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AEORPTTOlV EQUILIBRIA BETWEEN EARTH MATERIAIS AND RADZONUCLiDES, 

CAPE THOMPSON, ALASKA 

J. H, Baker, W. A. Beetem, and J. S .  WahPberg 

ABSTRACT 

The concept and the derivation of a distribution coeffici?nt 

are developed. Ion exchange and the nature of competition among 

cations are given. Distribution coefficients for carrier-fie 

cesium, strontium, and iodine were determined on 17 samples collec*,i;c 
during July, 1961, in the vicinity of Cape Thompson, nort8hwest:rn 

Alaska. High percentage uptake of these ions was measured under the 

test conditions. Cesium adsorption, at 1 day, was found to br- T r -  

presented by the mass-action equation. The distribution co~ffTci*:n~s 

for cesium adsorption were so large that*, in all but a feu ~ a s r s ,  V + ~ Y  

Li-t,tle of this nuclide wouid remain long in solution In thp- natural 

waters of the area, Strontium adsorption was fou2d to btL a fuczfl IL 

of the calcium-plus-magnrsiwn concentration and to be ind?pendent of 

the sodium concentration, In most samples, its equillbriwn 1s rea:k-a 

I n  Itss than 1 day, lodine sorption varied with percent  orgari: m s ~ '  ? 

in the samples. Tf the iodine were in contact w16,h organia rna+.,rrr 

for several days, a substantial part of it probably would b=. remlmwd 

from solution i~ the naturai waters. 



ADSCRFTION EQIJILIBRIA BETWElTN EARTH UTERIAIS AND RADIONUCLIDB, 

CAPE THOMPSON, ALASKA 

J. H. Bakes, W. A .  Beetem, and J. S. Wahlbe~g 

SOME PRINCIPLES OF ABORPTION AND ION EXCHANGE 

General a saec t s  of t h e  d i s t x i b u t i o n  coefficient 

When watesscontaining a d isso lved  radionucl ide  com? i n  '?on- 

t a c t  wi th  e a r t h  ma te r i a l s  some of t h a t  rad ionucl ide  w i l l .  be ~ o : r 5 ~ d  

by t h e  e a r t h  ma te r i a l .  Such so rp t ion  r e s u l t s  from a v a r i e f y  of 

chemical r eac t ions .  For example, s t ront ium might bi+?:rn? incorpora t ,~d  

i n  in so lub le  calcium carbonate o r  calcium phosphat;~, o r  it migh,t be 

a t t ached  t o  c l a y  minerals  o r  decomposing organic ma.kter by iorr ex-. 

change. Ion exchange i s  a common mechanism f o r  sorpt,fun cf ions ,  

because n a t u r a l  m a t e r i a l s  such a s  clay minerals  and. organic mat't;i.:r' 

have high exchange c a p a c i t i e s  and are widely d i s t r ib ' u t ed  i n  rLat.;r~ . 
Regardless of the  mechanism by which an ion i s  re.r,a:ned. ky 

e a r t h  m a t e r i a l ,  t h e  d is t . r ibut ion  of t h e  s u b s t a x ?  S\?%wren water 9,!6 

t h e  eal-th ma't;erial can be descr ibed  by t h e  dis tr ibut . , ion i:oefSicl:?ct 

KdJ formulated by Tompkins and Mayer (1947). Thus, i f  f S  represent.~ 

t h e  f r a c t i o n  of t h e  substance t h a t  i s  sorbed by tb.9 ?art;h material. 

and 1- :f rep:cesmts t h e  f 1-action remaining i n  s ~ l u t ~ i o n ,  -then 
S 

I 
S V K =- - 

d 1 - f s  ' M '  

-&ere V is the volume of s o l u t i o n  i n  mli l i l i t f i .1-e  ar,d M i s  ? c s 2  s a s s  

of e a r t h  m a t e r l a l  f n  grams. 



K represents the ratio of the amount of substance sorbed per d 
gram of earth matexialto the amount of substance per milliliter 

of solution. The amounts may be expressed in any convenient unit. 
4' 

v 1. 
S When - is changed, - M 

changes but the distribution coefficient, 
1-fs 

Kdy remains constant (~hom~kins and Mayer, 19470 Hence, values 

of Kd measured at one 1 ratio can be applied to systems having M 
v other - ratios. For example, for a distribution coefficient of M v LOO, the percent sorbed under changing values of - would vary as 

M 
follows : 

Percent sorbed 99 91 50 9 1 0 99 

Thus, for a stream with a suspended-sediment concentration of 

100 ppm (parts per million) 1 is 10,000, and, under a Kd of 100, M 

only about 1 percent of the radionuclide would be sorbed on the 

suspended sediment. 

Although it remains constant as the ratio of volume of solution 

to mass of earth material varies, the distribution coefficient, Kd, 

usually changes as the composition of the solution varies. If the 

process of radionuclide adsorption is that of ion exchange, the 

effect of changes in composition of the solution can be predicted 

from one of the equations describing ion-exchange equilibria. Some 

of these equations are reviewed below, 



Ion exchange and t h e  equilibrfum constan't  

When t h e  exchanging ions have t h e  same valence, a l l  % ~ ~ O T ~ P E  of 

Ion exchange y i e l d  t h e  same equat ion.  Thus, i f  adsorbrd sodium 1s  

rep laced  by cesium the r eac t ion  may be represented  by 

f + 
Na(adsorbed) 4- C s  ( so lu t ion )  -2 CS+ (adsorbed) t. ~ a '  ( s o l u t i o c )  ( 2  1 

and t h e  equil ibrium cons tant ,  K, f o r  t h e  react,ions may be expressr3d 

by 

where t h e  brackets  represent  a c t i v i t i e s  and t h e  s u b s c r i p t s  ''asP acd.  

"st' r e f e r  t o  t h e  adsorbed and s o l u t i o n  phases r e spec t ive ly .  

