.' d
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 coef ficients for {
,

plutonium are quite different from those we derived by analysis of radio-
i

f nuclides from field samples in Mono L.

! An analogous group of laboratory experiments was also conducted for l

210 !

f Po using Mono L. water and sediments (Table 40). Polonium became
j associated with the particles to a greater extent than did plutonium, but

the large effect of carbonate ion wagiso clearly demonstrated. Thei

dist-ibution coefficient yalues for Po in the laboratory experiments
; using Mono L. water (7x10 ) were about an order of mggnitude lower than we
i derived from our field measurements in Mono L. (8x10 ).
4

! 9.0 DISTRIBUTION COEFFICIENTS FOR MONO LAKE WITHOUT TRACER ADDITIONS

In most ne.tural waters, the concentrations of radionuclides already
,

: present are usually too low to permit distrik: tion coefficient measure-
j mentsonsmajj8'"EbI'*2}3Th 2$8'*h, k25 "h and even"*EII'2N'Puare

8 * '' " ""*"~
trations of U, U, T T *,

i 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 investigate the importance of carbonate complexing
! (Table 41). The gts were frem 30-50 cm below the sediment surface,
i and thus free of Pupriortotheexperimeggs240
i .'Afterequilibragionfor48 hours,thedissolved Pu concentratione
'

(12.610.6 'pci/m ) was the same sa a fregsgle of Monc L. surface
Pu activity on the par-water. We were not able to detect any e

ticles above our background. Equlibration of sediments with Mono L. water
4

i acidified,strippedofCO,ag ored to pH 10 resulted in a very high2

fraction of the totaj)smople Pu activity being adsorbed by the-

particles (Kd = 3x10 An additional equilibration of watet and sedi-.

[ ment after addition of sufficient Na2CO3 to restore carbc,nate alkalinity
[ to a value comparable to unperturbed Mhno L. water (carbogge d *Ii"L*7IN

2
i = 0.7 eq/1) resulted in approximately the same amoynt of Pu

activity associated with the two phases (Kd- 1x10 ). Thus the distri-

.gygiggcoefficient we measured by first inducing adsorption of f allout;

Pu, followed by desorption resulting from carbonate compjexing,e

; was quite comparable to the ratio based on our field data (2x10 ).
f

|.
.- _ .~ - . -. _ --- _ _ ..._..-.- _ _ . _ _ . _ _ _ _ _ . _ _ _ _ . _ _ _ _ - - _-
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Tcble 40

Laboratory Distribution Coefficient Measurements - Po

Solution Sediment Distribution
'

CcefficientSolution Sediment Solution Sediment Activjjg ) Activ{{g )(dpa Po (dpm Po (al/g)Composition Composition Volume (al) Mass (ag)

2Mono L. water (A) Mono L. Sed 100 10 161.514.3 11.410.3 7x10

Mono L. water
free of inorganic
carbon (B) 18.52G.3 137.511.0 7x10"" " "

3A+B (50/50) 105.411.8 49.711.0 5x10" " "

2Mono L. water (Al Mono L. Sed 100 50 121.121.6 42.711.0 7x10

Mono L. water
free of inorganic
carbon (B) 12.310.3 179.011.0 3x10"" " "

" " " 3A+B (50/50) 31.120.7 126.611.0 8x10

4

1

!

?
.I

4

______-_- - _ _ _ _
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* 'Table 41

! Field Distribution Coefficient Measurements - Pu
i

j Recovered Solution Sediment Distribution

(pci/m{vjg 240 'b539240i Solution Sediment Solution Sediment Dry Act ^ * # '"

Pu) (al/g)Pu)(pCi/m| Composition Composition Volume (1) Weight (g) , *

:

I Mono L. water (A)a Mono L. Sed 80 $3.5 12.610.6 N.D. -

" 80 $6.6 0.510.1 14.212.7 3x10"II Mono L. water (B)b
free of inorganic

; carbon

f 3" 80 40.8 6.910.4 8.910.4 1x10j III Solution Bc
1 plus sufficient

| Na2003 to restore
i conditions similar

! to A
i

I
,

'

| c) ~100 g of wet sediment from the bottom 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 CO , and readjusted to pH 10 with NaOH.2
c) An identical experiment to that above (b) was done, followed by reequilibration after Na2CO3 was added to restore

conditions to those similar to unperturbed Mono Lake water.
!
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A similar series of experiments was performed in the laboratory during

g980usingMonoL.gterandsedimentstoestablishthepartitioningof38g,23yy,232Th. Th and Th (Tables 41 and 42). The g e g pro-0 228

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 suspend
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 to particles was substantially

3
incrg ed wgg inorgan carbon was removed f rom the water (Kd = 5-7x10
for ''Th , and ), g arej3p sqg hed Nno L. water and,

3sediments (Kg = 0.7-2x10 for h, Th and h). These latter

values were quite comparable to thoge we obtain from field sample measure-
ments (Table 37, Ka = 0.5 to 0.7x10 ).

