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This report summarizes the progress and results obtained during 
fiscal year 1977 for LBL Contract No. 45901AK, "Theoretical and Experi
mental Evaluation of Haste Transport in Selected Rocks." This project 
is part of the Haste Isolation Safety Assessment Program (WISAP), which 
is managed for the DOE Office of Waste Isolation by Battelle Pacific 
Northwest Laboratories. In particular, this project supports task 5 
of HISAP, the collection and generation of transport data. Within 
task 5 is subtask 4, which addresses the problem of understanding the 
racchanisms of radionuclide transport and the impact of such mechanisms 
on radionuclide distribution coefficients. Thp goal of this project is 
to establish a basis on which radionuclide distribution coefficients can 
be reliably predicted for geological environments of the type anticipated 
for terminal radioactive waste storage facilities. 

It is well known that the distribution coefficient (KJ , defined 
a 

thus: 

mole of radionuclide sorbed/g 
d moles of radionuclide in solution/ml 

is a semiempirical parameter, subject to variation as a result of the 
chemical and physical conditions under which it is measured. These 
conditions vary greatly, depending on whether the environment is adjacent 
to a terminal storage facility or is similar to the environment normally 
encountered in a laboratory experiment. Laboratory measurements of K,j 
vary significantly from experiment to experiment. Therefore, the 
applicability of currently available measurements to the prediction of 
radionuclide behavior in rocks is questionable. Table 1-1 gives a 
tentative list of factors that might influence a typical K. determination 
and the errors that might result from omitting these factors when 
extrapolating data from laboratory to subsurface conditions expected in a 
host rock adjacent to a terminal storage repository. It is obviously 
important to identify the critical factors influencing the magnitude of 
empirical distribution coefficients for given radionuclides, and to 
establish the variation in those factors under differing host rock 
cond itions. 
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TRBLE 1-1. ractors influencing K d for a given radionuclide, based on a comparison 
between conditions in a typical soil column adsorption study and conditions expected 

in a terminal storage repository. 

parameters Principal effect il column test 
Subsurface terminal 
storage facility 

1. Solution chemistry 
a. Major components 

b. Minor components 

c. pH 

Ionic strength 
Activity coefficients 
Completing 

Complexing 

Completing 
Chemical potential 

Very variable. 
Composition deter
mined by condition 
the test is designed 
to simulate. 

Same aR KOOVO. 

2-11, depending on 
the nature of the 

Determined by host 
rock chemistry and by 
other factors includ
ing the leaching 
chemistry of the 
waste product. 

Same as above. 

5-8. Buffering of 
hol.oroaenous and 
homogeneous equilibria 
keep the pli ranqo 
within narrow limits. 

Potential effect 
on K, 

Unpredictable • 
probably 1CT3 

Same as above. 

10~- to ]0 + s 

Radionuclide 
concentration and 
speciation 

Chemical potential 

Supersaturat ion 
Polymerization 
Metastable equi
librium 

Variable, usually 
oxidizing, and 
dependent upon pH. 

1 0 - 6 to 10~ 9 mole/kg. 
As ionic, polymeric/ 
and particulate f orris. 

Variable, over a Up tc 10 I U -,r 
narrower can^?. even -nore 
usually reducinq. 

Uncertain, but probably Diff. .It to 
very low, depending on estimate, but could 
leachinq characteris be very larqe for 
tics of waste product amphoteric r.pecies 
form (glass) possibly 
TO"5 to 10~1?mole/kq. 

near the isoelectric form (glass) possibly 
TO"5 to 10~1?mole/kq. point n o 6 ; 
Principally as ionic 
species. 

3. Flow rate •aqui-

4. Permeability 

Hetastable 
librium 
Transport Mechanisms 
Changes in apparent 
surface area contacted 

Flow rate 
(see above) 

Radionuclide decay 
Daughter formation 
Front reinforcer.(_nt 

10~ to 10 Darcys 10 " to 10 Darcys 

Up to 10 1 3 sec 

Sufficient flow 
rates cc ild lead 
to different rate 
control 11nq trans
port mechanisms 
(e.g. ionic or .Tiolec-
ular diffusion) 

also lead to 
different thermo
dynamic controls 
(0 to 10&) 

Same as above. 

None considered 
at this time. 

6. Surface area Up to 10 cm /g; 
Dispersed clays, 
humus, fine partic
ulates , loess, etc. 

•10 cmVg -10 
1'ractures, microfractures, 
..ntergranular pores 

7. Path length 

8. Temperature Complexing 
Solubility 
Adsorption 

10' cm Nc anticipated 
effect on KJ. 

10 to 100°C 



4 

The radionuclides chosen for this study include thorium, uranium, 
Plutonium, neptunium, omericium, curium, iodine, and technetium. During 
fiscal year 1977, emphasis has been placed on the actinides plutonium, 
neptunium, americium, an<?! curium. The host rock types being considered 
include acid igneous rocks (granite, rhyolite), basic igneous rocks 
(gabbro, dolerite and basalt), sedimentary rocks (argillites, sandstone, 
and limestone), and metamorphic rocks (if deemed appropriate). Although 
the study is generic and does not pertain to a specific site, greater 
emphasis is being placed on rocks from the Nevada Test Site and the 
Hanford Reservation near Richland, Washington. 

The project includes both theoretical and experimental investigations 
organized into several interrelated subta.iks, as illustrated in Fig. 1-1. 
These subtasks all support an attempt to define the environmental con
ditions expected in the water-saturated host rocks of a terminal storage 

Mass transfer of W v r 
'/ actintdes in wafer yyffl, 

saturated rocks y W v l 

Incorporation 
of radionuclide 
chemistry in 
mass transfer 
models 

Definition 
of Krjn m 
geoloyic 
environments 

Not included in current project. 

Figure 1-1. Logic chart for LBL Waste Isolation Safety Assessment 
Program-b: Theoretical and Experimental Evaluation of 
Haste Transport In Selected Rocks. Hatching indicates that 
task is complete. 



5 

facility and to determine the transport mechanisms of radionuclides 
in these rocks. This information can then be used to relate the thermo
dynamic and transport properties of radionuclides to the corresponding 
distribution coefficients, which then can be used with confidence in 
a computer simulation of radionuclide transport. Without such an effort, 
there is a danger that experimentally obtained distribution coefficients 
will be misinterpreted when calculations are made to determine transport 
through rock to the biosphere. 

During fiscal year 1977, the following subtasks were performed. 
1. Thermodynamic data were tabulated for those aqueous complexes 

and solid phases of plutonium, neptunium, americium, and curium 
likely to form in the natural environment. 

2. Eh-pH diagrams were computed and drafted for plutonium, 
neptunium, americium and curium at 25°C and one atmosphere. 

3. The literature on distribution coefficients of plutonium, 
neptunium, americium, and curium was reviewed. 

4. Preliminary considerations were determined for an experimental 
method of measuring radionuclide transport in water-saturated 
rocks. 

5. The transport mechanisms of radionuclides in water-saturated 
rocks were reviewed. 

6. A computer simulation was attempted of mass transfer involving 
actinides in water-saturated rocks. 

Progress in these tasks is reported in the following sections. Subtasks 
1, 2, 3 and 4 are complete. The progress made in subtask 5 is represented 
by an initial theoretical survey to define the conditions needed to 
characterize the transport of radionuclides in rocks. This task will be 
refined and will continue in fiscal year 19 78. Subtask 6 has begun but is 
not complete. Progress in this task will be reported more fully in 1978. 
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INT»ODt)CTIO» 

In subtask 1 of this study, information from the published literature 
was gathered on free energies of formation, solubility products, dis
sociation constants, and related topics as they pertain to Plutonium, 
neptunium, americium, and curium. The information is summarized in 
Tables 2-1 through 2-4, below. No attempt was made to reinterpret 
or modify the published information. All sources are referenced and 
cross referenced where information has been published in review articles. 

The table for each element is divided into two sections: 
1. free energy data, Including 

a. aqueous species, and 
b. solid species; and 

2. reaction constant data. 
The second section of each table gives additional information 

identifying the reaction studied, the technique used, the nature of the 
aqueous media, the temperature(s) at which the measurements were made, tho 
value of the constant, the free energy of the reaction, and the source 
reference(s) . 

The compilation was made for three reasons. 
1. To use "original source" information as the basis for computing 

refined free energy or reaction constant data that are internally 
consistent with and conform to standard state conditions. The 
processed data will be needed for use in computer simulations of 
ground water chemistry in the presence of the radionuclides under 
consideration. 

2. To identify gaps or uncertainties in our knowledge regarding 
phase relations or speciation of the actinides, so that new 
experimental programs might be proposed in order to rectify these 
deficiencies. 

3. To maintain a library of hard-to-find literature for use by other 
workers in the WISAP-5 program. 

See References Cited for a complete list of references used in 
the tables. 
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TABLE 2 - 1 . Thermodynamic d a t a fo r p lu ton ium. 

FREE ENERGY DATA 

Aqueous Species 

PuoJ 
Puo| + 

-138.3 ± 0.8 
-115.1i 0.8 
-203,1±1.8 
-ia0.9t i.7 

Fuger and Oetting, 1976 
Fuger and Oetting, 1976 
Fuger and Oetting, 1976 
Fuger and Oetting, 1976 

Solid Species 
P u2°3 
Pu0 2 

Pu(0H)3 

Pu (OHJ4 

Pu0 2(OH) 2 

-•112.0 
-240.4 
-280.2 
-340.0 
-291.9 

Polzer, 1971 
Polznr, 1971 
Polzer, 1971 
Polzer, 1971 
Polzer, 1971 

REACTION CONSTANT DATA 

Species Reaction (kca l mole ) 

Pu I I I P u 3 + + H,0 "* PuOH 2 + + H+ 

PufOH^tsJ •* Pu(OH> 3 (aq) 

Pu + CI "** PuCl 

0-069M _o „ „ 
t i t r a - H C l 0 298 7 .5*10 +9.7 

ion ex . l .C H HC1 

reduc. 1.0HHC1 298 0.78 +0.15 

cal. 0.1 M HC1 

Spec . {cone. LiCl) 298 3.71><10 +3.3 

C l e v e l a n d , 1970; 
Kraus and Dam, 1949 
a , b , c 
Cleveland, 1970; 
Katz and Seaborg, 1957 

Cleveland, 1970; 
Ward and Welch, 1956 

Degischer and Choppin, 
1975; Connick and 
McVey, 1953 
Deqischer and Choppin, 
1975; Martin and 
White, 1958 
Degischer and Choppin, 
1975; Shilott and 
Marcus, 1966 

Pu + HSO„ ** PuHSO. 

cat.ex. [ K ] » 1 . 0 M 301 13.131 -1.7? 
0.44 

kin 298 10.0 est. 

ion ex. ~1 Jl NaCIO i01 9.94± -1.37 
0.24 

Cleveland, 1970; 
Nair et al., 1967 

Degischer and Choppin, 
1975; Newton and Baker, 1956 

Cleveland, 1970; 
Nair, 1968 

Pii(OH)_,{s) *• Pu(OH)4(aq) 

poten. I = 2_M 298 0.054+ +Z.73 
HC10- -LiClO. 0.001 

Cleveland, 1970; 
Rabideau, 1956; 
Perez-Buatamente, 1965 

Cleveland, 1970; 
Katz and Seaborg, 1957; 
Kraus, 1945; Latimer, 
1952; Evans, 1949; 
Kasha, 1949; Kraus, 
1949; Peppard etal., 
1962 
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Table 2-1 (continued) 

REACTION CONSTANT DATA (continued) 

Method Solutioi (°KJ (kcal mole ) References 

Pu IV Pu *P " PuF 

Pu + CI •* PuCl 

spec. 1H HNO 298 8.7xl0 7< a J 

1M UNO, 298 5.9x10 

[ HC10„ 293 1.1 10.2 

2H HC10„ 29(1 0.3H 

1M HCIO. 298 0.57 

Cleveland, 1970j patll 
and Ramakrishna, 1976 

Deglschcr and Choppin, 
1975; McLano, 1949 

Clovoland, 1970i 
Grcntho and Noron, 1960 

Degiaeher and Choppin, 
1975j Hindman, 1949 

Degischer and Choppin, 
1975j ftabidoau and 
Cowan, 1955 

li = 1.0 298 1.38 Deglachor and Choppin, 
1975; Rabideau, 1958 

4+ - 2* + Pu + HS0 4 " I'uSÔ  + H 

•1+ 2- 2* 
Pu + SO. =* PuSO„ 

cat.ex. 0.5M acid 298 9.45 

1.0H HCIO. 298 -1.58x10* 

Pu + 2HSO, «* Pu(SO ) + 2H cat.ex. 0.5 acid 298 20.0 

0.5 acid 298 125 

*" + HPO ~ * Pu + HPO * PuHPO. 2.0M HNO-j 
0.012 - 2.0H 

H 3 P ° 4 

H3 P°4 

H 3 P 0 4 

Pu(HP0 4) 4 +HP0 4 ^PutHPO^ solub. 