The equi l ibr ium cons tant ,  K, may be expected t o  dif:f+?r according 

to t h e  type  of exchange s i t e s  a t  which t h e  ions a r e  adso,rbrd.--for 

example, caxboxyl groups of organic mat te r  and the  sur fac~+s  of c l a y  

minera ls .  Unless they a r e  s u b s t a n t i a l ,  however, the: differr-.nc:.is 

among t h e  va lues  of K f o r  the . s e v e r a l  types of s i t , e s  i n  a giv:,:n 

e a r t h  m a t e r i a l  may not be de tec t ab le .  



Several  equations have been proposed t o  describe tihe e q u i l i b r i a  

when the exchanging ions do not  have the  same valence, For the re- 

ac t ion,  

the mass-action equil ibrium constant  may be expressed as 

For this react ion (43, another equation has been derived by Krishna- 

moorthy and Overstreet  (1949), as follows: 

The equation derived by Eriksson (1952) on the  b a s i s  of Donnan t , h ~ o r y  

i s  

I n  these equations the  quanti t ies  of the  ions adsorbed are expressc:>d 

i n  moles per gram of exchanger and the concentration of the- so lu , t0  .ion 

i n  moles pe r  l i t e r .  If t h e  concentrat ion of d i f fusabie  aniofis i n  
+ -+-I- 

the  exchanger phase i s  very small, the  f a c t o r  ( ~ a  t- 2 Sr pa is 

approximately equal  t o  the exchange capacity C; uzder these ?ond.it,ie.ns 

Eriksson's  equation (7) becmes i d e n t i c a l  t o  equation ( 5 ) .  



Eriksson (1952) also derived an equation based on the Gouy 

theory of the diffuse double layer. This equation, as formulated by 

Bolt (1955) expresses the ratio between the sodium adsorbed and the 
exchange capacity of a sodium-strontium system; thus 

Ma+), r sinh 
-- 

-I r& 
R = - 

(~a' + ~r++), 14 r + 4 v "J(sr"+, 
(8) 

C 

where the amounts of adsorbed ions are expressed in milliequivalents 
(Na+) S 

per gram, r is the ratio with the concentrations expressed 
J(sr'+lS 

in moles per liter, P is the cation-exchange capacity per unit surface 

area (surface charge density) expressed in milliequivalents per square 

centimeter, B is a constant equal to 1.06 x 1015 centimeters per milli- 

mole at 2o0c, and Vc is related to the degree of interaction between 

the clay particles and for most cases can be taken as unity. Accord- 

ing to this equation the ratio of sodium to strontium adsorbed is 

(~a~erwerff and Bolt, 1959) 

'1 
- 1 

s inh ~6 

This is the Gapon equation, in which k is an "exchange constant." 



Bolt (1955) found t h a t  experimental r e s u l t s  f o r  sodium-calcium 

exchange on i l l i t e  could be f i t t e d  q u i t e  we l l  t o  t h i s  equation using 

a value of 0.0125 f o r  "kg' when t h e  concentrat ions of t h e  ions  i n  t h e  

equil ibr ium so lu t ion  were expressed i n  mi l l i equ iva len t s  peP L i t e r .  

I n  addi t ion ,  Lagerwerff and Bolt  (1959) found t h a t  t h e o r e t i c a l  

values of "kqg ca lcu la t ed  from t h e  double-layer equation, equat ion 

( l o ) ,  agreed we l l  with experimental values f o r  potassium-calcium ex- 

change on montmorillonite bu t  not  with those  on i l l i t e .  

Cer ta in  c l ay  minerals of t h e  montmorillonite and i l l l t e  types 

a r e  known t o  " f ix"  potassium, rubidium and cesium. These elements, 

presumably because of t h e i r  i on ic  r a d i i ,  f i t  i n t o  t h e  hexagonal 

spaces between s i l i c a t e  l aye r s  i n  such a configuratfon a s  t o  make 

t h e i r  removal very d i f f i c u l t .  Thus, i n  t h e  case of potassium-calcium 

exchange on i l l i t e ,  t h e  t h e o r e t i c a l  and experimental values of "k" 

deviated widely, presumably owing t o  such f i x a t i o n  of potassium by 

i l l i t e .  The double-layer equation a l s o  has been repor ted  t o  d e s e r l b i  

sodium-calcium exchange i n  s o i l s  (Richard and o thers ,  19541, For a 

l a r g e  number of s o i l s  t h e  exchange constant  averaged 0.015. 

Competition among ca t ions  

Natural  water canmonly conta ins  s e v e r a l  ca t ions ;  sodium a-d 

calcium usua l ly  predominate. A radionuclide d issolved i n  such a 

water must compete aga ins t  a l l  these  ca t ions  simultaneously fss 

exchange s i t e s  on e a r t h  ma te r i a l s .  To s impl i fy  considerat icr ,  of 

t h i s  phenomenon, l i t t l e  e r r o r  should be introduced o r d i n a r i l y  by 

t r e a t i n g  a11 t h e  n a t u r a l  monovalent ca t ions  a s  sodium and all t h e  

n a t u r a l  d iva len t  ca t ions  a s  calcium. However, t h i s  g e n ~ r a l i z a t l o n  

may no t  be v a l i d  when the  e a r t h  m a t e r i a l  conta ins  an  appr~ciab-ie 

amount of c l ay  minerals such a s  i l l i t e ,  which "f ix" pot,ass-Ewn i n  a 

nonexchangeable form. 



Assuming t h a t  the Gapon equation (10) with an exchange constant 

of 0.015 i s  appl icable ,  the r e l a t i v e  competPtion with radionuclides 

f o r  exchange s i t e s  on earth mater ia ls ,  by sodium and by calcium, 

can be evaluated. Thus, f o r  an e a r t h  mate r i a l  having a cation- 

exchange capacity of 20 m i l l i e q u i v a l e n t , ~  per  100 grams, the per- 

centage of exchange s i k s  occupied by sodium among severa l  concentra- 

t i o n s  of sodium and calcium, would be as follows: 

Composition of solut ion 
(equivalents  p e r  mi l l ion)  

Calc iwn Sodium 

0.04 0.2 

.2 .2 

1.0 1.0 

2.0 2.0 

Percent sodium sa tu ra t ion  

I n  natnrdl  f r esh  waters of t h e  area  considered Later ir t h i s  

rcpor t ,  th? concantra%ion of a l l  ca t ions  gecera i ly  i s  l e s s  than 4 epm, 

and in most of them t h e  concentration of calcium i s  grzat,er than  that 

of sodturn. Accsrding t n  the preceding calculat,ioc, t,ht?refore, l e s s  

t,han 3 percent  of the  exchangeable cations should be scd ium,  Evfdently 

I,he adsorptiur, of radioact ive  ca t ions  onto eart,h materfs ls  drtpends 

pr imarf ly  on t h e  concentration of calcilun, o r  of calcium pl.us ma.graesfum, 

i p  the waters of the  area .  