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 III to VI are substantially higher
than in natural waters with lower carbonate ion concentrations. In

addition, the degree of solubility enhancement is proportional to carbon-

| et al. , 1983). Concentrations of dissolved U and Th (10 6 - 10 8( ole /1)
, ate ion concentration, especially for elements such as Th *" BPeon

m
in the highest alkalinity lakes (0.5 - 0.7 eq/1 of carbonate alkalinity)4

demonstrate substantial mobilities for elements with oxidation states of,

| IV and VI in natural waters with appreciable carbonate ion concen-
trations. Although both laboratory distribution coefficient experiments1

' 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.
i

11.0 RECOMMENDATIONS
i

Design and performance assessment of high-level radionuclide waste
'repository facilities requires consideration of a large set of complicated-

and interactive processes and components. Some of the most inartant
elements of choice for appropriate sites and design strategies are the
geologic and hydrologic environments to be used. Solid phase and ground-
water chemical conditions, as well as groundwater movement rates in the

i 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

i

. __ _ __ _ _ . - _ __ _ _ . _ _ _ _ _ _ , _ , _ . _ _ _ _ . . _ . -
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Table 42

Leberatory Distributies Coefficient Measuremente - 3, De

secovered Seleties Sediment Distribution

Soleties Sediment Seletten Sediment try Activity Activity Coeffleiset
compeettias composition values (1) weisht(s) sectide (pci/1) (pci/s) (ells)

232 2
I Neee L. ester (A) Mono L. Sed 2.20 0.34 73i 0.642 b.03 0.5320.06 4 10

23e tTh 1.282 0.04 0.9810.08 Salo
22e 2Th 0.942 0.11 0.6620.09 7 10
23e 80 354 29 1.6 20.2 5:10
2h 8D 451 211 3.1 20.2 7:10

I32
4 It nome L. water 2.40 0.44 Th 0.272 0.02 1.7120.11 6:10f"

,3
free of inersenic 0.54 0.02 3.6420.16 7mio;22e
corbee (e) th 0.442 0.06 2.5020.26 6:10

6ml0*I23 % 352 224 20.4 20.52h D 438 227 24.7 20.6 6ml0

232 2
!!! Seleties a 2.40 0.70 0.532 0.02 0.4820.06 9:10"

' #
plus oefficient l.102 0.03 0.7620.08 7:10

20.672 0.05 0.5820.10 9:10Na2CD3 to restore 23conditiene similar 352 223 1.1 20.1 3:10,
8

to A 's 406 219 1.9 20.1 4x10

' e) Seepenalees sized for a period of 1 unek with e strees of alt bubblee

,

_ _ . _ _ _ _ . _ _ _ _ _ _ . _
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Table 43

8Leberatory Distributies coefficient Meneeremente - S . 9

| mecovered Selectee Sediment Distribution

Sol.stion Sediment Seleties Sediment Dry Activity Activity Coefficient
i (al/s)(s ils)' compeeitten compeeition velene (1) weight (s) Wuclide (PCill) c '

232 3
I Neee L. water (A) Mene L. Sed 2.55 0.43 n 0.492 0.02 0.6620.08 1:10

323elin 1.032 0.03 1.0520.10 1:10
##g 3

Th 0.542 0.05 1.3320.23 2:10
234 e

23*0
357 211 1.5 20.2 4x10

0g 473 29 2.7 10.2 6 10

232 3
II Mene L. water 2.45 0.51 n 0.252 0.01 1.8020.10 7:10"

free of inorganic #3h 0.492 0.02 3.5820.14 7:10,
#

,,Th 0.422 0.04 2.0220.13 5x10corbee (5) 234 80 345 212 3.1 20.2 9:10
234 00 489 210 3.9 20.2 4s10

333 2
III Saluties 3 2.45 0.78 n 0.302 0.01 0.2120.01 7 10*

2
plus entficient 0.612 0.02 0.3820.02 6:10

228
me223 to restore 0.542 0.05 0.2420.01 4x10
conditione similar 23b 353 212 1.5 20.1 4xtQ,

^U 460 215 2.2 20.1 5:10 0
to Ar

e) Suspensions mised for a period of I unek with a stream of N2 bubbles

m
M)

I

- . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ --
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is important to accumulate sufficient information on radionuclide behavior
in natural systems to provide direct indication of likely soluble phase
nuclids concentrations in the far field for c 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",1

* and represents what should be a more important component of the national
program in high level nuclear waste management.