298 8.3X10" 

298 6.7*1010 

298 4.8xl09 

298 6.3*109 

298 6.3X10* 

Degischer and Choppin, 
1975; Kabanova and 
Palei, 1960 

Cleveland, 1970; ( arov 
and Chmutova, 1961 

Degischer and Choppin, 
1975; Rabideau, 1955; 
I<emons, 1951 

Cleveland, 1970; Marov 
avid chmutova, 1961 

Cleveland, 1970; Harov 
and Chmutova, 1961 

Cleveland, 1970; 
Denotkina, etal., 1960 

Cleveland, 1970; 
Denotkina, etal., 1960 

Cleveland, 1970; 
Denotkina, etal.,1960 

Cleveland, 1970; 
Denotkina, etal., 1960 

Cleveland, 1970} 
Denotkina, etal., 1960 
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Table 2-1 (continued) 

REACTION CONSTANT DATA (continued) 

SpecieB Reaction Method Solution (°K) K "G R 

[kcal mole ) 

Pu V PuO, + CI «•> PuO-Cl pot<jn. 

Pu VI t u 0 2
+ + H-0 •* PU0 20H + + H + titra. 

Pu0 2OH' f H 2 0 •* 
PuO-(OH), *• H"1 

Pu0 2 (OHJ 2 + H 2 0 * 
PuO_(OH>~ + H + 

PuO- + Cl * PuO-Cl 

PuO_ + + HF ** PuO-F + + H + 

titra. 

cat. ( 

0.000186M — 4.7x10 
HNO, 

0.00018GM. — 9±1*10 
HNO. 

I * 1M 296 0.73+.07 

."M HClOA 293 0.56 

I = 2.0M 298 12. 
[H +1=2.0? 

Cleveland, 197Qj 
Rabideau, 1958 

Cleveland, 1970? 
KrovinBkaya, et alt., 
1960 

Cleveland, 19VJi 
Krovinsjcaya, ot al., 
1960 

Clovclond, 1970; 
Kri-us and Dam, 1949 
a,b,c 

Cleveland, 1970/ 
RaV •-•• iPSr-

Deglscher and Choppin, 
1975j Rabideau and 
Lemons, 1951 

Patil and RanaJcrishna, 
1976 

PuQ +H 2P04 ** P U 0 2 H 2 P O 4 electroph. 

eolub. 

solub. 

PuO • 

+ 20H + CO! 
C0 3(OH) 2" 

Pu0 20H 
+
 + coJ--

Pu0 2 C0 30H~ 

Puf + 

PuO, 

2CO3" *» Puf + 

PuO, ,(CO_)^ 

0.206-5.BBM 298 8.5x10 
H 3 P 0 4 
0.17 -0.44H 293 2.3xl0 2 2 

N H 4 C 0 3 

0.17-Q.44M 293 4.5xlC?2 

N H 4 C 0 3 " 

a i 7 - a 4 4 M 293 6.7XJ.0 1 3 

HH.CO, ~ 

C l e v e l a n d , 1970 

- 3 0 . 0 C l e v e l a n d , 1970; 
Gel 'man, e t a l . , 1962 

-30.4 Cleveland, 1970; 
Gel'man, et al,, 1962 

-18.5 Cleveland, 1970; 
Gel'man, et al., 1962 

acorrected to the standard state, 1 = 0 . 
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T A B L E 2 - 2 . Thermodynamic data for neptunium. 

FREE fc!NERr,Y DATA , (?.cal mole ) 

Aqueous Species 

H p 0 2 

123.6 ± O.B 

• u u . J * i . e 

21H.7 1 1.3 

19H.2 i 1.1 

(•'iirjer iind ")ctt i 

Fuqor and Oot.t::. '?, 197 6 

Ftiqer ^nd ~>Q\ Lin-), 1976 

Sol id Spec ie s 

UpO., 

WwMVTH.N CONSTANT DATA (cont 

S p e c i e s React i. 

tip I I I Up +H O " NpOH +H 

Np * * Cl" - NpCl i + 

Method S o l u t i o n K) Y. Ikcnl noU- ) 

t i t r a . 0 . 1 ' N . i U C ^ ^00 t . 7 - 1 0 

i-fi-rciicvn 

. . . C:T. a l „ 1974 

bun.r-y ;n,fj Harbnu 
r*7<j ; yiu lob and 

Np IV Np ' , + * H O •* NpOH + + H + 

Ni.(OH) As) - n N| ffjHJ ( a q ( 

• HF •" Ni-r * !( 

+ C I L ' N p C l 

Np SO " NpSO 

l.OM HCIO. ?-W 'S .b ' l l j 

1. JK KC1'~, 299 3 .6-10" 

IK HNO 293 1.7*10'' 

1.0M riClCJ. 293 0.91 

2. OH HCIO. 293 L.02 

fiurney arrl Harbour, 19" 
H i k u i l o v , 1973 

Moskvin, I97:n 

-•"• ' Burnny antl Flarhnur. 1974; 
Ahrlanri and Hrafidt, J 966 

-6.4 rhrippin and fnrein, 1576 

'••<: Dct]LScher and Choppin, 
1975; Krylov, et al., 19Ka 

~5.~ Dcjischer and Choppin, 
1975; Krylov, et. al ., 19bHa 

JC,05 Burney and Harbour, 
1974; Shilin and 
Nazaiov, 1965 

+ 0.4k Surney and Harbour, 1974; 
stroma tt and PeeVerca, 195ft 

-0.12 Burney and Harbour, 
1974; Shi Jin and 
Nazarov, 1966 

4.0t̂  HCl04 298 0.77*0.06 +C.15 

2.0M HCIO. 298 2.7'102 -1.3 

Burney and Harbour,1974; 
Danesi, ft al., 1971 

urney and Harbour , 1974; 
ullivan and Mindman, 1954 

4.OH HC104 293 5.0*10'' -3.6 Deqi.sc.-her and Choppin, 
~~ 1975; Ahrland and Brandt, 

1966 

http://Deqi.sc.-her
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TABLE 2-2 ( con t inued? 

REACTION CONSTANT DATA (con t inued) 

S p o c i e t R e a c t i o n S o l u t i o n ( X) K (kca l mole ) Refe rences 

> V HpO, + H-0 * NpO-OHtaq) + H p o t e n . 

Hp02OH •» Np0 2OH(aq) p o t e n . 

NpO* + Cl~ * NpO-CI ion e x . 

Np0 2 + H2PO~ * N p 0 2 H 2 P 0 4 ion e x . 

NpO_ + HCO, <* NpO.HCO, 

Sp VI NpO- + CI * NpO.Cl 

0.2MNH 4ClO 4 293 7.1X10* 
HC10fl 

0.2M. NH-CIO4 293 6.5 

U=0 — 2.75*10 

4.0M HC1C. 298 0.69± 
0.05 

3.0MHClO 4 273 1.26 

1.0M HClO. 294 8.6*2.1 

Surney and Harbour, 1974; 
Katz and Seaborg. 1957 

Sevostyanova and 
Khalturin, 1973 

Burney and Harbour, J974( 

Gainar and iiykee, 3 964 

Degischer and Choppin, 
1975; ZvagintBPV and 
Sudarikov, 1959 

Degischer and choppin, 
1975; ZvagintseV and 
Sudarikov, 1958 

Burney and Harbour, 1974; 
Moskvin and Mefodeva, 1965 

Burney and Harbour, 1974; 
Daneai, et al., 1971 

Degischer and Choppin, 
1975; Cohen, et al., 1955 

Burney and Harbour, 1974; 
Ahiland and Brandt, 1968a 

1.04M HC10. 298 157+9 

1.0M HClO. 293 79 

distr. 2.OH NaClO. 298 43.7 

Degischer and Ctioppin, 
1975; Krylov, etal., 1968b 

Burney and Harbour, 1975; 
Ahrland and Brandt, 196Gb 

Degischer and Choppin, 
1975; Stronatt and 
Peekema, 1958 
Degischer and choppin, 
1975; Sykes and Taylor, 1962 

HpO 0H + + H O * Np0 2(0H) 2 + H 

Np0 2(OH) 2 +H 20 *• 

NpO (0H)~ + H + 

solub. 

solub. 

solub. 

293 3.6X10 

293 2.0x10""" 

Hoskvin, 1971b 

Moskvin, 1971b 

Hoskvin, 1971b 
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TABLE 2 - 3 . Thermodynamic d a t a fo r amer ic ium. 

FREE ENERGY DATA. fiGf,298*(ltCal m ° l e " 1 ) 

Aqueous Species 

AmOj 
Amoi" 

-143.2 ±0.3 
-89.2 ±2.4 
-177.1 ±1,3 
-140.4 ± 0.8 

Fuger and Getting, 1976 
Fuger and Oetting, 1976 
Fuger and Oetting, 1976 
Fugor and Oatting, 1976 

REACTION CONSTANT DATA 

Method Solution (DK) ( k c a l mail: ) Re fe r ences 

Am I I I Am + H O ** AmOH + H 296 1.2*10 

Am(OH) 3(s) * Aw(0H),(aq) 

Am +C1 * AmCl 

s o l v . e x t . I = 1.0(4 
NaClO. 

3 . 9 x i o 6 

3.09X10 3 

13.7H_ LiCl 298 6.2*10 

Schulz, 1976; Weaver 
and Shoun, 1971 

Schulz, 1976i Chopptn 
and Unrein, 1976 

Schulz, 1976; Marcus 
and Shiloh, 1969 

solv.ext. I = m 303 
NaClO. - «ac: 

solv.ext. I = 1M. 303 
NH CIO -NH4SCH 

ion ex. I = m_ 297 
NaClO. - NaCJ 

295 0.90 

Schulz, ]976j Khopkar 
and Narayanankutty, 1971 

Schulz, 1976; Khopkar 
and Narayanankutty, 1971 

Schulz, 1976; Bansal, 
et al., 1964 

Schulz, 1976; Peppard 
et al., 1961 

solv.ext. 4M NaClO,, 298 1.41 

ion ex. 0.5H HClO. 

Schulz, 1976; Sekine, 
1964; Sekine, 1965 

Schulz, 1976j Ward 
and Welch, 1956 

ion ex. I* 4.0M 293 
HClO. - HC1 

Schulz, 1976i Grenthe, 
1962 

Am + SO. 1° 0.5-0.6M 298 

293-ion ex. 0.75M NH.C1 298 

ion ex. 2-1.3H»X 299 
NaClO. pH=»3 

Schulz, 1976; Aziz, et 
al., 1968 

fichulz, 1976; Lebedev, 
et al., 1960 

Schulz, 1976; Bansal, 
et al., 1964 
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TABLE 2-3 (continued) 

REACTION CONSTANT DATA (continued) 

Method Solution (°K) (kcal mole ) 

Ara III Am +SO. ** AmSO, 4 4 
(continued) 

Am + H,PO, ** AmH_PO. 

ion ex. l.SH NH.C10. 2-33" 57.6 -2 ""4^"4 

aolv.ext. 1.0M NaCIO, 298 37.2 — 4 

Bolv.ext. 2.OH NaC10„ 298 26.9 

ion ex. 0.5M NaClO_, 298 72.5 

ion ox. I - lM 300 16.6 
»CX0 4-H 2S0 4 

ion ex. I= 1M 293 30.2 
NH.cT 

Schulz, 1976; Lebedev, 
et al., 1960 

Schulz, Z976; Sekine, 
1964; Seklne, 1965 

Schulz. 1976; DeCarvalho 
and Choppin, 1967 

-2.5 Schulz, 1976; 
Aziz et nl., I960 

-1.7 Schulz, 1976, 
NaJr, 1968 

Schulz, 1976; MosJcvin, 
1969 

TABLE 2-4. Thermodynamic data for curium. 