The effect of calcium concentrat ion on t h e  d i s t r i b u t i o n  

c o e f f i c i e n t  f a r  s tront ium adsorption under camputitive ion exchange 

can be der ived f o r  t h e  r eac t ion  

using the mass-action expression 

To ensure t h a t  K will be constant  the  a c t i v i t i e s  of t h e  ions i n  

so lu t ion  and of those  adsorbed m u ~ t  be used. I n  d i l u t e  so lu t ions  

t h e  a c t i v i t y  co r rec t ions  f o r  s tront ium and calcium ions w i l l  cancel  

each otherq so  t h a t  t h e  concentrat ions of t h e  ions  may be i n s e r t e d  

i n  the  preceding equation.  For t h e  adsorbed ions ,  however, there 

i s  no genera l ly  acceptable method of c a l c u l a t i n g  a c t i v i t y  c o e f f i c i e n t s .  

Because of t h i s  and o the r  unce r t a in t i e s - - in  p a r t i c u l a r ,  t he  poss ib le  

v a r i a t i o n  i n  K for d i f f e r e n t  types of exchange material--it seems 

advisable and permissible to replace  t h e  equil ibr ium constant ,  K, 

w i t h  an "equilibrium c o e f f i c i e n t , "  K t ,  and t o  use concentrat ions 

r a t h e r  than a c t i v i t i e s ,  recognizing t h a t  K' cannot be expected t o  

remain s t r i c t l y  cons tant .  



For strontium adsorpt ion  the equat-fpn would be 

sr;+ 
where the ratio - is in milliliters per gram,, and 

where the parentheses represen't the eoncentratio~s of the ions. Then 

This can be transformed -to 

K ' C  

that is, the aiun cf the exchangeable cat3cns in which C represents the 

catiol?-exchangs @ap&cf4;y of the ear th  material. 

The concextration of stroctium i n  natural  waters o r d l n a ~ i l y  is small 

and.muck less %an the ccncentration of calcium; alsc, the of 

K 1  should sot b? mv~(.h grea to r  than unity. Under these  conditions, 
Jr ' 

t h e  teem K' (Sr ' 1 relati~rcly is so small that it may be neglected 
S 

and equation (16) redaces tc, 

R - 
K ' C  

- ( ~ a + + ) ~  

for a h~novalent system such as a calcium-strontium system. 



A sirdilar +iransf~mation for  a c a l c i ~ ~ c e e i u n  kty~tem wal~ld 

s t a t  with 

in milli l i ters per grw, and 

Then 

which, using C = ( ~ a + + ) ~  + (~8')~~ can be transformed t o  

As for strontium, the concentration of cesium in natural w ~ t e r s  
+ 2 ordinarily is much less than that of calcium and the term K t  (Cs )= 

may be neglected. Thus, equation (21) reduces t o  

A K ' C  

In logarithmic form, equation (17) became8 

++ log Kd = log K I C  - log (Ca 



Accordingly: (1:) The value of K for adsorption of strontium d 
in competition with calcium becomes virtualay independent of the 

strontium concentration and becomes a function of the calcium con- 

centration in the solution and the exchange capacity of the solid- 

phase material. (2) The K for radioactiye strontium that may be 
d 

added to the natural system should not be affected appreciably by 

the concentration of strontium in that natural system. (33 A plot 

of log K for strontium adsorptign against log (~8")~ should give 
d 

a straight line with a slope of -1. 

Likewise, for cesium adsorption, equation (22) becomes 

f-t 
2 log K~ = log K'C - log (ca ) s  , (24) 

which may be rewritten as 

1 log K~ = 4 log KIC - log (~a")~ (25 1 
4-k 

Accordingly, a plot of log K against log ( ~ a  )s should give a d 
straight line with a slope of -*. Hence, variation of calcium 
concentration in the solution should have even less effect on 

cesium adsorption than on stryntiwn adsorption. 



dust as catto$is may be adsgrbeL at negative4 chrrgecl eites 

on earth materials, so anions be edoorbed at paeitively charged 

sftea, In mat s o i l s  the capacity tcr sorb anions 3.6 mqll but in 

some eoile the eorption of Wens may be suQetorrtirl (Thanas, 1960). 

A t  certain pH values, iron and aluminum precipitate@ can form in  

soi l@; Schoffeld (lg50) ham shorn thct these precipita.t;es can sorb 

anfone eruch as chloride under acid canelltions. mher eources of 
positive charge may be broken e$gw of olcy mineras and organic 

aratter. Phoephte ions are etr~n$ly rataned by moat eof l s  through 

the  farmaticrn of hsoluble  iron and aluminum pbseghatee in acid 
soils, and calcium ghoephates in  neutral arrd a W $ n e  soiTe. When 

sadiosctive anions are adsorbed by anion exch-c the adsorption 

should be dependent on the concentratians of natural anions in 
-the system just ae the adsorption of radictactfvc catfqns is dependent 

on the concentrattan of natural cations. 

Lamar (1960.) euamarizes the chemiclcl capos i t ion  of nqtural 

waters In  northwestern Alaska as two principal types, low-ahloride 

and high-chloride. me high-chloride waters in  the area are mostly 

sea water or those associated with sea water. 'Phis type of water 

was not cansidered in these studies. Among the low-chloride waters, 

(1) to ta l  cation concentration8 general* ranged from 0.25 to 4 

equivalente per mill ion,  (2)  the rat io  of the calcf urn-plus-zpagnesiuu 

ion concentratbon t o  the sodiwn-plus-potserium ion concentrqtion 

ranged from 0.33 t o  40, and (3) the ratio of bicarbonate ion t o  

sulfate ion ranged Pram 0.3 to 10. 