12.0 PLANNED RESEARCH

The data reported here were obtained to provide information about thec

j' 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

j natural systema. The field 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.
:
I Based on the information gained from the reseach presented here, and

preliminary data f rom other field environments, some specific areas of
4

; research that need to be addressed are:
2a) the apparent mobility of Pu and Th in extremely high SOg lake waters,4

; 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
j radionuclides in high DOC, anoxic waters.
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-APPENDIX Ij
n

i

| Mono Lake U and Th Concentrations
t

238U = 170 pCi/1

Conversion to molar units:

5 92.22 dpm 5.26x10 min 4.51x10 yr I "018x x x

pCi Yr in2 6.02x1023 ,g,,, j

= 1.26x10 8 x pCi = mole

1 1
~

U = 1.7x10 pCi 1.26x10 8 = 2.1x10 6 ,,g,jg238 2
x

1

_____________________________________________________________________

2 3Th = 690 pCi/m

Conversion to molar units:
,

! 2.22 dpm 5.26210 min 1.39x10 Yr I "Ol' 10 3 35 10
mx x x x

23
PCi Yr in2 6.02x10 atoms 1

= 3.89x10 ll x pCi/m3 = mole /1
|

232 2 pCi x 3.89x10 II = 2.7x10 8 ,og,f tTh = 6.9x10
* ,3

i

f

,-- y %- ,- 3r - -._,,p. - - . - . - , , , w-- --
.
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APPENDIX II

aUranium and Thorium Solubility Calculations for Mono Lake

U Th

.

Assumed solubility limiting species UO2(OH)2(s) Th02(s) 1

Solubility product (K ) 10 23 10 54s

log [UO2 +]=(log K,+28.0-2pH) 10 15 ,,1,71 __

(pH=10)

! log [Th"+]=(log K,+56.0-4pH)b 10 38,,1,71--

(pH=10)
c

2 ,,UO (CO )3 (83 )c 10UO2 ++3CO3 + -
2 3

2-
Th"++5C0 ++Th(CO )5 (SS )c 103 3

--

U(VI) comple.:/UO2 +-Mono Laked 10
"~

33Th(IV) complex /Th"+-Mono Laked 10--

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

b Values of [Th"+] tabulated were computed from the expression shown in
this table (taken from Allard, 1982). Another cal
solubility suggests ITh(IV) concentrations of =10 glation of Th02mole /1 above
pH=8, including hydrolysis effects but not carbonate ion (Langmuir and

,

Herman, 1980).
i

,

c Ihese 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,
Stockholm, Sweden.

'

d Mono Lake water contains total carbonate ion concentrations of 2x10 1
mole /1 (Simpson and Takahashi, 1973).

.

!

. _. _ , _ . . - - . - _ ._, .-. _ _ _. .-
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APPENDIX III
Fallout'Nuclide Inventories in Mono Lake and Lake Abert

i '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
7

,

can also compare our measured inventories with those expected from regional
i fallout data. Our water and sediment data is most comprehensive for Mono L.
I and L. Abert, gwgonfine inventory estimates to those two lakes.

Pu was measured a nusiber of times in both Mono L. andi Dissolved e

L.Abert(Tables 2and3),'andourbestestimagesofaveragewatercobn .)
3

concentrationsforthe'twolakg,wege13pCi/m and 11 pCi/m , respectively |!

2 24
(Table 35). Tutaldissolyed Pu can then be estimated by. multiplying ;

3by 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 !
;
I 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
4 orderofi10%,butshouldnotbemuchgreaterbecauseg . is relatively

i deep (mean depth = 17 meters). The. total quantity of Pu in the water
! column 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 =i

1~ 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 leYe1 was
j then used to estimate the lake volume, based on published (Table 2 in Van
j Denburgh, 1975) bathymetry information (Figure A-2). Two, of the data point s
i (obtained in the 1940's) shown in Figure A-1 were ignored in estimating the
: relationship between chloride and surface elevation because they fall well
1 outside the range of the other points, and because the sampling locations at
j the lake were not reported. Significant errors in estimating the surface

i 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 thei

J information plotted in Figures A-1 and A-2, we estimate the volume of L. Abert t
3

; in August, 1981 to have been = 0.13 km , whjg go ***in Mono L. and L. Abert
"" ** *

Mono L. The total quantities of dissolved > Pu'

were estimated to be 35 mci and 1.4 aci, respectively (Table A-2). The total'

! quantities of other dissolved fallout nuclides were estimated (Table A-2) by
j multiplying the cogntrations listgin Table 35 by ge volume of Mono L. as
; discussgdabove: Am (4.9 mCL), Cs (5400 mci), Sr (430 mci) and HTO
I (6.1x10 sci).
i

' Estimation of the total sediment burden of fallout radionuclides in the two^

lakes is considerably more difficult than for the water column, primarilyj
' because sediment deposition patterns tend to be extremely heterogeneous.

Fallout radionuclide concentrations in sediments are ligd for Mg in
;

Table A-3 and for L. Abert-in Table A-4. Integrals of Cs and ?u
accusulation are listed for each core in Table A-5, expressed in terms of,

4

4

i

f

-- _ _, _ _. _ _ _ _ - -_ - _ __ _ _ _ _ _ _ _ . _ _ . ~ . _ _ _ _ .
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Table A-1

Lake Abert Surface Elevation and Chloride Concentrations *4

(1939-1963)

Year of Lake Level Chloride |.