FREE ENERGY DATA „ (kca l mole ) 

Aqueous S p e c i e s 
-142.4 + 1.5 

~ -214 

Fuger and Oettinq, 1976 

Calculated from Nugent et al,, 
1971; fyasoedov, et al., 1974 

REACTION CONSTANT DATA 

Method Solution (°K> X (kcal mole ) 

Cm + H_0 •=* CmOH + H 

Cm3* +F~ * CmF' 2+ 

Cm +01=* CraCl' 

3+ 2-Cm + SO. ** CmSO 

£* 

extrac. I = 0.1M 300 1.20*10 
HC10., - LiClO. 

extrac. 1.0M NaCIO. 298 4.10*10 -3.6 

i on e x . 0.15M NHX1 293- 56 
NH.ClO, 298 

d i f a c r i . 2.0M NaClCK 298 22 
Na,SO„ 

ion e x . 0-5-0.6M NaCiO. 298 7 1 . 9 — 4 

297-
°4 298 

d i B t r i , 0 .5MNaClO. 298 68 

-2.5 

-2.5 

-2.5 

Desire, etal., 1969 

Choppin and Unrein, 
1976 

Ward and Welch, 1956 

Ward and Welch, 1956; 
Lebedev, et al., I960 

DeCarvalho and 
Choppin, 1967 

Aziz, et al., 1968 

Aziz, et al., 1968 

Ariz, et al., 196B 
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INTRODUCTION 

Eh-pH diagrams are useful in identifying the stability fields of 
solid phases and aqueous species for a given element over a range of 
oxidation states, pH levels, and other predetermined conditions. The 
purpose of this chapter is to compute simple Eh-pH diagrams of the 
actinides plutonium, neptunium, americium, and curium and to predict 
their oxidation states and the stability of their hydroxyl species 
under conditions expected in the natural environment. Eh-pH diagrams 
are based on the assumption that Eh and pH are independent variables. 
The stability fields and phase or species boundaries delineated on the 
diagrams are defined by equations in which the coefficients are deter
mined by the reaction specified and by the free energies of participating 
species. The figures illustrating this chapter are all drawn for 25°C 
and one atmosphere, and use free energy data compiled in Section 2 
of this report. 

The equations used to prepare the Eh-pH diagrams follow the procedure 
given in Krauskopf (1967). First a chemical equation for i reduction 
reaction is written. For example: 

PuO*+ + 4H + + 2e~ * 4H 4 + + 2H 0 

From this reaction, the number of electrons, hydrogen ions, and water 
molecules which participate in the reaction are noted. Next, the 
standard free energy of the reaction, AG? is determined. In this 
case: 

AG° = (-180.9) + (0) - (-115.1) - (-113.4) 

=47.6 kcal mole - 1 

Using the relationship between free energy and standard potential, 

AG° = nFE R o 

the standard potential of the reaction, E , is obtained. Here, n is 
the number of electrons participating in the reaction and F is Faraday's 
constant. In this example 
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E = 1.03 V o 
To obtain the oxidation potential, the Nernst equation is used, thus: 

E h « E + a i 3 0 i j S _ J a £ L _ 
n F [puof]K]4 

where n » 2 and T * 298K. This equation is used to determine the 
boundary between the domains of two species where [PU J = |PuO„ j. 
Hence the equation reduces to: 

Eh - E + 0.0295 log 1 

o ' r„+"|4 o + r 
Eh = 1.03 = 0.118 pH. 

Certain reactions have no pH dependence, such as: 
2+ - + PuO, + e * PuO, 

so that only the standard potential need be found. Hydrolysis reactions, 
which are only pH and not Eh dependent, such as 

P u 3 + + H 20 * PuOH 2 + + H + 

can be located using the hydrolysis constant alone. 
Boundaries between aqueous species and solid phases can be determined 

in an analogous manner to those between aqueous species. For example, 

PuO (s) + 4H + + e" * Pu3"1 + 2H 2-

In this equation, the correlation of the aqueous species is assigned 
an arbitrary value, such as 10 , mole I . The activity of the pure 
solid is unity, by definition, and water is also assumed to have unit 
activity. The corresponding equation relating Eh and pH is 

Eh » 0.49 - 0.236 pH - 0.059 log [Pu3'*] 

where [Pu 3 +] is 1 0 - 6 , 1 0 - 1 7 , or 1 0 - 1 8 . 
The actual equations used for each of the diagrams are listed 

under the respective headings for the actinides being considered. 
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PLOTOHIOM 

The Eh-pH diagram for plutonium given in Figure 3-1 shows the 
3+ 2+ 

stability fields of th? aqueous species Pu (111), Pu(OH) (III), 
PisdllV), PuO^fVI), PuO (OH)+(VI) , Pu02(OH) j(VI) and the solid 
phase PuO (IV). Equations defining species boundaries are derived 

as follows. 

Aqueous Species Boundaries 

PuO* + 4H + + 2e~ " Pu3"1 + 2H 20 

AGg = -48.6 kcal mole - 1 

E h „ L.05 . 1^1 l o g [„«]« 
2 

Eh = 1.05 - 0.118 pH 

Pu + e *Pu 

AG° •-•• -23.2 kcal mole 

E =1.00 o 

3+ 2+ + 
Pu + H O "PuOH + H 

AG° = 7.6 kcal mole" 

2.303 -g§ = log K^ = -5.6 
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PuC?+ + 4H+ + 2e" *=Pu 4 + + 2H20 

AG° - -47.6 kcal mole" 1 

R 

.t-Tl 

E - 1 .03 o 

Eh * 1.03 - 0 .059 , 
2 1 ( 

Eh = 1.03 - 0 .118 pH 

PuO + + e~ * Puol" 

&G° = -22.2 kcal mole" 

E = 0.96 o 

PuO* + 3H+ + 2e * PuOH + B.0 

AG° = -41.0 kcal mole"1 

E - 0 .89 o 

Eh = 0 .89 - 0 .059 , 1 Eh = 0 .89 -

" 2 °V33 

Eh = 0 .89 • - 0 .089 pH 

PuOj+ + H O «*PuO OH + + H + 

AG° =4.6 koal mole"1 

-AG° 
2.303 -gf- log ^ = - 3 . 4 

Pu020H+ + H + + e" ̂  PuO* + H 20 

AG° • 26.8 kcal mole"1 

E - 1.16 o 
Eh = 1.16 - 0.059 pH 
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Pu0 2 OH + + 2H 2 0 * Pu0 2 (OH) ~ + 2H + 

<3G° - 2 1 . 0 k o a l m o l e - 1 

2.303 - J - log K H = -7.70 

e " + P u 0 2 ( O H ) j + 3H + *= PuO* + 3H 2 0 + 

AG° = 4 7 . 8 k c a l m o l e " 1 

R 
E = 2.07 o 

Eh = 2.07 - 0.177 pH 

Solid-Aqueous Species Boundaries 

Pu02(s) + 4H + + e" " P u 3 + + 2H 20 

A3° = -11.3 kcal 

E = 0.49 o 

Eh = -0.49 - 0.236 pH - 0.OS9 log [ P U 3 + ] 

[PU J is set at 10~ , 10~ , and 10" mol l~ , and the equation is 
then plotted on the Eh-pH plane. 

Pu02(s) + 3H + + e" •* PuOH 2 + + HjO 

AG° = -3.7 kcal mole" 1 

E » 0.16 
o 
Eh - -0.16 - 0.177 pH - 0.059 log (PuOH2+> 
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PuO* + e" • iPu0 2(s) 

Pu0 2
+ + 2e" *Pu0 2(s) 

Pu0 2OH + + H + + 2e~ ,sPu02(s) + H 20 

o -1 
AG • -64.1 kcal mole 
E = 1.39 o 

Eh « 1.39 - 0.059 pH - 0.059 log [(PuO OH+)] 

1,6 

1,2 

0,8 

0.4 

(v
ol

ts
 

0 

JZ -0.4 

-0,6 

-1.2 

-1.6 

' I I I U L I L _ l L__J 1 L _ 
0 2 4 6 8 10 12 14 

PH 
XBL782.2Q9 

Figure 3-1r Eh-pH diagram for Plutonium at 25°C and one atmosphere. 
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Pu0 2(OH)~ + 3H + + 2e ^Pu0 2(s) + 3H 0 

AG? = -85.1 kcal mole R 
E - 1.85 o 

Eh - 1.85 - 0.177 pH - 0.059 log [Pu02(0H)^] 

The thermodynamic data for the plutonium Eh-pH diagram were taken 
from Fuger and Oetting, 1976 and Polzer, 1975. The diagram (Figure 3-1) 
is very similar to that produced by Polzer (1975). Discrepancies are 
negligible and are due to small differences in thermodynamic values 
used by Polzer for the reaction equations. 

NEPTUNIUM 

The Eh-pH diagram for neptunium given in Figure 3-2 is plotted to 
3+ 2+ 

show the stability fields of the aqueous species Hp (III), HpOH (III), 
NP* +(IV), NpO +(V), Hp0 2OB(V), Np0 2

+(VI), Np02OH+(VI) , NpOjfOH)* (VI) , 
and the solid phase NpO (IV). Equations defining species boundaries 
are derived as follows. 

ftqueous Species Boundaries 

4+ - ^ 3+ Np + e *Np 

AG° = -3.4 kcal mole" 1 

E = 0.15 

NpO* + 4H + + 2e" ^ N p 3 + + 2H 20 

AG° * -16.3 kcal mole" 

E - 0.40 o 
Eh •» 0.40 - 0.118 pH 
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Np 3 + r H 20 " NpOH2+ + H + 

log H„ = -7.4 (Mefodeva, et al., 1974) 

NpO* + 4H+ + e" ^Np 4 + + 2H20 

& £ - -14.9 kcal mole"1 

E - 0.65 
o 
Eh « 0.65 - 0.236 pH 

Np0 2 + + e" ** NpC* 

AG° = 2 8 . 5 kcal m o l e - 1 

E = 1.23 
o 

NpO* + H20 - Np02OH + H+ 

log XH = -8 .9 (Sevostyanova and Khalturin, 1973) 

Hp02OH+ + 2H20 <» Np02 (OH) ~ + 2H+ 

[Np0 2 (OH) 2 ] |V] 
= 3.6 x 10 -6 

"2-1 ~ [NpO,OT+] - • ' . ' > * • " ' (from Moskvin, 1971) 

[Np0 2(OH)i][H +] - i o 
K 3-2 [Np0 2(OH) 2] 2 , ° X 1 0 

. H - ^ y - 7 . 2 X 1 0 - ^ J [Np02OH+] 

[ H + ] - 2.68 x 10" 8 

pH « 7.6 
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Solid Aqueous Species Boundaries 

N p 4 + + 2H 20 "» Np02(s) + 4H + 

. o -1 
AG « 0.80 kcal mole 

K / 
-AG° 

2.303 — - = log K = -0.15 when [Np ] =1M 

AG° « -4.2 kcal mole" 

E » 0.18 o 
Eh = 0.18 = 0.059 pH 

NpO* + e" •* Hp02ls) 

AG° = -14.1C kcal mole" 

Eh 5^-t-g) 
Solubility lines for NpO (s) - NpO OH were drawn considering the 

hydrolysis raaction 

Np02(s) + B 20 ^Np0 2OH + H + + e 

which mears that the lines must have a slope of -0.0S9 and consistency 
requirements that they meet solubility lines for NpO . 