Nine sol'i~t;ions were prepared t o  simulate t h e  range i n  composition 

of t h e  natulral low-chloride waters; , the i r  chemical composition i s  given 

i n  t a b l e  1, Among these  solut ions ,  t o t a l  ca t ion  ce3c:entration was 0,2 ,  

1.0, o r  4,0 eqilivalents per  mi l l ion .  At each of these t h r e e  concentra- 

t i o n s ,  t h e  r a t i o  of calcim-plus-magnesiwn ion cor~centra t ion t o  sodium 

ion concentrat ion was 0.5, 2, o r  5 .  

The s a l t s  use2 f o r  preparing these  solut ions  were calcium sul -  

f a t e ,  magnesium s u l f a t e ,  and sodium bicarbonaxe, No chloride ion 

was added t o  t h e  solut ions  because only Zow-chloride waters were 

simulated. Chloride ion w a s  not  expected t o  have an e f f e c t  g r e a t l y  

d i f f e r e n t  from t h a t  of s u l f a t e  and bicarbonate ions on t h e  adsorption 

of c a r r i e r - f r e e  cesi-an, strontium, or iodine by th:= earth,-material  

samples. 

The geology i n  t h e  v i c i n i t y  of Cape Thompson. has been described 

by Kachadocrian and others (1960). The information required t o  plan 

sampling of the  vegetat ion and e a r t h  mater ia ls  -was dram from 

$his backgruu~d m a t ~ r i a l .  The samples-.-of bedrock, ta:h.us, s o i l  and 

tundra--were c r ~ l l e c t e d  Ju ly  8-18, 1961, by Reuben Kachaancrian and 

A .  M. Piper  i n  c9mec:tion with hydl-ologic investigation. of the  area. 

Locations and ~ k ~ a r a c t e r i s t i c s  cjf t he  samples a r e  pl;'.ese.nted i n  t a b l e  2. 





Table 2,--&scription and locat ion of samples f r o m  v i c in i t y  of 
Cape Thompson 

Limestone from bedrock outcrop 

Limestone t a lu s  

Lloca?;iora 
Smplc? 
number 

S o i l  derived from limestone 

Description 

Vegetation, sphagnum moss 

Vegetation, includes sphagnum 
m o s s  and grasses 

.Veg~tation,  chiefly dry 

Vegetation, ch ie f ly  moss 

Vege.t;ation, t,ussock grass 

Wind-blown sand and s i l t  

Silt and sand from f r o s t  b o i l  

Vegetation collected. from 
pocd. i n  6 inches of water 

Silt and sand from f r o s t  b o i l  

Wind-.blown sand and s i l t  from 
f r o s t  b o i l  

1 6 5 " 4 . 8 ' o o ~ ~  , 6 8 " ~ 1 6 ~ ' 2 2 " ~ ~ ,  
Cape Croubill 

165°1c81~~vv~ . ,  6 8 ' 0 6 ~ 2 2 ' ' ~ . ,  
Cape Crowbill 

165'48 'OO'W., 68°06t22"~. , 
Cape Crowbill 

165"48 fOO'gW., 68'06 '22"N., 
Cape Crowbill. 

165°48 '~~ '%a. ,  68°0ht22"~., 
Cape C r o w b i L 1  

165'48 ' 0@'W. ,  68'06 ' 221tN., 
Cape I ! r o ~ b i l l  

165~~4.2'28". , 68°11 '33"~m, 

165'3~2 ' 28 "W. , 68'11 ' 33 "N . , 
165°42t28s'F6., 68'11 '33"N., 

165'42'28"~., 68'r1'33"~., 

165'42 "2 "W. , t % C I 1 l l  33 "N . , 
165'43 44 "W. , 63''06 09 '?!J ra. , 
Chariot,  sit,^ 

165'43 ' 55 "W. , 68O06 301% 
CharioC s i t e  

165~43 ' 5 6 1 ~ .  , 68'06 25 "N., 
Chasf ot sit<? 

165'43*56"~., 68O06'24"~., ' 
Chariot s i t e  



The organic eor,tont of the  samples was determined by the  

procedure of chromic a c i d  oxida t ion  and f e r rous  s u l f a t e  t i t r a t i o n  

(peach and o the r s ,  1947, p. 5 )  The cation-exchange capaci ty  of 

the  samples w a s  detemlned by t h e  radio-cesium rncthod (~eetern and 

o the r s ,  1962) ; r e s u l t s  f o l l ~ w  : 

Organic matter 
(percent )  

Exchange capaci ty  
(meq/100 g )  

23 

ze 

DisGribution c o e f f i c i e n t s  for  t h e  soxp%ion of carrier-free 

cesium, s t ront ium,  and i cd ine  were m e a s u r ~ d  on pack of  tke 18 samples 

uf rook, mossp aad so5l.s. Tyn microcuries  per liter of car r i .e r<-f ree  

cesium-1.37, strontEum-85, c r  iodine-1.31 was added +,c p o r t i c c s  of each 

i3f the 9 s o l u t i o n s  s imuia t ing  the cornposi5ic3n c? ~2CJur&?. waters near  

the  sample s i t e s .  The samples were equ i l fb ra tod  7.rit.h those s o l u t i o n s  

an5 a l i q u o t s  of the eguElibrated salution were rernv,-er! after  1 day and 

6 days. The pe rcen t  of t h e  r ad ioac t ive  i so tope  remaining i n  solut ion 

"was measured i n  these a l i q u o t s .  



Each type of sample (rock, nos&, tussock, ewd sail) was treated 

i n  a di f ferent  manner. Rock samples weighing between 75 gram and 

115 grasan were placed i n  polyethylene beakers and equilibrated with 

100 ml of scrlution 1. Moss-sample portions weighing 1 gram (fresh 

weight) were placed i n  polyethylene bottles and equi l ibrated with 

20 ml volumes of solutions 1 and 3; theee amples were run i n  

duplicate,  The tussock was divided iq to  t w o  parts, root-mat and 

crown. Portions of each, weighing between 21grams and 46 grams, 
were placed In polyethylene beakers and equilibrated with 200 rnl of' 

solution 2. 