Sampling (ft) (ppa)'

'39 4,248.2 28,500
'44 4,249.1 16,600

,
'

'45 4,247.8 22,900
'55 4,252.8 14,000
'56 4,257.6 7,760
'57 4,256.7 7,440
'58 4,259.1 6,780
'58 4,260.5 5,140

i '59 4,259.2 7,040
'59 4,258.9 7,570
'61 4,253.86 13,900
'61 4,253.84 14,100
'61 4,253.3 15,500
'61 4,252.04 19,200
'61 4,251.5 20,800
'62 4,251.81 19,300
'62 4,252.14 18,100
'62 4,252.3 17,900"

'62 4,252.36 16,700,

'62 4,251.19 22,000'

'62 4,250.7 25,0003
'

'63 4,253.08 15,500

! *Phillips and VanDenburgh, 1971
i

i

j

1

|

|
_, .. . - - - - - . __ _ _____._ _ - - _ _ . _ - - ~ - - . . _ , _ . _ _ _ - _ _ - _ - - _ __-_.. _._-. _.. ._
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Table A-2

Alkaline Lake Radionuclide Inventories
r

Mono Lake Abert Lake

- Dissalved 239,240 Pu (mci) 3.5x10 1.4x10*
I

241Dissolved Am (mci? 4.9x10* -

137 3 2Dissolved Cs (mci) 5.4x10 (3x10 )
90 2Dissolved Sr (mC1) 4.3x10 _

l

Tritium'(mci)* 6.1x10 1.5x10"5

1 ISediment 239,240Pu (mci) 1.4x10 6.5x10 ]
137 2 3Sediment Cs (mci) 1.6x10 4.3x10

90 3Sediment Sr (mci) (3.3x10 ) -

1 1Total lake 239,240Pu (mci) 4.9x10 6.6x10

137 3 3

}
Total lake Cs (mci) 5.6x10 (4.6x10 )

90 3
Total lake Sr (mci) (3.7x10 ) -

Total lake 239,240Pu/ Cs 9x10 3 1.4x10 2

3 3*To obtain pCi/m from T.U., multiply by 3.24x10
i
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Table A-3

Fallout Radionuclide Inventory in Mono Lake Sediments

239,2WPu e Pu
Laboratory Core Depth Sample wt. y Cs Cs

2 2

Control f f (ca) (g) (g/cm ) (pci/kg) (mci /km ) (pci/kg) (mC1/km )

1373A 1 0-1 6.4 0.32 132 0.42 12.9 0.041

B 1-2 9.0 0.45 275 1.24 18.8 0.085
"

C 2-3 6.7 0.34 260 0.87 20.6 0.069
"

D 3-4 7.1 0.36 16 0.06 N.D. -

"

E 4-5 6.5 'O.33 60 0.20 N.D. -

"
E79 0.195

1433A 2A O-1 5.9 0.30 77 0.23 3.7 0.011

B 1-2 7.8 0.39 29 0.11 1.3 0.005 l
"

0.34 0.016
i
'

1436A 3A 0-1 4.4 0.22 54 0.12 4.8 0.011

B 1-2 3.7 0.19 68 0.13 N.D. - |
"

0.25 COTT

1439A 4A 0-1 3.5 0.18 150 0.26 13.5 0.024

B 1-2 4.1 0.21 110 0.23 N.D -

"

C 2-3 4.1 0.21 130 0.27 0.6 0.001
"

0.76 0.025

1551A SA 0-1 10.6 0.53 120 0.64 3.3 0.017

5 1-2 11.4 0.57 145 0.83 6.7 0.038
"

C 2-3 9.1 0.46 195 0.89 32.9 0.150"

D 3-4 4.4 0.22 80 0.18 2.5 0.006
"

E 4-5 8.8 0.44 5 0.02 N .D . -

"

F 5-7 13.7 0.34 32 0.21 N.D. -

"

G 7-9 13.6 0.34 69 0.47 N.D. -

"

H 9-11 13.4 0.34 45 0.31 -

"
3.55 0.211

. - . _ _ _ _ _
.

..

. .. .
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.. .. .. _
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Table A-3 (Cont'd)

Fallot.t Radionuclide Inventory in Mono Lake Sediments

's O
Pu o PuLaboratory Core Depth Sample wt. e i Cs Cs -

2 2
Control i # (cm) (g) (g/cm (pci/kg) (mci /km ) (pci/kg) (mci /km )-

1677A 6A 0-1 15.4 0.77 146 1.12 7.0 0.05
B 1-2 14.2 0.71 122 0.37 14.4 0.10"

C 2-3 15.0 0.75 231 1.73 101.7 0.76"

10.9 0.06'D 3-4 11.1 0.56 - -"

E 4-5 10.7 0.54 131 0.70" -

F 5-6 10.3 0.52 86 0.44'" -

G 6-7 11.9 0.60 128 0.76" -

H 7-8 13.1 0.66 30 0.20 -"