The standard free energies of formation of NpO-OH and HptMOH)" 
have not been calculated. However, their domain boundaries may be deter
mined from their hydrolysis constants and the hydrogen ion dependence 
of their reduction reactions to NpO. and NpO.OH. For example, the 

+ + domain boundary between NpO.OH and NpO, has a slope of -0.059 and 
2+ + 

must intersect with the domain boundaries between NpO. and NpO, 
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2+ + 
and between NpO and NpO.OB . Similar considerat ion of consistency 
requirements produced domain boundaries for 

NpOjCOBjj - Np0 2 

NpOjfOHjj - Np02OT 

NpO* - HpOH2+ 

NpOjOH - NpOH 2+ 

' ' i i i i 1 1 1 1 1 1 

1.6 - NpO** Np0 2 0H* -

*¥> " ^ - ~ . 

NpOjtOHi; 
1.2 

- ' " ^ *¥> " ^ - ~ . 

NpOjtOHi; 

0.8 - 'M """ 

N p O j O H " " - - -

NpO,(s) " " J 

_ o . < 
Np"Y-. -

NpO* 
10 S M 

N p O j O H " " - - -

NpO,(s) " " J 

K \ 
\ 1<S" M N p O j O H " " - - -

NpO,(s) " " J 

g 0 

r 

" N 

\ 1<S" M N p O j O H " " - - -

NpO,(s) " " J 
5 -0.4 

-0.8 
r 

" N 

-J 
N p O j O H " " - - -

NpO,(s) " " J 

-1.2 - NpOH 2* ^ 

-1.6 r i : : . : : : : ".l.Vwrfm." 
1M 

;--._ 
i i i I "P~ "S^LT-VV,--1 

2 4 6 8 10 12 14 
PH 

XBLT82-Z90 

Figure 3-2. Eh-pH diagram for neptunium a t 25°C and one atmosphere. 
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AMERICIUM 

Very little data is available on aqueous species of americium, 
and no information on oxide phases has been found. The Eh-pR diagram 
for aniericI'XE is illustrated in Figure 3-3. Equations usr.-d in its 
construction are given below. 

AmO* + 4H + + 2e~ * Am 3 + + 2H,,0 

Ac£ » -79.5 xcal mole" 1 

E = 1.72 o 

Eh = 1.72 - 0.113 pH 

AmO^ +
 + e

_ "AmO„ 

AGP «= 37.0 kcal mole 

E = 1.60 

-1 

1.2 

0.8 

_ 0.4 
in 

1 ° 
£ -0.4 

-0.8 

-1,2 

-1.6 

I i : i i i i i i i : i I 
Am VI 

v^ various hydroxyl species 

-~-._̂  Am 0*. 