DupSicate 1-gram (fresh weight2 portions of t he  s o i l  samples were 

dried &t ll@'~ f o r  24 houre and then equi l ibrated with 20 ml of each 
of the  nine solutions i n  polyethylene batt les ,  The dry weights were 

used In calculating the Kdts. The results fo r  the moss and the  tussock 

were expxeesed on a basis of fresh-sample m i g h t .  The weight of rock 

samples useft f o r  the  Kd calculatione was on the air-dried basis .  The 

rocks received no special  treatment. 

The distribution coeff ic ients  fo r  t he  adsorption of ca r r ie r -  

f r e e  cesipm, strontium, and iodine by these samples, after 1 day eyld 

a f t e r  6 days, are presented i n  t ab les  3-5. They were calculated from 

equation (11, 



Table 3,--Diatrlbution coefficient8 for adsorption o f  carrier-free ceeium by J .  H .  Baker, W. A. BeatamL 
R. $, h w a r ,  M. C .  Goldberg, R ,  A, S q l c ,  and 5 .  8, blshlberg. 

Senrple 
number heor ipt ioa  Bolution number 

61md 3 

6 1 ~ ~ a  9 

61AKd 11 

61AKd 116 

61~Kd 4 

6 1 ~ d  5 

61md 6 

6 1 ~ ~ d  7 

6UKd Ba 

61AKd 6% 

61~Kd 3 

61Xd 9 

6 l ~ ~ d  11 

61Md 116 

6 m  4 

6 1 m  5 

6 1 ~ ~ 3  6 

6 ~ b 1  7 

6 1 ~ ~  8a 

61AICd 6% 

13,000 

2,6m 

3,570 

2,340 

- 
-- 
- 
.. - 
8.3 

164 

Boil from limntone 

Wind blown e i l t  

Organic bottom 
eluage, west pond 

Frost b o i l  

Mose 

Mose 

M o w  

Moes 

Graas 

Root mat 

6,590, 

2,060 

3,980 

1,640 

594 

1,5= 

1,780 

99 

-- 

- 

Soi l  f r o m  limestcne 

Wind blown s i l t  

Organic bottam 
sludge west pond 

Froet b o i l  

mas 

mas 

Moea 

Mona 

Graau 

~ o o t  mat 

- - -  -- 
14,950 

31,740 

6,440 

4,170 

4,040 

1,650 

1,240 

168 

, -- 
- - 

5,PW 

2 , 6 ~ 1 1 0 , 4 b o  

5,300 

2,630 
I 

-- 
. - 
-. 
- - 
-- 
. - 

12,800 

3,970 

4,3= 

2 , l m  

1,820 

4,160 

2, 

1,370 

-- 

-- 

1,320 

3,320 

1,630 

1,730 

- - 
- - 
-. 
.- 
- - 
- - 

11,900 

8,3= 

1 

6,990 

-- 
- C 
- - 
-- 
.- 
- - 

10,560 

5,420 

4,300 

3,980 

-- 
-- 
-- 
-- 
13 

138 

Bix-day 

27,460 

16,550 

5,790 

8,620 

5,540 

2,640 

3,380 

4,150 

- - 
- - 

2,760 

1,620 

2,400 

2,150 

- - 
.. .. 
-- 
-- 
- - 
.. 

4 , 3 ~  

3,6;?0 

2,5& 

.- 
-- 
-- 
- - 
- - 
- - 

5,060 

5,070 

3,170 

5,660 

- - 
- - 
I_ 

. - 
m y  

-. 

14,130 

7,380 

5 , b b  

9,000 

-- 
-- 

I 
1 -- 

- - 
-- 
- - 

P1,m 

8,370 
l, 

4,940 

9,070 

- .. I 

.- 
- - 
A .. 

.. - 
- - 

40,160 

53,130 

14,730 

49,130 

-- 
u . 
- - 
-- 
-. 
- - 

3,350 

3,750 

2,750 

2,320 

-- 
- .. 
..- 
- - 
.. - 

I 
I -- 

8,hK) 

17,300 

8,550 

11,180 

- - 
v - 
- - 
-- 
- - 
- - 

1,880 

4,500 

2,e50 

3 , W  

-- 
- - 
- - 
-- 
- - 
-- 



Table 4.--Distrlbut,lnn coefficients  f o r  edst)rptlon 01'  carrier-l'ree a t n , n t i u t n  determined t ly  J. H. Baker, 
R .  S, Dewar, R. A.  Smple, n ,  W. Vernon, E. Vil lasma, and J, ' 3. Mahlhcre. 