I 8-9 11.3 0.57 60 0.34 -'"

J 9-11 20.7 0.52 32 0.33" -

6.49 0.87

1675A 65 0-1 14.4 0.72 168 1.21 -

B 1-2 17.9 0.90 210 1.88" -

C 2-3 14.4 0.72 119 0.86" -

D 3-4 9.3 0.47 83 0.39 -"

E 4-5 10.4 0.52 64 0.33 -"

F 5-6 10.8 0.54 104 0.56" -

G 6-7 10.5 0.53 5 0.03" -

H 7-8 11.6 0.58 122 0.71" -

I 8-9 10.8 0.54 121 0.65" -

J 9-11 19.6 0.49 20 0.20" -

K 11-13 18.7 0.47 25 0.24 -
,

"

L 13-15 17.3 0.43 70 0.60 -"

M 15-20 36.3 0.36 37 0.67 -"

N 20-25 53.6 0.54 24 0.65 -"

8.98

s

i
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Table A-3 (Cont'd)

Fallout Radionuclide Inventory in hono Lake Sediments

'e Pu137 239,240Pu
Laboratory Core Depth Sample wt. e y Cs Cs

2 2

control # # (cm) (g) (g/cm ) (pci/kg) (mci /km ) (pci/kg) (mci /km )

1678A 7 0-1 12.7 0.64 110 0.70 6.8 0.04

B 1-2 15.0 0.75 112 0.84 8.5 0.06"

C 2-3 14.5 0.73 287 2,08 17.3 0.16"

D 3-4 11.3 0.57 420 2.37 85.6 0.49"

E 4-5 12.1 0.61 167 1.01 -"

F 5-6 11.1 0.56 110 0.61 -"

G 6-7 9,8 0.49 176 0.86 -"

H 7-8 10.5 0.53 118 0.62 -"

I 8-9 11.4 0.57 158 0.90 -"

.T 9-11 23.9 0.60 71 0.85 -"

K 11-13 20.3 0.51 107 1.09 -"

L 13-15 18.1 0.45 75 0.68 -"

M 15-20 42.6 0.43 34 0.72 -"

N 20-25 52.4 0.52 17 0.45 -"

0 25-30 44.7 0.45 37 0.83 -"

14.61 0.75

1679A 8A 0-1 15.7 0.79 110 0.86 9.7 0.08

| B 1-2 11.9 0.60 42 0.25 18.3 0.11"

C 2-3 14.0 0.70 285 2.00 22.8 0.16"

" 3-4 10.2 0.51 200 1.02 229.4 1.17
| D

E 4-5 11.9 0.60 40 0.24 -"

F 5-6 - - - - -"

G 6-7 13.5 0.68 3 0.02 -"

H 7-8 11.1 0.56 164 0.91 -
'

"

" 8-9 12.4 0.62 97 0.60 -

I
5.90 1.52

,
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Table A-3 (Cont'd)

Fallout Radionuclide Inventory in Mono Lake Sediments

3# s ' 2W 239,2W
C * p, PuLaboratory Core Depth Sample wt. e y Cs

2 2
4 Control i # (cm) (g) (g/cm ) (pci/kg) (mci /km ) (pci/kg) (mci /km )

'

1680A 8B 0-l 17.0 0.85 63 0.54 -

B 1-2 11.2 p.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 5-6 13.0 0.65 - - -"

G 6-7 11.6 0.58 177 1.03 -"

T 4T

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 9-11 21.5 0.53 105 -"

K 11-13 19.5 0.49 105" -

4.60 0.66

1682A 9B 0-1 17.9 0.90 99 0.89 -

B I-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 5-6 11.4 0.57 115 0.66 -"

G 6-7 11.8 0.59 159 0.94" -

H 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 - -"

%6.04

.. .. . .. . .
. .. .. ..

___
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Table A-4

Fallout Radionuclide Inventory in Lake Abert Sediments

137 37 ' 2%p, 2M,2%Pu
Laboratory Core Depth Sample wt. Cs Cs *

2 2

control i # (cm) (g) (g/cm (pCL/kg) (mci /km ) (pci/kg) (mCL/km )

1690A 1 0-1 6.7 0.34 2195 7.4 -

" 1-2 14.3 0 ~.7 2 2040 14.7 -

B
" 2-3 18.2 0.91 2261 20.6 -

C
D 3-4 15.9 0 80 2847 22.8 -

"

E 4-5 16.5 0.83 2680 22.2 -

"

5-6 19.6 0.98 2226 21.8. -

"
F
G 6-7 17.2 0.86 3010 25.9 -

"

H 7-8 15.3 0.77 2419 18.6 -

"
" 8-9 14.2 0.71 2489 17.7 -

I

J 9-11 26.4 0.66 2910 38.4 -

"

K 11-13 25.2 0.63 2781 35.0 -

"