\-*' Am 0H Z* *̂—.̂  
. Am III 
^ hydroxyl species / ~--^»° 

"*^~"--^ 
~~~-^^ 

-
> i < i J I I I I I ..1 

Figure 3-3. Eh-pH diagram for 
americium at 25°C 
and one atmosphere. 

6 8 
pH 

10 12 14 
XBLT62-29I 
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Data on hydrolysis of americium III is only qualitative. From 
work done by Korotkin (197S), tha first pIL can be expected to fall 
between -1 and -3. Schulz (1976) states that aroer icium(IV) exists 
only in a few complexed states. 

CURIUM 

The Eh-pH diagram for curium is illustrated in Figure 3-*. The 
limited data available to construct this diagram are used below to compute 
the species boundaries given. 

Cm • Cm +3e~ 

&G -1 
f,298 142.4 kcal mole (Fuger and Oetting, 1976) 

E * -2.06 o 

i i r i i i i i i i i i i 

Cm 4* 
-
- ^ — 1 

-Si 
H,0 ' — — ~ 

Cm 5 ' 
~ — CmOH2J " 

_ H , 0 
~ H, — ^ . _ 

" - — - — _ _ _ _ _ _ " 

- ^ , 0 " > 
_ /Cirti 

**~' 1 

Cm0 

i i i i i i i i i i i i i 

3.2 

2,4 

1.6 

0,8 

J 0 
-0.8 

-1.6 

-2.4 

-3.2 

0 2 4 6 8 10 12 14 
PH 

Figure 3-4. Bh-pE diagram for curium at 25°C and one atmosphere. 
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(Desire, Hussenois and 
Guillaument, 1969) 

C m J T * Cm' T (Nugent, Baybarz and Burnett, 1971) 

E - +3.1 o 

OXIDATION STATES OF PLUTONIUM, NEPTUNIUM, AMERICIPM, AND 
CURIUM IN THE NATURAL ENVIRONMENT 

The oxidation state and pH range of natural groundwaters have 
been investigated by Baas Becking, et al. (I960) and are illustrated 
in Figure 3-5. Most subsurface groundwaters range in oxidation state 
from -400 to +400 mV and from pH 6 to pH 9. These ranges indicate 
that plutonium is most likely to be found in the III and V states, 
neptunium in the V state, and amerieium and curium in the III state. 
However, complexing and the effect of temperature nay result in other 
oxidation states becoming significant. In addition, the data used 
for calculation of the diagrams have not all been corrected to standard 
state conditions. The effects of Ionic strength may have altered 
some of the species boundaries. The data used in the calculations 
are also subject to error. Therefore, the Eh-pH diagrams, presented 
should be considered provisional. 

C m 3 + + HjO * CnOH 2 + + H 

* H » -5.9 
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XBL 783-7642 
Figure 3-5. Eh-pH range found in waters in the natural environment. 

(Source: Bass Becking, et al., 1960, J. of Geology, 
v. 68, no. 3, p. 276. Copyright 1960 by the University 
of Chicago.) 
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INTRODUCTION 

Sorption is one of the mechanisms governing transport of radionuclides 
by water in porous media. Because distribution coefficients, or K s, 
are a measure of the soil's ability to sorb actinides and other elements, 
our knowlege of their values is important in assessing the safety of 
high-level radioactive-waste storage facilities in geological formations. 
The distribution coefficient is an experimentally de ermined quantity, 
and therefore varies with the conditions under)which it is determined. 
There can be as many K values as there are combinations of parameters 
for a given radionuclide such as the kinds of sorben , the chemical 
components in the solution, and the temperaturje. T' refore, wide 
discrepancies exist in the various K values assigne i to different 
radionuclides. 

This study reviews all the available literature containing data 
on K s for use in radionuclide transport models and s confined to 
four ai inides—plutonium, neptunium, araericiitm, and curium. The K, 
values fo these radionuclides are shown in Appendix 4-1, Tables A 
and B. 

THEORETICAL BASI. TOR K DETERMINATION 
. 3 _ 

The equilibrium distribution coefficient of sorption, or K , is 
a measure of the moles of nuclide in the sortfed state >er unit mass 
of the geologic medium, divided by the moles 'of nuclid in the dissolved 
state per unit volume of groundwater, when tpe groundwater and the 
jeologic medium are in equilibrium with one another (Re itson, 1973). 

The K in ml/g may be defined (Routson, et al., 19 5) as: 

concentration of radionuclide sorbed on tht soil (yCi/g) 
d ~ concentration of radionuclide in solutior (uci/ral) 

0 " Al/V 
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where 
As » equilibrium concentration or activity sorbed on the solid 

phase, 
W * weight of solid phase in grans, 
Al » equilibrium concentration or activity of the solution 

phase, and 
V « volume of solution in milliliters. 

The distribution coefficient is an experimentally determined number 
and is a practical measure of the relative affinity of ions for the 
soil. The variables affecting the exchange of radionuclide on the 
soil are numerous and the process is very complex. Because of its 
empirical nature, the K. varies with the conditions under which it 
is determined (pH of the groundwater, dissolved salts concentration, 
solution temperature, and kinds of sorbent). K is therefore applicable 
only to specified conditions. 

EXPERIMENTAL METHODS 

Radionuclide K.s can be determined from laboratory tests or field a 
tests. Generally, laboratory tests for K s are of two types: equilibrium 
batch tests und column tests. 

Equilibrium Batch Tests 

In equilibrium batch tests, a known volume of a real or simulated 
239 waste solution (that is, a known amount of radiotracer such as Pu 

241 or Am added to an aqueous solution) is mixed (shaken) with a known 
weight of sorbent (sedijnent or soil) until equilibrium is attained. 
The activity of the solution before and after contact is measured 
by radiometric counting procedure , and the amount of radionuclide 
adsorbed is calculated. The K is then calculated using equation (1). 

In a typical batch experiment with simulated waste solution (Prout, 
1959), a measured amount of distillpd water is poured into a polyethylene 
bottle and the solution pH is adjus »d by adding a measured amount of 
NaOH or HNO,. Next, radionuclide is transferred into the bottle by 
pipet and thoroughly mixed with the solution giving the final radionuclide 
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concentration required. The exact concentration of the radionuclide 
is determined by removing an aliquot of the solution. A weighed amount 
of soil is then added to the bottle and the sample shaken on a mechanical 
shaker until equilibrium is attained. The sample is then centrifuged 
and-arr-aiiqiiot-of the supernatant liquid removed to determine the radioactive 
constituent concentration. The difference in the solution activity 
before and after contact with soil gives the amount of the radionuclide 
adsorbed by the soil. (See Schmalz, 1972, for details on experimental 
procedure.) 

By varying the conditions of the test solution, the influence 
on K of geochemical parameters such as ionic strength, pH, and com
peting ions (such as Ca^ + and Na +) present in the system can be obtained. 

Column Tests 

Column experiments are laboratory studies designed to simulate 
field conditions by packing soil in a glass or metal tube (ion exchange 
column). In contrast to batch experiments, column tests are open tests 
in which a liquid containing a radionuclide is pumped or percolated 
through the column at a flow rate simulating field conditions. The 
effluent is collected in quantities related to the volume of the 
column and sampled to d3termine the breakthrough of any given radio
nuclide as a function of the throughput volume (Bensen, 1960). The 
effluent radionuclide concentration (C) is then determined and com
pared with the influent radionuclide concentration (Co). The ratio 
C:Co is plotted against the effluent column volumes (Vj and an 
S-shaped breakthrough curve is obtained. The distribution coefficient 
can be calculated using the following expression (Schmalz, 1972): 

K x W 
V50 = ~2 (2) 

where 
v = the volume required to load a column to the 50% point 

or the volume at 50% breakthrough, and 
W = weight in grams of the soil in the column. 
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The distribution of a radionuclide can also be represented by 
an error function plot, that is, by plotting the breakthrough curve 
on log probability paper, which usually results in a straight line 
(Reisenauer, 1959). 

Small columns have also been used to calculate K. values for 
d 

radionuclides (Eliason, 1966, and Glover, et al., 1976). In this method 
a small volume of sediment is placed in tubes with fritted-disc bottoms 
and trace solutions are passed through the sediment until the system 
comes to equilibrium. Equilibrium is attained when the solution 
activity of the trace ion equals the influent solution activity. K 
values are calculated using equation (1). 

Column experiments are subject to dispersion and are expected 
to yield K. values representative of field conditions. However, column a 
experiments are very time-consuming, particularly in situations where 
K values are large. 

According to Bensen (1960), the results obtained by column 
experiments are not directly comparable with those of equilibrium 
experiments when the column influent is equilibrated with the same 
soil. In passage through a soil column, the influent solution carries 
away solubilized electrolytes liberated by the soil. In the equili
brium case, the solubilized soil electrolytes remain in the system to 
inhibit the adsorption of the radionuclides and the radionuclide con
centration decreases during adsorption. Soil column data are more 
directly comparable with those of equilibrium experiments when the 
soil column influent is adjusted to the same composition as that found 
in the equilibrium supernatant liquid after equilibration. 

Field Tests 

Field experiments are the most direct means of obtaining accurate K. 
a 

data. Some field experiments have been conducted to measure migration 90 characteristics and breakthrough data of radionuclides, such as Sr, 
Cs, Ru, Tc and others at Hanford (Knoll and Nelson, 1959; Knoll 

and Nelson, 1962; Brown, 1966). Field investigations at Test Reactor 
137 90 Area, Idaho, gave higher values of K. for Cs and Sr than predicted 

by laboratory techniquas (Schmalz, 1972). Field methods may also involve 
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injecting radionuclide-tagged water into the groundwater flow system 
at the point of interest and then monitoring the movement of the tracer 
by soil sampling or well or piezometer sampling (Cherry, 1977). However, 
because of the cost and time required to conduct the experiments, this 
approach haa not been widely UBed. 

137 A comparison of the experimentally determined K,s for Cs and 
90 
Sr obtained by different methods indicates a wide variation in their 

values (Table 4-1). 

LITERATURE REVIEW 

Because this study was confined to plutonium, neptunium, americium, 
and curium, the literature reviewed includes only publications containing 
K. data on these actinides. d 
Plutonium 

Some of the first studies on plutonium distribution coefficient 
determination in soils were done by Rhodes (1952, 1957a, and 1957b). In 
laboratory equilibrium studies, soil from the Hanford Project containing 

Table 4-1. Comparison of distribution coefficients for 
Cs and Sr determined by different methods 

(Schmalz, 1972). 

K d <ml/g> 

Determined by 1 3 7 C s 9 0Sr 

Laboratory batch technique 285 7.2 
Sorption equations 360 10.5 
Exchange column experiment 1000 10.5 
Field data 

(1968 investigations) 600 
Field data 

(1970 investigations) 450-950 40 
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92% sand and 2% free CaCO, was contacted with a neutral solution containing 
-7 approximately 4 x 10 M of plutonium. A soil-to-solution ratio of 1 g 

to 20 ml was used. The adsorption of plutonium was found to be dependent 
on contact tine, pH, and the concentrations of nonradioactive salts 
(see Fig. 4-1 and Table 4-2). 

In the pB range of 2 to 8.5, about 96% to 100% of the plutonium 
(K > 19B0) was sorbed from the solution; the sorption was lowered between 
pH 8.5 and 12.5. Rhodes concluded that at pH > 2 plutonium polymers 
were formed and plutonium was adsorbed to soil as positively charged 
polymers Pu(OH) . The adsorption decrease in the pH range 8.5 to 12.5 
was believed to be due to change in the characteristics of the polymer, 
which caused the charge to become negative (plutonium speciation). Rhodes 
further demonstrated that the high concentrations of inorganic salts 
(4 M NaNO, and 2 H di-ammonium phosphate) had no effect on plutonium 
adsorption on soil (96.5% plutonium sorbed), whereas equal concentrations 
of organic salts (4 H anmonium acetate) drastically reduced soil adsorption 
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Left: plutonium adsorption by soil as a function of 
tine of contact (Rhodes, 1952). Right: plutonium 
adsorption by soil as a function of pB (Rhodes, 1952, as 
cited by Bensen, I960). 