Sample aol l~ t lon  number 
number Dcacription 

1 I 2 1 6 - I  7 1  8 1 9 -" 
I 

4 

61ma 3 
61~Kd 9 
6 i ~ d  10 

61Md 11 

61~iCd 113 

6 1 ~ ~ d  114 

61AKd 115 
6 i ~ ~ d  116 

6 1 ~ d  117 

61Md 118 

61ma 4 
61AKd 5 
61~Kd 6 

6 1 ~ ~  7 
6 1 ~ ~ 1 3  8a 

6 l ~ ~ d  8b 
6 l ~ a  1 

61~Kd 2 

6lAKd 112 

%il from limestone 

Wind blown m i l t  

' ~ m s t  boi l  

Organic bottom eludge, 
weat pond 

~ r o s t  bo i l  

Frost ba i l  

Froat bo i l  

Froet bo i l  

Frost bo i l  

Wind blown debris off 
f ro s t  bo i l  

MOSE 

Moss 

Moes 

Moes 

Grasa 

Root mat 

Limeetone 

Limestone talus 

nglukpuk rocke 

6 1 ~ ~ 1 3  3 Soi l  from limestone 

61A~d 9 1 Wind blown silt 

585 
222 

128 

992 

150 

236 

136 
131 

2 30 

150 

450 

560 

380 
348 
- - 
- - 

.&, 

3.1 
75 

6 1 ~ ~ d  10 

61AKd 11 

61AKd 113 

61~ICd 114 

6 1 ~ ~ d  115 

6 1 ~  116 

61~Kd 117 
6 1 A ~ d  118 

6 1 ~ K d  4 

6 1 ~ d  5 
61Md 6 

6lAICd 7 

6 1 ~ ~ d  8.3 

6 1 ~ ~ d  8b 

6 1 ~ d  1 

6 1 m  2 

61AKd 112 

577 
207 
141 

l , 9@+ 

249 

333 
216 

2.21 

282 

227 

1,260 

696 

495 

713 
- - 
- - 

.85 

2.8 

38 

Frost bo i l  
Oraanic bottom eludge, 
west pond 

Froat boi l  

Froet boi l  
Frost bo i l  

Frost bo i l  
Frost bo l l  

Wind blown debris of f  
frost bo i l  

Moss 

Moss 

Moas 
Moss 

Grasa 

Root mat 

Limeetone 

Limestone talua 

Tiglukpuk rocks 

697 

496 

305 

2,210 

425 

586 
371 
407 

493 

3-77 
.- 
-- 
-- 
.- 
53 
86 
-- 
- - 
- - 

620 

222 

142 

948 
205 

300 
178 

1% 

300 

144 
-- 
-- 
-- 
-- 
43 
98 
- - 
* - 
-. 

914 
482 

341 

l , l W  
550 
702 
480 

630 
855 

300 

1,600 
930 
440 

670 
..- 
.- 
.- 
- - 
--  

757 

1,407 

1,230 

5,360 
1,260 

1,980 
1,420 

1,060 
1,480 

1,100 

3,723 
940 

631 
2,620 

--  
-- 
-- 
-.. 
-- 

245 
101 

60 

369 
68 

85 

54 

70 

80 

75 
-- 
-- 
*.. 
-- 
-- 
-- 
-- 
-- 
--  

730 
507 
710 

6,103 

1,480 

2,700 

3,480 

l,W0 
2,100 

875 
-*  

- -  
- -  
-- 
-- 
-- 
..- 
-- 
-- 

385 
124 

107 

452 

115 

153 

91 
118 

132 

107 
-- 
-- 
--  
-- 
..- 
-- 
-- 
--  
- - 

146 

91 

55 

364 
66 

80 

54 
64 

76 

88 
-- 
.-- 

-- 
-- 
-- 

-- 
-.. 
-- 

60 
22 

21 

73 
16 

2'1 

13 
18 

16 

22 
-- 
- -  
--  
-+ 

-- 
-- 
-- 
-- 
-- 

222 

141 
104 

616 

131 
130 
104 
118 

139 

131 
-- 
--  
-- 
-" 

.. - 
-- 
-- 
-- 
- .. 

65 

39 

32 

127 
26 

37 
22 

28 

32 

36 
- - 
- - 
- - 
-- 
-- 
-- 
-- 
-- 
-- 

440 

2B5 
859 

12,210 

2,150 

3,650 
1,450 
2,170 

2,410 

1,040 
-- 
-. 
-- 
-- 
-- 
-- 
_-  
- -  
-- 

3,400 
4,940 

4,130 

10,700 

3,100 

2,439 
2,700 
lr,100 

3,230 

2,200 
- - 
-- 
.. - 
-- 
- - 
- - 
-. 
-- 
-- 

47 
22 

14  

73 

15 

X, 

12 

1 4  
16 

19 
-- 
--  
-- 
-- 
-- 
..- 
-_ 
--  
-- 

55 
33 
26 

131 
26 

27 

23 

31 

31 

29 
--  
-- 
-. 
-- 
- - 
-- _ _  
.- 
- - 

1155 
,666 

1,980 

7,3x) 
1,100 

624 

1,750 
1,210 

918 

888 
-- 
- - 
-- 
-- 
-- 
-.. 
-- 
-- 
..- 



Table 5.--Dietributlon coef f ic ien te  for adsorption of carrier-free iodine determined by J. H. BakerL 
R. 5. Dewar, R .  A, Sample, R. W. Vernon, E. i f i l l a sma ,  and J. 3.  Wahlberg. 

Solution number 

12 

53 
24 

188 
7.1 

1.2 

2.8 

11 

5 .  

47 
- - 
.. .. 
- - 
- - 
- - 
-- 
- - 
.. .. 
-- 

4.5 
95 
16 

235 
6.4 

1.9 

1.3 

7 4 6  

3-6  

22 

68 

67 
40 

26 
., - 
- - 
29 

.12 

.04 

6 l ~ K d  3 
QAKd 9 

6lAKd 10 

6lAKd 11 

6lAKd 113 

6 1 m  lllc 

61md 115 
61AKd 116 

6 i ~ d  117 

61md 118 

6LPXd 4 
6 1 ~ ~ d  5 
6 1 A ~ d  6 
61AKtL7 

61Md 8a 
6lAKd 8b 
61A~d 1 

61Md 2 

6 1 ~ a  112 

2.8 

X, , 

8.5 

31 

5.6, 
2.6 

2.4 

6.0 
4.4 

1.8 

..- 
--  
- A  

- - 
- - 
-- 
- - 
- - 
-- 

6.5 
42 

14 

240 

3.6 
1.5 

1.6 

4.6 
2.2 

8.1 
- - 
- .. 
- - 
-- 
-- 
-- 
,. - 
- - 
- - 

7.0 

45 
12 

122 

7.8 

3.4 
3.5 
6.8 
4.4': 

14 

* .. 
- - 
,.- 

- - 
- - 
- - 
- - 
- - 
- - 

12  

22 

11 

71 

10 

3 . 3  
10 

12 

9.4 

8.1 
- -  
-- 
-- 
- - 

8.4 

2 . 7  
- - 
-- 
- - 

Soil from limestone 

Wind blown s i l t  

Froet bo i l  

Organic bottom 
aludge, west pond 

Frost  bo i l  

Fros t  boil 

Frost  boil 

Frost bo i l  

Frost  b o i l  

wina blown debris  
off  f r oa t  bo i l  

Moss 

Moss 

Moss 

~ r s s  

Grass 

Root rnat 

Limestone 

Ljmestone talus 

~iglukpuk rocka 

v 4.7 
56 
11 

66 
5.5 
1.6 

2.0 

7.2 

3.2 

9,4 - - 
. - 
-- - - 
- - 
- - 
.- 
.. 
-- 

'1.2 

12 

1 

150 

14 

30 
11 

~n 
16 

3"11  5.6 

: % I  5.8 
4.11 13 

4.1 

10 

26 

64 

23 
21 

- - 
- - 
- - 
-.. 
-.. 