L 13-15 30.1 0.75 1923 28.9 -

"

" 15-20 105.0 1.05 307 16.1 -

M
N 20-22 41.5 1.03 77 1.6 -

"
. 291.7
'

1

1691A IB 0-1 3.1 0.16 1483 2.2 -

B 1-2 11.9 0.60 1948 11.5 -

"

C 2-3 15.1 0.76 2222 16.9 -

"

D 3-4 16.8 0.84 2150 18.1 -

"

4-5 15.8 0.79 2302 18.2 -

"
E

F 5-6 15.3 0.77 3196 24.6 -

"

G 6-7 14.1 0.71 2882 20.2 -

"

H 7-8 15.6 0.78 2849 22.2 -

"

I 8-9 14.5 0.73 3255 23.4 -

"

J 9-11 29.1 0.73 2722 39.6 -

"

K 11-13 28.5 0.71 2877 41.0 -

"

L 13-15 30.5 0.76 2678 40.3 -

"

M .15-20 83.5 0.84 159 6.6 -

"

N 20-25 91.9 0.92 998 45.9 -

"
331.2

|

. _ _ _ _ _ _ _
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Table A-4 (Cont'd)

Fallout Radionuclide Inventory in Lake Abert Sediments

Laboratory Core Depth Sample wt. e y Cs Cs ' 240 , 2M,2WI37 * p p,22Control # # (cm) (g) (g/cm ) (pci/kg) (mC1/km ) (pci/kg) (mci /km ) ,

1692A 2A 0-1 12.5 0.63 1627 10.2 -

"B 1-2 10.7 0.54- 2110 11.3. -

C 2-3 10.7 0'.54 2094 11.2" -

"D 3-4 7.9 O 40 1909 7.5 -

f"E .4-5 13.8 0.69 1304 9.2 -

"F 5-6 15.7 0.79 819 6.4 -

"G 6-7 18.8 0.94 734 6.9 -

"H 7-8 21.5 1.08 885 9.5 -

"
I 8-9 21.8 1.09 531 5.8 -

"J 9-11 32.9 0.82 324 5.3 -

"K 11-13 31.1 0.78 217 3.4 -

"L 13-17 77.0 0.96 44 1.7 -

88.4

1650A 23 0-1 7.2 0.36 1456 5.2 24.6 0.09
"B 1-2 10.7 0.54 1815 9.7 29.0 0.16
"C 2-3 8.9 0.44 1962 8.7 32.3 0.14
"D 3-4 16.1 0.81 2007 16.1 35.9 0.29
"E 4-5 14.0 0.70 2185 15.3 -

"F 5-6 15.0 0.75- 2105 15.8 -

G 6-7 13.6 0.68 1987 13.5 -"
"H 7-8 12.3 0.62 1692 10.4 -

"
I 8-9 16.9 0.85 941 8.0 -

J 9-11 29.7 0.74 821 12.2" -

K 11-13 30.1 0.75 669 10.1" -

"L 13-15 31.7 0.79 386 6.1 -

"M 15-20 101.5 1.02 121 6.1 -

137.2 W

t;
w

- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _
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Table A-4 (cont'd)

Fallout Radionuclide Inventory in Lake Abert Sediments

'e PuI37 239,240Pu
Laboratory Core Depth- Sample we. e iy Cs Cs

2 2

control f f (cm) (g) (g/cm ) (pci/kg) (MCI /km ) (pci/kg) (mci /km )

1694A 3A 0-1 18.2 0.91 854. 7.8 -

B 1-2 17.5 0.88 312 2.7 -

"

C 2-3 15.3 0.77 327 2.5 -

"

D 3-4 14.1 p.71 285 2.0 -

"

E 4-5 15.6 0.78 243 1.9 -

"

F 5-6 14.1 0.71 125 0.9 -

"

C 6-7 14.4 0.72 123 0.9 -

"

H 7-8 13.9 0.70 186 1.3 -

"

I 8-9 16.1 0.81 72 0.6 -

"

J 9-14 36.3 0.36 15 0.3 -

"
20.9-

1695A 3B 0-1 11.8 0.59 826 4.9 -

" 1-2 16.9 0.85 451 3.8 -

B
" 2-3 16.5 0.83 304 2.5 -

C
" 3-4 14.3 0.72 191 1.4 -

D
E 4-5 18.5 0.93 79 0.7 -

"

F 5-6 16.1 0.81 34 0.3 -

"
-

C 6-7 17.3 0.87 --
"

H 7-8 17.2 0.86 41 0.4 -

"
14.0

- . - - - -

.. ..