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Table 4.2. Equilibrium distribution coefficient values for 2 3 9 p u 
as a function of pH (Rhodes, 1957b). 

*d *d 
pH (ml/g) pH (ml/g) 

0 18 6.5 1314 
1.0 28 7.1 >1980 
2.2 >1980 8.4 >1980 
2.7 >19B0 9.3 200 
3.5 >1980 11.1 178 
4.4 >1980 12.0 96 
*T.3 >1980 13.0 1980 
6.0 888 14.0 1980 

Reproduced from: Soil Science Society of America Proceedings, 
volume 21, page 391, 1975, by permission of the Soil Science 
Society of America. 

(58.9% plutonium adsorbed). Rhodes attributed the above data on plutonium 
adsorption to ion exchange mechanisms. Later, Bensen (1960), reinterpreting 
Rhodes' data, concluded that precipitation reactions and not ion exchange 
probably control plutonium sorption on soils. 

Prout (1958 and 1959) investigated plutonium adsorption by soil 
from the Savannah River Plant that contained 20% clay and 80% sand with 
kaolinite as the dominant clay mineral (Table 4-3). In the equilibrium 
experiments, K.s were determined by contacting plutonium-spiked («10 M) 
solution with soil and using a soil-to-solution ratio of 1 9 to 10 ml. 
Plutonium adsorption was measured as a function of the oxidation state 
(valence) of plutonium and the pH of the solution. Prout's study sub
stantiated Rhodes' results and showed that the sorption phenomenon is 
dependent on the plutonium oxidation state and the hydrogen ion activity 
(pH). Figure 4-2 shows K, values for plutonium as a function of solution 
pH for various plutonium oxidation states. 
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Table 4-3. Exchange capacity and pB of soils (Prout, 1959), 

pH 

Exchange capacity 

meg/100 g soil meq/100 g clay a 

4 

5 

6 

7 

8 

9 

10 

0 .012 

0.10B 

0 .372 

0 .504 

0 .600 

0 .744 

1 .24 

0.06 
0.54 
1.86 
2.52 
3.00 
3.72 
6.18 

aSoil contained approximately 20% clay and 80% sand. 

10,000 

Figure 4-2. Effect of pB and plutoniura oxidation state on the adsorption 
of plutoniira by soil (Prout, 1959). 
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Plutonium adsorption was more than 90% complete from solutions 
of Pu(III) and Pu(IV) between pH values of 2.5 and 12, and from solutions 
of Pu(VI) at pH values greater than 6. Because plutoniura ions undergo 
extensive hydrolysis in alkaline solutions, strong sorption between 
pH values of 2.5 and about 9 was probably due to a combination of cation 
exchange and precipitation of hydrolysis products. Above pH 9, formation 
of negatively charged plutonium complexes probably results in decreased 
adsorption. 

Knoll (1965- 1969) and Hajek and Knoll (1966) did sorption studies 
using column and batch tests on high-salt wastes (5.4 M No") spiked 
with organic contaminants typical of a radionuclide separations plant. 
The soil used for the study was selected from the samples obtained 
from two wells at the Z-1A tile field site (subsurface storage cribs) 
in Richland, Washington. K, values obtained in batch tests on high-
salt wastes from the reprocessing plant are given in Table 4-4. 

As seen from Table 4-4, upon neutralization of the waste, plutonium 
K. values increased from 2.4 ml/g to 2.9 ml/g. When organic contaminants a 

Table 4-4. Adsorption of plutonium and americium by soil 
(Hajek and Knoll, 1966). 

Equilibrium distribution 
coefficient (ml/g) 

Solution Pu Am 

Aqueous acid waste (AAW) untreated 2.4 < 1 
pH 2 (soil neutralized) 2.7 <1 
pH 3 (NaOH neutralized) 2.9 < 1 

Alkaline waste from precipitation 
Supernate— 
aqueous 
aqueous and organic 

Sludge leachate 

"Initial plutonium concentration and equilibrium concentration were 
too low for confident analysis. 

a 212 

1.4 42 

1540 500 
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(20% by volume) were added to this neutralized waste, the K. value 
decreased to 1.4. The K. value for plutonium increased to 1540 ml/g 
when water leachates of the sludge, produced on neutralization, were 
contacted with soil. In soil column experiments (Knoll, 1969) tap 
water spiked with plutonium was percolated through the columns of soil. 
Various organic solutions were then percolated through the columns 
and the quantity of plutonium leached was measured by sampling the 
effluent at intervals. When the plutonium and americium are added 
to the organics and then percolated through the soils, the K. values 
given in Table 4-5 are observed (Ames, et al., 1976). A column bulk 
density of 1.5 g/ml is assumed. 

Dsing the batch method, Tamura (1972) measured K. values for 
plutonium for selected sorbents. In his study, 0.1 g of sorbent was 
mixed with 25 ml of water spiked with plutonium ions. The original spike 

4+ was of Pu in J H HNO, and the initial solution pH was adjusted to 7.0 
using NaOH. For the anion and cation resins, an equivalent amount of 
wet resin was used to give 0.1 g of dry weight. The amount of plutonium 
added was not specified. The K. values are given in Table 4-6. 

According to Tamura, since plutonium can exist in different oxidation 
states and is subject to hydrolysis in the pH range normally encountered 
in natural-water systems, its adsorption from a water system is not 
by normal ion exchange but more likely by "scavenging" of the hydroxide 
or oxide precipitates. Table 4-6 shows that with the exception of 
anion resin, bone charcoal, and quartz, the amount of plutonium removed 
appears to depend on the pH of the suspension. This suggests that 
the higher pB favors formation of hydroxides that are scavenged by the 
clays, resulting in greater plutonium adsorption. 

Schneider and Flatt (1974) estimated distribution coefficients 
for movement of selected radionuclides through a typical western desert 
soil in contact with typical uonsaline ground water. The typical soil 
used was a sand of moderate cation exchange capacity (CEC; about 
5 aeq/100 g) to sandy loam containing about 1 mg of free CaCO, per 
gram of soil. The soil pH ranged between 7.0 and 8.2. The K, value 

a 
determined for plutonium for the above soil was 2000 ml/g. No details 
were given either about the experiment or about the method used. 
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Table 4-5. Distribution coefficients of americium and plutonium 

as a function of organic solution (toes, et al., 1976). 

K d (ml/g) 

Organics Am Pu 

Tributylphosphate (20%): CClj (80%) 1.6 5.4 
Dibutylbutylphosphonate (30%): CCI4 (70%) 0.6 0 
di-(2-ethylhexyl) phosphoric acid in 

hydrocarbons 0 0 

Table 4-6. Removal of Plutonium from pH 7 water by selected sorbents 
(0.1 g sorbent/25 ml; Tamura, 1972). 

Distribution 
Removal coefficient Suspension 

Material (*) (ml/g) pB 

Attapulgite 94.6 4,370 9.60 
Montnforillonite 71.6 630 9.20 
Alumina (activated) 75.1 755 B.35 
Kaolinite 58.5 352 6.25 
Illite 34.0 129 5.90 
Quartz 0.0 — 6.35 
Dowex 50W-XI 4.2 11 1.82 
Dowex I-XI 12.9 37 7.60 
Bone charcoal 99.6 62,000 6.65 
Coconut charcoal 99.0 25,000 6.80 
Apatite 99.7 83,000 6.70 
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Duursna and Parsi (1974), using a Pu tracer in valence states 
3+, 4+, and 6+, conducted a series of experiments to determine distri
bution coefficients of Plutonium onto marine sediments with oxic and 
anoxic sea waters at pB 7.8 to 8.0. Water-column and thin-layer methods 
were used to determine the K.s. All three wlence states showed K. 

A " 
values of the order of. 10 for both oxic and anoxic conditions (Table 4-7). 

Experiments on radionuclide migration through soil and on distribution 
coefficient determination vere conducted at Savannah River, South Carolina, 
with radionuclides containing synthetic, high-salt basic wastes (E. I. 
Du Pont de Semours and Company, 1975). Batch equilibrium tests were per
formed with various resins. In one test, 1 g of resin was shaken overnight 
with 10 ml of synthetic waste supernate containing 1.75 x 10 dis/min-ml 238 of Pu. Distribution coefficient values for Plutonium varied from 1 
to 240 on various resins and are given in Table 4-8. 

The migration of solvent-complexed plutonium from separations-
process waste through dry and moist soils was determined. Laboratory 
column tests with dry soils using short columns (2.6 in.) and long 
columns (5.8 in.) yielded a plutonium K (ml/g) value of 6000 for the 
short column and 3000 for the long column. Column tests with moist 
soils yielded a plutonium K. value of %0.4 for the solvent phase, and 
K, > 30 for the aqueous phase. 

The above test showed that dry (ground-surface) soil effectively 
sorbs and immobilizes small volumes of solvent-complexed plutoniura, 
but moist (subsurface) sr.il allows extensive migration of large volumes 
of solvent-complexed plutonium. 

Hamstra and Verkerk (1977) reported distribution coefficient 
measurements for plutonium and americium using different soil materials 
taken from boreholes surrounding salt formations in the northeast 
Netherlands. In batch equilibrium studies, they used stock solutions 
of the radionuclides in the form of 90% saturated NaCl solutions and 
a soil-to-solution ratio of 1 g to 150 ml. Equilibrium pH of the 
solutions was mostly between 7 and 8. The amount of radionuclide 
(plutonium or americium) added was not specified. The measured dis
tribution coefficients for various soil materials and clay samples ta .en 

http://sr.il


Table 4.7. Plutonium-237 sorption by Mediterranean sediment (Duursma and Parsi, 1974). 

Valence 

Oxic conditions 
pH « 7.8-8.0 

Sedimentation Thin Layer 

Tl/2 

Anoxic conditions 
pH = 7.8-8.0 

Sedimentation Thin Layer 

R' T 1 / 2 

III 

IV 

VI 

1.6x10* 10% 2.1x10* 30* 

9% 1.9x10* 50% 
1.5x10* 31% 

1.8xl04 

1.3x10* 11% 5.7x10* 9% 

3 1.9x10* 2.5% - - -

1 1.3x10* 8.0% >9.4xl0* 39% 2.4 
1 (>9.3xl03 35% 1.3a) 

4 2.2x10* 9.0% - - b 

K = distribution coefficient; R = % reduction in water/day without sediment; 
R'= glasswall adsorption after three weeks; Tjyj » half uptake time to apparent 

equilibrium in days. 
aPaper filters rather than millipore filters used as blanks; paper filters strongly 
adsorbed Pu(IV) and reduced sediment uptake, therefore K is probably low. 

bPrecipitation of Pu on the blank millipore filters with the thin-layer experiments 
decreased from 50% for Pu(III) to 12% for Pu(VI) and 3% for Pu{VI). 
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Table 4-8. Resin-supernate distribution coefficients for plutonium. 

(E. I. Du Pont de Nemours and Co., 1975). 

Resin K d (ml/g) 

•Duolite" ARC-359 240 
Linde AW-SOO* (zeolite) 24 
"Chelex" 100 7 
"Dowex" 50W-X8 ~ 1 
HZO-1 (hydrated zirconium oxide gel) 100 
"Product of Union Carbide. 

at various depths are given in Tables 4-9 and 4-10. Clay samples con
sisting mainly of illite and kaolinite had plutonium distribution 

4 coefficients of ~10 j river sand had a K. of 200 ml/g. 
Pried, et al. (1974, 1976a, 1976b), in their studies on the 

migration of actinides in the lithosphere, measured plutonium and 
americium surface-absorption and migration coefficients on the rock 
samples found in the vicinity of disposal sites. 

In the experiments on the surface-absorption coefficient of 
plutonium and americium on limestones and basalts, disks of the rock 

_c 27ft _ *7 
were immersed in solutions of 4 x 10 M Pu(NO,), and 10~ M AmtNO,),. 

— 3 4 — 3 3 
ySmall aliquots (0.05%) were removed at 12-hr intervals, dried, and 
measured for alpha counts (or gamma counts for americium) until the 
attainment of equilibrium. After equilibration the activity in the 
solutions was measured again. Initial pB of the solution used was 
7.0 and the final pH ranged between 7 and 8. 

Sorption on the rocks was measured in terms of surface-absorption 
coefficient, K, which was defined as: 

(activity of actinide/ml of solution) 
2 (activity of actinide/cm of rock) 

The results of the experiment showed that on a surface-area basis, 
basalts sorbed more plutonium than limestone. The surface-absorption 
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Table 4-9. Distribution coefficients for plutoniura and americium 
for different soil raaterials (Harastra and Verkerk, 197';). 

Distribution coefficient (ml/' * 

Soil material Pu Am 

Clay (mainly iUite and kaolinite} 10 4 5 x 10 4 

Sandstone (certain amount of clay) 1 x 10 3 1 x 10 4 

Caprock (mainly gypsum, no clay) 5 >; 10 2 3 x 10 3 

River sand (mainly quartz, no clay) 2 x ID 2 4 x 10 2 

Table 4-10. Distribution coefficients for plutonium and americium 
measured for clay samples taken at various depths 
(Hamstra and Verkerk, 1977). 

Distribution coefficient (ml/g) 

Depth of sample (m) Pu Am 

104 8 x 10 4 

5 x 10 3 6 x 10 4 

6 x It)' 5 x 10 4 

5 x 10 3 6 x 10 4 

7 x 10 3 2 x 10 4 

6 x 10 3 9 x 10 4 

8 x 10 3 4 x 10 4 

9 x 10 3 4 x 10 4 

8 x 10 3 5 x 10 4 

20-30 a 

55-60 b 

100-125b 

120-130b 
120-160c 

2C0-225C 

245-275 
300-325 
328-348 

Quaternary clay (mainly montmor illonite) . 
byoung tertiary clay (mixture of illite and kaolinite). 
°01der tertiary clay (mixture of illite and kaolinite). 