12 

21 

- - 
- .. 
- - 
- - 
.. - 
- - 
- - 
- - 
- - 



DISCUSS ION OF RESULTS 

Adsorption of cesium 

The distribution coefficients for adsorption of cesium by 

several samples showed large experimental scatter. However, as 

suggested by equation (25 ) ) )  in theory they should be a function of 

the square root of the calcium-plus-magnesium ion concentrations. 

Figure 1 is a plot of the logarithms of the 1-day cesium distribution 

coefficients against the logarithms of the calcium-plus-magnesium 

ion concentrations. Lines of best fit have a slope of -3. Figure 2 

is a corresponding plot of the 6-day cesium distribution coefficients. 

The two plots suggest that, for the adsorption of cesium on these 

particular earth-material samples, the mass-action equation defines 

a limiting case, at least. 

Values of the equilibrium constant ( K t )  were computed from 

equation ( 2 2 )  for samples 61 AKd 3, 61 AKd 9, 61 AKd 11, and 
61 AKd 116 and for certain clay minerals (after Wahlberg and 

Fishman, in press). These values are: 

Material Equilibrium constants ( K ' )  

1- day 6- day 
61 A K ~  116 2,100 - 72,100 3,610 - 3,720,000 

61 A K ~  g 2,190- 128,000 8,750- 3,400,000 
61 A K ~  11 4,360 - 50,000 5,610 - 171,000 
61. A K ~  3 6,220-78,300 62,800- 5,220,000 

American Petroleum 
Institute Equilibrium 

standard clays constant (K') 

Kaolinite no. 4. 2,000 

Montmorillonite no. 21 7 1 700 

Montmorillonite no. 11 82,200 

Halloysite no. 12 5,260, 000 



Figure I.--- Distribution corf  ficimts for cesium 
adsorption v. calcium- plur- magnasium 
ion concentration oftrr one day 



Calcium- plus-mrgnerlum,  equivalent^ per million 

Figure2.-- Distribution coefficients for cesium 
adsorption v. calcium- plus- magnssium 
ion concentration after s i x  days 



Thk above va lues  of I: f o r  the earth-material sarnplr s from 

Alaska rangc about a s  vld,.ly as t h o s ~  f o r  "standard ciaysOu' For 

the  tarsh mat_-rials, *he rfrlat-ivi-ly large incrt-'aF b x y t + w t  rn 1 day and 

6 days can bc bcst cxpia in(-d  through "fixation" of cesium by 221 c lay  

min~rais, In such min+rals ,  a s m a l l  f r a c t l o n  of thtA adsorbad ces ium 

1s s l o ~ n ~ l y  converted t o  a nonexchangeable form, i;hc> mass-action 

equilibrium does not  apply t o  +,ha+ f r a c t l o n ,  and a nt.% distribution 

1s establisht-d f o r  ?,he residual 1~xchang3abld cerium( A t  any given 

t 4 i m t ,  th\:refore, only a, p s ~ ~ u a o . ; q u b r u m  exiers FTlt>h passaga of 

t i m s ,  t h e  percentage of e-jsium sorbed c0nt inu .s  r o  :ncr.;ase, Given 

enough time f o r  t h e  J u f ~ x a L i o n P u  t o  proceed t40 i = 3 m p L k i o n ,  the amount 

of ceslm adsorbed by 2 :1 [mantmoril l o n i t r - l l i l + $ ? )  clay mFnerals 

W I L L  depend onLy upon t h t  cc3slum concent ra t ian  and will bLh independent 

of the  caiclum-rnagncslum c ~ n c c n ~ r a t l o n ,  

TabL 6 i i lu s t r a t e s  t h r  r--.lat,lve removals of c:.siun i n  1 day f o r  
J ~r.r~rera1 - ~"&t , los  of earth mat~rial t o  solution, ;bus und-r fleld 
Y 

-0ndit1or.s ~qul t ra icn :  t 3  th35p of Th: on+-day T..hst,s thl  rno\-ilment of 

ct-slum l o r x  thr~ugh or  av-\r ~ a r t h  mat-rial -;li; b + 2 1 3 4  ~ n d e e d ,  





Adsorotion of strontium 

Figures 3 and 4 show respect ively  the  1-day and 6-day d i s t r ibu-  

t i o n  coef f i c ien t s  f o r  strontium adsorption on samples 61 AKd 3, 

61 AKd 11, and 61 AKd 117 v.  the  calcium-plus-magnesium concentration. 

The dashed l i n e s  i n  the  two f igures  were ca lcula ted  from t h e  

t h e o r e t i c a l  r e la t ion ,  by modifying equation (17) t o  

The equil ibrium constant  was assumed t o  be unity;  the  exchange- 

capacity values were those l i s t e d  on page 14, These theoret ical ,  

l i n e s  (dashed) and the  l i n e s  of b e s t  f i t  (unbroken) agree i n  slope; 

t h i s  agreement shows, a s  would be expected, t h a t  strontium adsorption 

from t h e  solut ions  was independent of t h e  sodium concentration. 

Calculat ion of t h e  sodium-adsorption r a t i o  ( ~ o w e r  and others ,  1954, 

p ,  26) f o r  these  solut ions  ind ica tes  t h a t  neg l ig ib le  amounts of sodium 

would be adsorbed. Hence, sodium ions i n  t h e  solut ions  would not  be 

expected to  influence strontium adsorption,  Although strontium 

adsorption by the  organic bottom sludge (61 AKd 11) was almost 

exac t ly  as predic ted  from equation (261, t h e  r e s u l t s  f o r  most 

samples from f r o s t  b o i l s  were lower than would be predic ted  from 

t h a t  equationo The reason f o r  t h i s  d i f ference  i s  not  known. 