. _
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Table A-4 (Cont'd)

Fallout Radionuclide Inventory in Lake Abert Sediments

3 3 ' 2W 2 H ,2HPuLaboratory Core Depth Sample wt. e y Cs Cs * p,
2 2

control # # (cm) (g) (g/cm ) (pci/kg) (mci /km ) (pci/kg) (mci /km )

1651A 4 0-1 8.2 0.41 1483 5.9 13.0 -0.053
B 1-2 9.6 0.48 1776 8.5 12.6 0.060"

C 2-3 10.8 0.54 1852 10.0 16.0 0.086"

D 3-4 13.8 6.69 1368 9.4 15.7 0.108"

E 4-5 13.1 0.66 1458 9.6 14.8 0.098"

F 5-6 11.4 0.57 1365 7.8 17.2 0.098"

G 6-7 15.7 0.79 1973 15.6 34.0 0.269"

H 7-8 12.2 0.61 1807 11.0 17.7 0.108"

I 8-9 13.4 0.67 1189 8.0 16.7 0.112"

J 9-11 31.5 0.78 1661 26.2 21.7 0.339"

K 11-13 28.3 0.71 962 13.6 39.8 0.563 i
"

L 13-15 34.4 0.86 601 10.3 19.3 0.332."

M 15-20 75.0 0.75 264 9.9 0.93 0.035"

N 20-25 78.8 0.79 132 5.2 0.11 0.004"

0 25-30 79.5 0.80 19 - - -"

P 30-35 91.9 0.92 11 - - -"

Q 35-40 88.3 0.88 - - - -"

R 40-45 94.3 0.94 5 - - -"

151.0 2.27

,._

o.u
]

I
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Table A-5

Alkaline Lake Radionuclide Inventories in Sediments

Cs(mci /km ) 239,240Pu(mci /km ) 239,240 ,71372 2137 p Cs

Mono Lake Core #
1 2.8 0.20 0.071
2A 0.34 0.016 0.047
3A 0.25 0.011 0.044
4A 0.76 0.025 0.033
SA 3.55 0.211 0.059
6A 6.5 >0.87 >0.134
6B 9.0 - -

7 14.6 >0.75 >0.051
8A 5.9 >1.52 >0.26

~ ~

85 4.4 - -

9A >4.6 >0.66 >0.143
9B 6.0 - -

,

Lake Abert Core #
1 292 - -

IB >331 - -

~

2A 88 - -

2B 137 >0.68 >0.0050
- ~

3A 21 - -

3B 14 - -

4 151 2.27 0.0150

|

|
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mci /km .
0.25 mci /k]m Cg accumulation rates in Mono L. waf3b * inventories

e range of
to = 15 mci /km , while in L. Abert the sediment Cs

2
239,2WPu, the sediment gecumulationwere much greater (14-330 mci /km }. For

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 obtain samples of the lake sedimen,ts
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:

1) Monobge
3A) Cs - average accumulation rate for 12 cores = 4.9 mci /km

'

137 .

Cs - lake average estimate, assuming high deposition areas
represent = 10% of total area (cores 1 5A, 6A, 6B, i

I7, 8A, 8B, 9A, 9B - average 6.4 mci /km ) and low

deposition areas represent =2)0% of *.otal area (cores 2A,
9

23A, 4A - average O 45 mci /km = 1 MCI /km
1 mci /km x 160 kmj = 160 mci.

,

2

B) 2 3 9,2WPu - average ccumulation rate for 9 cores =
0.48 mci /km

239,2WPu - lake average estimate, assuming high deposition
areas represent = 10% of totp1 area (cores 1, SA, 6A, 7,
8A, 9A - average 0.70 mci /km ) and low deposition areas

0.017 mci /km|0% of total arep (cores 2A, 3A, 4A - average
represent =

) = 0.09 mci /km
0.09 x 160 = 14 mci.

2) Lake Abert

2A) Cs - average accumulation rate for 7 cores = 148 mci /km ,
Cs - lake average estimate, assuming high deposition areas

represent = 10% of t tal area (cores 1, IB, 2A, 2B, 4 -
2

average 200 mci /km ) and low deposition areas represegt
= 90% of gotal area (cores 3A, 3B - average 18 mci /km =

36 mci /km
236 mci /km x 120 km2 = 4300 mci.

B) 239,2WPu - accumulation rate for 1 core = 2.3 taci/km2
239,2W ,

2Pu - ge averagegtgte,ysuming value of 36 mci /km
for Cs and a e Pu/ Cs ratio of 0.0150 (core24 4) = 0.54 mci /km *

2 20.54 mci /km x 120 km = 65 mci.
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We have included several numerical values in Table A-2 in addition to those
Weincludedgstimatesforbothtotallakg3{Cs/ggentsplus

seddiscussedaggve. 9Sr and sediment Sr, by assuming a ratio of Sr = 1.5 fordissolved)

the input o[35 ***in L. Abert, by assuming that dissolved f5f"Csconcentrations
* " "" ** " *** *d*"""*''-

total lake Cs
in L. Abert were equal to those in Mono L.

g total quantities (including the water column and sediments) of
39* PuinMonoL.andL.ggertwerethusestimatedtobe49mCiand

66 mci, yespectively. For Cs the total inventories were estimated to be
35.6 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 years of maximum fallout. A recent attempt to make fallout delivery
estimates in Utah (Beck and Krey,1983) reported a simple linear relationship
between total fallout delivery and mean annual precipitation rate. Using the
relationship derived for Utah, we computed total fallout delj3grIuS M n L.

a Pu andand L. Abert of about 4-5 timep3phe amounts we measured for
about three times gg much ,for 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 considera1y lower, yielding amounts quite
comparable to the inventories we derived from measurements in the water column
ggggegimentsp{7 Mono L. and L. Abert. Thus the total quantities of fallout

Pu and Cs observed in these alkaline lakes are generally compatible
with regional fallout delivery rates for the statpgg j gashington, Oregon ando
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.