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coefficient (K) for pure solution of Pu(NO ) at 4 x 10 M was 
0.10 ±0.02 for limestone and 0.07 ±0.02 for basalts. The effects 

+ 2+ 3+ 4+ of salt solutions of Na , Ca , La , and Zr at various concentrations 
on the surface absorption coefficient were also studied (see Figs. 4-3, 
4-4, and 4-5). The salts displaced some of the plutonium from the 
rocks and the displacement became easier with increasing salt 
concentration and increasing valence. 

In determining migration coefficients of plutonium for flow through 
porous limestone and basalt, Fried, ft al. (1976a) used a high-pressure 
chromatographic absorption apparatus (Fig. 4-6). A small amount of 
238 Pu(NO,K tracer in neutral aqueous solution was placed on the surface J 4 
of the rock disk and was allowed to dry at room temperature. Water 

0 0.6 J .6 2,4 
k 

XBL7M-40I 

Figure 4-3. Surface abscrption coefficients of plutonium as a function 
of the concentration of other salts (i.e., ZrCl4, LaCl3, 
CaCl 2, NaCl) for limestone (Fried, et al., 1976a). 
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Figure 4-5. Surface adsorption 
coefficient of plutonium as 
a function of the concentra
tion of other salts for porous 
basalt cores (Source: 
Fried, S., Friedman, A. M., 
and Weeber, R., 1976. The 
distribution of plutonium in 
a rock containment environ
ment, in Campbell, M. H., ed., 
High-level radioactive waste 
management, Advances in 
Chemistry Series No. 153. 
Washington, D.C.: American 
Chemical Society.) 
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Figure 4-6. Schematic diagram of the high-pressure stainless-steel 
chromatographic column (Fried, et al., 197Sa). 

was then forced through the limestone disk in increments by means of 
a piston, which exerted pressure on the water isolating it from the 
pressurizing gas. The depth of penetration of the Plutonium tracer 
was measured using an x-ray absorption technique. The results of these 
experiments yielded a migration coefficient M of 30 ± 10 ya/m of Water 
flow for the limestone and 61 ± B Wn/m of water flow for the basalts, 
where M « the average distance traveled by the plutonlum atoms for every 
meter traveled by the water molecules. 

Hoshkin, et al. (1976) collected seven plutonium-contarainated 
soil samples from Eniwetok. Atoll and equilibrated them separately with 
uncontaminated sea water. Hater was filtered at intervals through 
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an 0.4-um filter and soil and water were analyzed for Plutonium at 
equilibrium. The mean K value for these samples at equilibrium was 
8 x 10 . Field results from particulates in the groundwater 
vs the groundwater itself gave an average K value of 2.5 x 10 
(Table 4-11) . The two laboratory and field values are quite cloBe. 

Bondietti, et al. (1976) determined Plutonium distribution 
coefficients for Ca-saturated clays separated from Miami silt loam 
soil and for a reference montmorillonite. They used 5 x 10 M calcium 
solutions [ca-acetate and Ca(NO )_] at pH 6.5 and determined K values 
for two plutonium valence states. K, values as a function of plutonium 
valence states are given by Table 4-12. 

According to Bondietti, et al. (1976), the high sorption of Pu(VI) 
to the soil clay compared with montmorillonite indicates that plutonium 
reduction by clay components must have occurred, yielding sorption values 
similar to those for Pu(IV). Pu(Vl) also appears to adsorb less than 
the tetravalent Pu. 

Bondietti and Reynolds (1976) in later work studied the sorption 
of plutonium when Pu(IV) was added at about 0.6 ppm (Pu mass/clay mass) 
to treated clays separated from Miami silt loam soil using 2 3 " P U a s -3 the tracer. A solution of 5 x 10 M Ca(N0 ) at pH 4.0 was used and 
K, values were determined as a function of time and treatment of the 
a 

clay fraction. The clay fraction was first equilibrated with organic 
matter present; then the clay was treated to remove organic matter and 
the resultant solution equilibrated again. Next, free iron oxide was 
also removed and the clay equilibrated. These procedures were repeated 
after equilibrating for 3 weeks, 18 weeks, and 52 weeks. The K. values 
obtained for different treatments and equilibration times are given 
in Table 4-13. According to Bondietti and Reynolds (1976), the results 
shown in Table 4-13 suggest that sorption studies using Pu(IV) should 
be carefully examined because the soluble species that do not sorb 
may be in a different, oxidation state than that initially added. 

Glover, et al. (1976) using 17 selected soils of wide-ranging 
physical and chemical characteristics (Table 4-14), studied their equili
brium sorption and elution characteristics with plutonium and americium 
nitrates as the source of the actinides. Complete chemical and physical 



Table 4-11. Concentrations of 239,240^. groundwater particulates in May 1974 (Noshkin, et al., 1976). 

Depth Particulate 
239,240^ (*cr)f 

Fraction in Depth Particulate Fraction in 
Island Well (m) tmg/D (fCi/l)a (fCi/mg) In K a< d> par ticulatese *d 

T..MA*. XES2 Surface 10; 4 21.0 (9) b 

3.79(14)° 2.38 13.85 0.92 1.04 x 10 6 

XEN4 
X E M 

Surface 
Surface 

2.5 
15.0 

2.9 (30) 
47.0 ( 9 ) b 

1.16 12.08 0.31 1.76 x 10 5 

7 7.8 
0.95(13)c 

6.0 (18) c 

3.20 13.19 0.87 5.35 x 10 5 

0.26(33)° 0.80 13.33 0.82 6.15 x 105 
ftENl 7 

10.8 
7.5 
26.3 

1.5 (16) 
1.3 (50) 

0.2 
0.05 

AEN3 Surface 5.1 1.3 (60) 0.25 11.23 0.28 7.54 x 10* 
7 3.1 0.S (40) 0.30 12.08 0.35 1.76 x 105 
10 13.8 2.1 (25) 0.15 11.66 0.62 1.16 x 10 5 

AEN5 Sur face 
7 

30.2 
2.9 

1.8 (90) 
0.9 (70) 

0.06 
0.31 

AEJJ9 Surface 0.8 2.4 (23) 3.0 13.12 0.29 4.99 x 10 5 

AEH2 10 12.3 25.0 ( 7) 1.95 12.87 0.83 3.88 X 10 5 

Belle ABM1 Surface 157 206 ( 2) 1.31 9.56 0.69 1.42 x 10* 
Elmer APA1 Surface 

10 

4.4 

19.6 

0.2 (40)° 
0."l4(53) 
0.4(100)° 
C.2 (30)= 

0.08 

0.03 

Mean In K d » 12.42 ± 1.27 
Mean K<3 = 2.5 x 10 5 

a0.4- and 1-pa filters were processed together except where indicated 
b1.0-un filter only 
c0.i~ftm filter only 

distribution coefficient is the dimensionless ratio of the quantity of Pu per gram of suspended 
material (dry weight) to that per gram of water: K<j is calculated by the equation: 

In Kd = l n t f c i / m 9 particulate) x 10 6 

fC/1 water 
fraction of 239,240^ l n t o t a i particulates >0.4 m 
(%a) values in parentheses are 3a counting errors expressed as percentages of listed values. 
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Table 4-12. Effect of valence on plutonium distribution coefficient 
to Ca-saturated clays, pH 6.5a (Bondietti, et al., 1976). 

I n i t i a l 
actinide t unabsorbed *d 

Material Tracer valence to clay (ml/g) 

Clay separated from 
Miami s i l t loam s o i l 2 3 7 P u IV 0.40 10.4 X 10* 

238pu IV 0.25 16.B x 10 4 

2 3 9 ^ VI b 0.62 7.5 x 10 4 

Montmorillonite 239pu IV 2.0 2.1 x 10* 
239pu VI 63.0 2.5 x 10 2 

aAqueous phase 5 nM in C a 2 + . 
bCa-acetate? remaining studies conducted in Ca(ltt>3)2. 

Table 4-13. Sorption of 2 3 8Pu(IV) to treated clays: pH 4.0, 
5 i 1 0 - 3 H Ca(N03lj (after Bondietti and Reynolds, 1976). 

Tine and Percent evidence of Polyaer *d 
treatment •Dibed or Pu(VI)» ••1/9) 

3 veeke 
Clay 99 . B6 - 2.9 x 10* 

-O.M. b 50.0 - 4 x 10* 

-»e + O.H. 99. e - 2 x 1 0 5 

Blank<= 71 - -
18 veeka 

Clay 99.8 Ho -
-O.M. 61.5 Yea 3.5 X 1 0 J 

-r» * O.M. 99.9 Ho -
•lank 71.7 I n -

52 veefce 

Clay 99.9 <20t (VI) 1.9 X 1 0 s 

-O.M. 99.e S0» (VI) ( . 1 x 10* 

~Tt * O.M. 99.« <I0» (VII » . l x 10* 
Blank 71.6 25» (VI) -

•By thenoyltilfluoroacctonc extraction, Prt$ precipitation (holding 
oxidant .Mthod) and hcicon* extraction. 

**0.H. * organic Batter. 
cMo clays present. 



Table 4-1*. Physical and chemical characteristics of soil (Glover, « al., 1976). 

Source 
Soil 
code 

CEC 
(meq/100 g) 

Soluble 
salts 

(mmhos/cm) III
 

Inorganic 
carbon 

(% CaCOj) 

Organic 
matter 

(%) pll 
Sand 
(%) 

Silt 
(%) 

Clay 
(%) Texture 

Colorado A (Rocky Flats) CO-A 20.0 3.6 5.97 0.4 2.4 5.7 44 20 36 Clay loam 

Colorado B (Sugar Loaf) CO-B 17.5 0.4 0.97 0.3 3.4 5.6 64 14 22 Sandy clay loam 

Colorado C (Rocky Flats) co-c 29.6 0.4 1.98 2.4 0.7 7.9 5 31 64 Clay 

Idaho A (ERDA) ID-A 15.5 0.5 2.71 17.2 0.8 7.S 16 50 34 Silty clay loam 

Idaho B ID-B 13.8 0.8 2.51 7.9 0.2 8.3 44 24 32 Clay loam 

Idaho C ID-C 8.2 1.0 2.52 5.2 0.3 8.0 66 41 23 Sandy clay loam 

Idaho D ID-D 17.5 1.2 4.90 0.0 0.1 7.5 38 32 30 Clay loam 

Washington A (Hanford) WA-A 6.4 0.9 2.60 0.6 0.3 8.0 74 12 14 Sandy loam 

Washington B WA-B 5.8 0.4 2.30 00 0.1 8.2 74 12 14 Sandy loam 

Tennessee (Oak Ridge) TN 20.5 0.4 0.30 0.0 1.0 4.S 32 32 36 Sandy loam 

South Carolinu (Barnwell) SC 2.9 0.4 0.50 0.2 0.7 5.4 78 2 20 Sandy loam-silty 

New York (West Valley) NY 16.0 1.2 1.40 Clay loam 

New Mexico (Los Alamos) NM 7.0 1.7 2.80 0.0 Z.7 5.4 32 32 36 Clay loam 
Arkansas A AR-A 34.4 0.5 0.10 0.2 0.7 6.4 48 48 18 Loam 
Arkansas B AR-B 3.8 0.4 0.10 0.9 3.2 6.2 10 34 56 Silty clay 

0.7 0.6 4.8 82 9 9 Fine sand 
Arkansas C AR-C 16.2- 0.3 0.10 0.6 2.3 2.3 9 54 37 Silty clay loam 
Illinois IL 17.4 0.5 0.10 0.7 3.6 3.6 31 53 16 Loam 
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analyses of all but four soils were done. Three standard plutonium solu-
—8 —7 tions containing initial plutonium concentrations of 10 M, 10 M, 

and 10 M (or 9,600 dis/min/10 yl, 103,000 ais/nin/10 pi, and 
972,000 dis/min/10 pi, respectively) were used for sorption measurements. 
h soil-to-solution ratio of 1 g to 5 ml was used and 10 pi of the required 
concentration of the standard plutonium solution were added to this 
mixture. Depending on the experiment, from 5 to 48 hours were required 
for equilibrium sorption. The distribution coefficients for each of 
the 17 Bolls are given in Table 4-15. Tables 4-16 and 4-17 give the 
same K, values obtained by Glover, et al. (197R) along with pH and Eh 
data of the system. 

Results shown in Table 4-15 show a wide range of K (ml/g) 
values obtained from a low of 35 to a high of 14,000. This indicates 
the great sensitivity of K. values to changes in plutonium concentration, a 
especially at high levels of plutoniura sorption. 

In plutonium column elution studies by Glover, et al. (1976) with 
three different soils, 24 g of soil were added to a 1-ran-internal-
diameter, 4-cm-long glass column. One gram of the same soil was mixed 

-3 with 10 yl of 10 M plutonium nitrate solution and then distributed 
evenly on top of the soil in the column. After packing, the column 
was washed with one liter of distilled water and the effluent collected 
and analyzed for plutonium. The K. values for plutonium obtained by this 

a 
elution Btudy are given in Table 4-18. 

Regression analyses are being performed to determine whether or 
not relationships exist between plutonium sorption and soil character
istics such as cation exchange capacity, particle size and distribution, 
and sand and clay content. 

Neptunium 

Very little work has bean done on the distribution coefficient 
determination of neptunium in sediments and soils. Only two references 
indicate K. value determinations for neptunium. A K- value of IS ml/g 
for neptunium between water and a typical western desert soil has been 
estimated by Schneider and Piatt (1974). The soil characteristics 
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Table 4-15. Mean K,j(m) values3 ± statistical error (ml/g) for 

Plutonium at equilibrium sorption (Glover, et al., 1976). 

Initial Pu concentration (M) 

Soil code 10" 8 1 0 - 7 10" 6 

CO-A 2200 ± 460 2700 i 170 1200 ± 190 
CO-B 200 ± 24 130 ±6 40 ± 3 
CO~C 1900 ±110 1800 ± 100 2000 ± 3 
ID-A 1700 ± 70 4300 t 160 5000 ± 290 
ID-B 320 ± 26 330 ± 12 140 ± 11 
ID-C 690 i 110 4100 ±150 4000 ± 23 
ID-D 2100 + 640 1500 ± 80 310 ± 42 
WA-A 100 ± 7 100 ±3 35 ± 1 
WA-B 430 ± 27 600 + 44 680 ± 16 
TO 2600 ± 640 1200 ± 100 14000 ± 2700 
SC 280 ± 5 870 ± 52 1000 ± 20 
NY 810 ± 130 1100 ± 45 870 ± 57 
NM 100 ± 5 200 ±8 220 ± 12 
AR-A 710 ± 36 660 ± 33 760 ± 45 
AR-B 80 ± 3 230 ±9 260 ± 35 
AR-C 430 ± 23 570 ±44 870 ± 30 
IL 230 ± 10 630 ±95 320 ± 130 

Clover, et al. (1976), use a different notation—K^fm) rather than the 
conventional notation Kg—to imply that because of the complex chemistry 
of polyvalent radionuclides, the experimentally measured sorption 
coefficient may be related to a summation of a number of different 
mechanisms rather than any specific sorption mechanism. 
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Table 4-16. Sorption of plutonium in soils; distribution coefficients 
for soils in basic solutions (Polzer and Miner, 1976). 

Initial Pu 
Soil cone. (M) Kd(ra) ( b ) pH -Eh(V) Pum/Puc(a> 

WA-A 10-8 100 7.9 0.41 0.4 
10"? 98 7.9 0.42 3.2 
10~ 6 35 7.9 0.44 40 

WA-B 10-8 430 7.8 0.46 0.0004 
10-7 590 7.8 0.46 0.2 
10~ 6 110 7.8 0.41 7.9 

ID-D 10-8 2100 e 7.8 0.44 0.008 
10-7 1500 8.0 0.41 0.4 