Adsorption of strontium from solut ions  6 and 9 was g r e a t e r  than 

would be expected from t h e  r e s u l t s  from the  o ther  seven solut ions .  

The r e s u l t s  from solut ions  6 and 9 may be i n  e r r o r  although no 

source of e r r o r  has been i s o l a t e d .  

The adsorption of strontium was rap id  and t h e  react ion was 

apparently complete a f t e r  1 day. In  t h e  more d i l u t e  solut ions ,  

however, the  d i s t r i b u t i o n  coef f i c ien t s  a f t e r  6 days were l e s s  than 

a f t e r  1 day, This i s  l i k e l y  t h e  r e s u l t  of soluble substances 

d issolving from the  e a r t h  mate r i a l  and then replacing adsorbed 

strontium. The r e s u l t s  f o r  the  more concentrated solut ions,  except 

so lu t ion  9, d i d  not  change wtth time. 



Calcium-plus-mognarium, aquivalontr pot rnillhn 

Figure 3.-- Distribution coefficients for strontium 
adsorption v. ca Icium-plus-magnesium 
ion concentration a f te r  one day 



Ca Icium-plus-magnesium, rquivalantr pat  mi IIion 

Figure 4.--' Distribution coef f  icirnts for strontium 
adsorption v. ca lci urn-plus-magnesium 
ion concentrat ion after six days 



Tht? ~ 1 s t  ribuflora corxff lc l t - :nts  f o r  adsorp t ion  of s t ron t ium by the 

rocks wchr8-* smali(:.r than t h o s ~  f o r  t h e  0th-ar rnaL-:&ib, probably bp- 

cause ths s u r f a  .I-\- t 0-v3;rnr. rat 10 of thy r3ch  sampl~. s was relatively 

s m a l l .  Evcn s o ,  t he  ~ m g i ~  sf t h e  Ogst3ruk rozk  (61 AKd 1x23 

welghing 87 grams r;,mo~~':d 97 percent of the s t r an t lum from 100 

m i l l i l i t e r s  of s o i u + l a n  I n  i day and 73 grams of t h e  ~ i m e s t o n e  

t a l u s  $61 AKd 29 r-mov-d 67 percent  of  th? s t r o n t i u m  from 100 

m i i l i l l t l - r s  of s o ~ u t l o n  I n  1 day, Table 7 shovs thr; percentage 

removal of ca r r l c ' r - f r ee  s t ron t ium i n  or,' day by all t h ~ .  samples 
9; TB 'i 

t e s t e d - - a t  the - rat13 3f the t f s t s l  - = Ig and - - -  100, M M M 

The adsorp'r.iofi of i3did-r. i ~ n s  by the soil s q l ? : s  did no t  vary 

systematical_ly w i t h  sol.ut8i3n composition ar,d the  d i s  t : r i bu t ion  

coefffcic:nts for many 05: the smy2es incrcascd approxirna.t,~:::ly ten-  

f o ld  be t~$f::!c:::n o~cz day dad. 6 d2ye a ,Tihe sapL.t-:e s.f moss and organic 

s ludge  AM^ 5 and. .4.Kd. 1-9 hsd  r e l ? . t ; i v ~ l . y  high 6 i s t r fbu t io :n  

co~f:fici:f.n:::, : 7 : g ~ . ~ * : :  5 i3L3t.E. *..h-~ >?TZC~T :3Tg&E.12 mat."t8<::y i n  10 

s m p 1 . e ~  & g s i r . s ~ ~  m':"2:. i-day d ie1  r i b u t i s n  ~:3;:-f'fll3i?;n'?. f o r  fp3dfn.c: 

6 ,  againE T .  thr. 6-day vaiu-so both figures show a sorpt , ioc;  fl .g:irL. 

d e f i n  1 + l: Y C - , T ~ , ?  :..on b?i::::c~ a.? 5 .~ rp i . ; i3n  of iodfn? I c ~ ~ s  and organic  

cont.c::n.t of ?he eam;~.i.?c , ;-?.a,:! i d n s  may b? 1nv3ivc+.d: ( i  anion 

rixchasgc:r a: a, ~. iml: ,ed  numb.?.r of s i t e s  or. t'h:? ~ a r ~ l ? - ~ , & t e r i a  samples, 

end ( 2 )  f fxa t i , an  af  gar' 3f tjhe 1sdlr.e: by , reac t ion  w i t h  x g a n i c  
. . mat:.t'=.:r. .i,n the  f i r s * .  r.:a--- >. .,ion.,, 'h-: Kd wou:ld d.cp'::r.d. on  t;o%al anion 

cor,cent;:rat.ion, so  *ha+ a p.iot slmiiar t.0 f l g u r r  3 sh4;u:ld. show 

whatever in:'-:rd,:ipnd-r,: y .?xis . ts .  Ir t h ~  s ~ c o n d  r8eac t i o s ,  the K 
d 

would.  br: nes::.ly i~dr:? : - r .d*nt  3f :o-.---nt'p .._ . ,., dtrion Q? + h e  s o l u t i o n s  but 

would d.epi?"nd t.7 2.': r2:'n: 3:gan; : mar. r e  r ,  l a p e s  ,>f :.irn,!s, and. temperature. 

The a d s c q j L i ~ n  -,f" isdlr:? from sol .ut~ions probab.1-y earnbinas t h e  two 

reactions, with the sr-lc0z.d be:coming domfnant wlCh passage of time, 

Table 8 :furt;her shows tihe ~.ff(?c:t~s of reaction time, 



a , '  
rl 

5 
B 



Figure 5:- lodim sorption v. wrcrnt rmc matter 
for tan ranplar at  ter on* lay.  



Percan t organic matter 

Figure 6. -- Iodine sorption v. percent orgonic 
mat ter  for ten samples a f t e r  
s ix  days.  
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