.

9

1

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table A-6

Estimated Fallout Delivery of Radionuclides

-

2 2Nuclide aci/km mci mci /km mci

(P=20 cm/yr) (P=20 cm/y[)) (P=25 cm/yr) P=25 cm/yg)|

(A=200 km (A=150 km

137 Csa 70 1.4x10" 82 1.2x10"

2 2239,240Pub 1.3 2.6x10 1.5 2.3x10

|

3 3137Cec 31 6.2x10 34 5.1x10

2 I239,240Puc 0.59 1.2x10 0.64 9.6x10

3 3
l

137 Cad 20 4.0x10 22 3.3x10

1 1239,240 Pud 0.38 7.6x10 0.42 6.3x10 |

|
'

137 3 3Co* 18 3.6x10 19 2.9x10

1 I239,240Pu' O.34 6.8x10 0.36 5.4x10
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Table A-6 (Cont'd)

Estinated Fallout Delivery of Radionuclides

a) Beck and Krey (1983) reported the following relationsnip for fallout
137Cs delivery (decay corrected to 1979) and mean annual precipitation
rate (P in cm/yr) for Utah (15-50 cm/yr of annual precipitation):

2 2137Cs (mci /km ) = 2.22xP+26 mci /km

13 *3' 2WD) Beck and Krey (1983) reported a ratio of Cs to * Pu in

integrated global fallout for samples collected in 1979 of 5310.5.
Expressed as the reciprocal, this value gives a 239,240 , gn 137p Cs

ratio of 1.89x10-2 ,

90C) Simpson (1970) found the following relationship for Sr deposition

vs. annual precipitation in cm for 5 sites in the state of Washington
during the mid 1960's.

2 290Sr (mci /km ) = 0.46xP+20 aci/km

Cs in 1980ian'be estimated from the above expression for ''Sr by137

aticiplying by 1.5 and dividing by 1.41 to correct for radioactive
239,240 , g, 137Cs was assured to = 1.89x10 2decay to 1980. p

k
90d) Simpson (1970) found the following relationship for Sr deposition vs.

annual precipitation in cm for 2 sites in the state of Oregon during the
'

mid 1960's.
2 290Sr (mci /km ) = 0.36xP+12 aci/km

d Cs and 239,240Pu deposition in 1980 can be estimated as described in

footnote c.

*) Simpson (1970) found the following relationship for ''Sr deposition vs.
annual precipitation in cm for 3 sites in the state of California during'

the mid 1960's.
2 290 Sr (mci /km ) = 0.28xP+11 aci/km

II Cs and 239,240Pu deposition in 1980 can be estimated as described in

footnote C.
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N/A % }
Measurements of the radioisotiepe concentrations of a number of ele-i. Aesra Acr <m ., =o

ments (Am, Pu, U, Pa, Th, Ac, Ra,
.

Pb, Cs, and Sr) in the water and
sediments of a group of alkaline (p 9-10), saline lakes denionstrate

greatly enhanced soluble phase conc &ntpations of elements with oxidation
statesof(III)-(VI)astheresultfofcomplexingbycarbonateion. Ratios
of sojuble radionuclide concentrations in Mono Lake to those in seawater
QOU(=150), go ge = g times' that ofg awaterg)were:3 ] in Pu(=10),

Pa, h, Th(alO ), and ( =10 2Ef fective distri-.

bution coefficients of these radionuclides high C03 environments are
several orders of magnitude leder (i.e., lessiparticle reactive) than in
most other natural waters. IVe importance of 0032 ion on effective Kd
values was also s'trongly sugg'ested by laboratorysexperiments in which most
of the dissolved actinide el&ments became adsorbed to particles af ter a
watersamplenormallyatafHof10wasacidified,MtrippedofallCO2.
and then returned to pH 10/by adding NH40H. Furthermore the effect of
complexation by organic ligands is of secondary impoigan,e in the presencec
of appreciable carbonate ion concentration. %

Neither pure phase sdlubility calculations nor labo,ratory scale Kd
determinations accurately! predicted the measured natural 'hystem concen-
trations. Therefore, measurements of the distribution of fadionuclides in
natural systems are essential for assessment of the likely fat,e of poten-
tial releases from high level waste repositories to groundwater. ;
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