10-6 310 c 7.9 0.41 5.0 

ID-C 10- 8 690 c 8.4 0.45 0.03 
10-7 4100 8.0 0.43 0.06 
10" 6 4000 8.0 0.44 0.3 

ID-A 10-8 1700 8.4 0.45 0.0005 
10-7 4300 3.0 0.44 0.03 
10" 6 5000 7.8 0.45 0.2 

ID-B lO - 8 320 8.8 0.44 0.05 
10-7 300 8.9 0.41 1.6 
1 0 - 6 140 8.6 0.40 63 

CO-C 10-8 1900 8.0 0.49 0.0001 
10-7 1800 7.8 - -
10-6 2000 c 8.2 0.44 1.0 

aRatio of Pu concentration measured in the water phase at sorption 
equilibrium (Pum) to the Pu concentration calculated to be present 
if the water were in equilibrium with Pu(OH>4 (Pu c). Pu c is based 
on a solubility product for Pu(OH) of 1 0 - 5 1 - 9 in basic solutions. 

b _ eThe standard error of the mean is: b, 8% or less; c, between 11% and 
16%; d, between 20% and 25%; and e, 31%. 
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Table 4-17. Sorption of plufconium in soils; distribution coefficients 
for soils in acid solutions (Polzer and Miner, 1976). 

Initial Pu 
cone. (M) Kd(m) < b ) pH Eh(V) P uro/Pu c' 

10-8 280 5.5 0.48 20 
10-7 870 5.2 0.53 14 
10~ 6 1,000 5.2 0.53 100 
10-8 100 6.9 0.48 20 
10-7 200 6.0 0.47 600 
10-6 220 6.2 0.51 1,000 
10-8 2,600d 4.9 - -
10-7 1,200 4.0 - -
1 0 - 6 14,000d 5.0 0.53 8 
10-8 80 5.6 0.58 1 0 
10-7 230 5.3 0.55 .0 
1 0 - 6 250C 5.0 0.64 3.0 
10-8 2,220d 6.5 0.49 2 
10-7 2,700 6.2 - -
10-6 l t200 c 6.8 0.43 ] ,0>-0 
10-8 190° 5.8 0.53 6 
10-7 130 5.8 0.53 60 
10" 6 40 5.8 0.53 3,200 
10-8 430 5.9 0.40 100 
10-7 570 5.9 0.4? 680 
1 0 - 6 870 6.0 0.57 13 
1 0 - 8 230 5.8 0.61 0.1 
10-7 630 c 5.4 0.6? 0.06 
1 0 - 6 27 5.7 0.' , 26 
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Table 4-17. Continued. 

Initial Pu 
Soil cone. (M) Kd(ra) ! b ) pH Eh(V) V^c 1 3' 
AR-A 10-8 710 6.7 0.51 1.6 

10-7 660 6.5 0.54 5.8 
1 0 - 6 760 7.0 0.50 200 

NY 10-8 810 c 6.0 - -
10-7 1100 6.0 0.54 6,0 
10-6 870 6.1 0.49 600 

aRatio of Pu concentration measured in the water phase at sorption 
equilibrium (Pum) to the Pu concentration calculated to be present if 
the water phase were in equilibrium with Pu(OH)^ (Pu c). Pu c is based 
on a solubility product for Pu(0H)4 of 10"55.2 £ n aci(3 solutions, 

D" eThe standard error of the mean is: b, 8% or l'-ss; c, between 11% 
and 16%; d, between 20% and 25%; and e, 31%. 
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Table 4-18. Distribution coefficient values for Plutonium as a 
function of soil as obtained by column elution method 
(Glover, et al., 1976). 

Soil K a ( m ) (ml/g) 

ID-B 144 
CO-A 1180 
ID-A 5020 

are described in the earlier reference to Schneider and Piatt in the 
section on plutonium, above. Routson, et al. (1975 and 1976), using 
batch tests, determined K, values for neptunium and ametricium as a 

2+ + 
function of calcium (Ca ) and sodium (Na ) ion concentration for eastern 
Washington and South Carolina sui. oils. Batch tests were conducted 
with a soil-to-solution ratio of l g to 35 ml and influent solution 
pHs of 2.5 and 3.1. The system was equilibrated for 24 hours. The 
K. values were found to decrease with increasing solution concentrations 

d 2+ + of Ca and Na . Properties of soil samples and the results of adsorption 

studies are given in Tables 4-19 and 4-20 respectively. 

Americium 

The distribution coefficients of americium have been measured 
by several investigators. Between water and a typical western desert soil a K. value of 2000 ml/g for americium has been estimated by Schneider d 
and Piatt (1974). 

In americium adsorption studies, Hajek and Knoll (1966) used acidic 
high-salt wastes (5.4 M NO.) spiked with organics typical of a fuel 
reprocessing plant. X. values obtained in batch tests are given in 
Table 4-4. When comparing K. values for americium with K. values for 

a a 
Plutonium (Table 4-4), in most cases K.J Am) ~< K (Pu). The K, values 
for americium as a function of organic solution from a column study 
are given in Table 4-5. 
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Table 4-19. Soil sample propetties (Routson, et al., 1975). 

CaC0 3 Silt Clay CEC 
Soil (mg/g) <%> (») (roeq/lOOg) pH 

Washington 0.8 10.1 0.5 4.9 7.0 
South Carolina <0.2 3.6 37.2 2.5 5.1 

Table 4-20. Distribution coefficient values' for neptunium and 
americium as a function of soil and solution Na and Ca 
ion concentration (Routson, et al., 1976). 

South Carolina Washing 

Kd<«P 

ton 
Solution Kd(Aro) Kd(NP) 

Washing 

Kd<«P ) 
(M) (ml/g) 1 [ml/g) (ml/g) 

Na 
3.00 1.0 ± 0.1 a 0.43 + 0.16 3.19 + 0.22 
0.75 2.9 + 0.2 0.45 + 0.09 3.28 ± 0.33 
0.30 6.3 ± 0.7 0.51 ± 0.09 3.28 i 0.13 
C.030 130 ± 2.0 0.57 + 0.03 3.51 ± 0.19 
0.015 280 ±24.0 0.66 + 0.08 3.90 ± 0.12 

Ca 
0.20 1.0 ± 0.04 0.16 + 0.06 0.36 ± 0.07 
0.10 2.2 ± 0.2 0.62 ± 0.04 
0.05 3.6 ± 0.6 0.78 + 0.16 
0.02 8.4 ±1.0 0.93 ± 0.07 
0.002 67 ± 5.0 0.25 + 0.0 2.37 ± 0.04 

Standard deviation. 
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Hamstra and Verkerk (1977) reported distribution coefficient 
measurements for Dutch subsoils using 90% saturated NaCl solution at 
pH 7 to B. A soil-to-solution ratio of 1 g to 150 ml was used. Clay 
sanples consisting of mainly illite and kaolinite had a K. of 5 x 10* ml/g; 
river sand had a K. of 400. Clay- and gypsum-bearing sandstones had d 
intermediate K. values (Tables 4-9 and 4-10). d 

Pried, et al. (1974, 1976a and 1976b) determined the sorption of 
americium onto a basalt. The value of the surface-absorption coefficient, 
K, for 10~ M solutions of Am(NO ) , was 0.041 + 0.02 for basalts (see 
the earlier reference to Fried, et al. in the section on plutonium, 
above, for the definition of K and other etails). The effect of 
other ions on the absorption constant was also studied. Addition of 
salts to the solution lowered americium adsorption. Higher valence 

3+ 4+ cations (La and Zr ) lowered the americium adsorption much more 
+ 2+ than lower valence cations (Na and Sr ). See Figure 4-7. 

0.0 05 10 l 5 ? « ? 5 J O 3 5 « 4 5 5 O J S 6 0 

Figure 4-7. Surface absorption coefficient of americium as a function 
of the concentration of other salts for baBalt cores (Fried, 
et al., 1976a). 
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Routson, et al. {1975, 1976) used batch sorption experiments to 
determine K. values for South Carolina subsoil (sandy clay) as a function 
of calcium and sodium ion concentration. They used a soil-to-solution 
ratio of 1gto 2.5 ml at an initial solution pH of 2.5 and 3.1 and 
equilibrated the system for 24 hours. The americium K. values are 
given in Table 4-20. For Washington subsoil, americium K. was found 

a 
to be greater than 1200 ml/g for all concentrations of calcium. 

Glover, et al. (1976) used basically the same procedure for americium 
sorption measurements as was used for plutonium experiments (see the 
earlier reference to Glover, et al. in the section on plutonium, above). 

— 10 — 8 Initial americiura concentrations were 10 M and 10 M. From 24 
to 48 hours were required for equilibrium sorption. The K values for 
americium are given in Tables 4-21, 4-22, and 4-23. Table 4-21 shows 
that K values for americium are very sensitive to changes in americium 
concentration, especially at high levels of americium sorption. 
Curium 

Only one reference in the literature indicated distribution coefficient 
values for curium. Schneider and Piatt (1974) gave an estimated K, 

a 
value of 600 ml/g for curium between water and typical western desert 
soil. No details were given either about the experiment or about the 
method used. 
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Table 4-21. Mean distribution coefficient values ^statistical error 
(ml/g) for americium at equilibrium sorption (Glover, 
et al., 1976). 

Initial ftm concentration (M) 
Soil code 1 0 - 1 0 10~ 8 

CO-A 2500 + 210 2600 + 110 
CO-B 600 + 24 840 + 20 
CO-C 5200 + 970 8100 + 400 
ID-A 5900 t 230 510 + 8 
ID-B 300 + 10 610 + 86 
ID-C 620 + 43 1300 + 31 
ID-D 10000 + 15000 8500 + 660 
WA-A 120 + 7 200 + 14 
WA-B 230 + 5 430 + 28 
TO 2600 + 470 9700 + 1100 
SC 82 + 1 190 + 9 
NY 920 + 79 2300 + 330 
NM 400 + 11 420 + 7 
AR-A 2900 + 1800 3300 + 240 
AR-B 390 + 20 760 + 72 
AR-C 1800 2300 + 50 
IL 1600 + 190 1900 + 22 
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Table 4-22. Sorption of anericium in soils; distribution coefficients 
for soils in basic solutions (Polzer and Miner, 1976). 

Initial An 
Soil concentration (M) ^d(a) P H -Eh(V) 

WA-A 10-9.4 120 8.0 0.43 
10-7.4 200 7.B 0.46 

HA-B 10-9.4 230 8.0 0.44 
10-7-4 430 7.9 0.44 

ID-D 10-9-4 10,000b 7.8 0.45 
10-7-4 B500 7.9 0.44 

ID-C 10-9-4 820 8.4 0.47 
10-7-4 1,300 8.2 0.47 

IR-A 10-9-4 6,200d 8.1 0.44 
10-7-4 514 8.4 0.42 

ID-B 10-9-4 300 8.7 0.43 
10-7-4 610 b 8.5 0.42 

CO-C 10-9-4 5200 8.0 0.42 
10-7-4 8100 8.0 0.44 

standard error of the mean is: a, 10% or less; b, between 12% 
and 20%; c, 32%; and d, 60%. 



73 

Table 4-23. Sorption of americium in soils; distribution coefficients 
for soils in acid solutions (Polzer and Miner, 1976). 

Soil 
Initial Am 

concentration (M) Kd(m) PH -Eh(V) 

SC 

HM 

TO 

AR-B 

CO-A 

CO-B 

AR-C 

IL 

AR-A 

NY 

10-9-4 
10-7.4 
10-9.4 
10-7-4 
10-9-* 
10-7-4 
10-9-4 
10-7-4 
10-9-4 
10-7-4 
10-9-4 
10-7-4 
10-9-4 
10-7-4 
10-9-4 
10-7-4 
10-9-4 
10-7-4 
10-9-4 
10-7-4 

82 6.1 
190 5.9 
400 6.9 
420 7.3 

2000 b 5.2 
9700 b 5.1 
390 6.6 
760 6.5 

2500 6.6 
2600 6.4 
600 6.4 
840 6.4 
1800 5.9 
2300 6.0 
1600 b 5.9 
1900 5.8 
820 c 6.6 
3300 6.5 
920 6.2 

2300 b 6.0 

0.54 
0.55 
0.49 
0.48 
0.49 
0.4<) 
0.57 
0.56 
0.41 
0.43 
0.52 
0.43 
0.57 
0.60 
0.56 
0.56 
0.57 
0.56 
0.45 
0.50 

a -^The standard error of the mean is: a, 10% or less; b, between 12% 
and 20%, c, 32%; and d, 60%. 
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SOMHMOf AMD RBCCTMBMDM'IONS 

Published literature concerning the sorption distribution coefficients 
of plutonium, neptunium, americium, and curium on soils and sediments was 
reviewed and the K, data for the four radionuclides were compiled in 
tabular form. Very few studies for K, determination have been conducted 
for neptunium and there is only one reference in the literature for curium 
K . The available sorption data show a wide variation in radionuclide 
K, values, d 

The recommendations for future studies are as follows: 
1. A detailed investigation should be done ol the mechanisms 

(such as ion exchange, precipitation or formation of complex 
anions), involved in the uptat-^ of the polyvalent radionuclides 
(such as plutonium and americium) by soil. 

2. In future adsorption studies, multiple regression analysis 
techniques should be employed to determine the combination 
of soil properties (such as particle si2e distribution, soluble 
salt, silt, clay, organic carbon, CEC, or pH) that best account 
for the retention of radionuclides in soils. 

3. Tests should be done under conditions that are close to those 
existing in the field, that is, with undisturbed samples. 
Most tests in the literature for K, determination have been 

d 
conducted either on artificially prepared soil samples or 
on field samples that were highly disturbed (exposed to the 
atmosphere and disaggregated). 

4. Studies should be done to understand and identify the radio
nuclides species or elesi-nt valence states [such as Pu(IV) 
or Pu(V)] that are adsorbed in the soil. 

5. Studies are needed on the anion species that combine with 
polyvalent radionuclides to form complex anions and thus in
hibit nuclide uptake by soil. 
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6. Because the ultimate secondary container in a repository for 
disposal of high-level radioactive waste will be some rock 
stratum, sorption data on rocks are required. Experiments 
should be conducted to determine the distribution coefficients 
on rocks. 
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APPENDIX 4-1: SUMMARY TABULATION OF DISTRIBUTION COEFFICIENT 
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nut specified I'Yi 
• i p i r m i c l S 75 \1 \ . i , 
et.S V ,\IO'2.i-.75 Mfl l l" . 
2.2 M M h , 1.1 M \ ( ) ; . 
O.JM cnj-.o.JM_sr)5-, 
and 0.(1002 _\l C s J ) . 

.!!<./< minli ml > ' : 

I.If) Ro in shaken 
overnight wi, 

sup urn ate 

2 3 9 - 2 4 0 p u 

a i d 2 4 1 Am 
l-'iir Pu.from 200 to ]0,()C'.), 
for Am, frou 400 to 50.0110; 
Isce Table 4-« atuf 4-1(1). 

90% sanitated Nat 

IV for Pa, Uquilibrium surface adsorption Tracer solutions prepared uiiny Ilisks :<f limestone and nr>i Alpha or gamma 

III for Am c o n s t a t K!cm IITIV). aliijums of small solutions of basalt immersed in specified c<iunn:jj;rateof 
For 4 X 10"S M solution of the iraccr and evaporating 1 hem siifutic! ins of aliquots counted 
Pu(NOj) 4 = to dryness with USO$. Am and 4X I t ) ' s MPu{N03) 4 

at 12-hr. interval* 
0.10 ±0.02 for fimctionr. 
0.07 ± 0.02 f»t basalts. 
|--r IO" 7 Msolut ionof 
Am'.N0j)3 = 
0.041 i 0 . 0 2 for basalts. 
v'Scc Figures 4-3. 4-t, 4-5 for 
Ihc effect on K of other ir-is.) 

Pultrougi.i Jitii iolutioti with 
distilled waici original solution 
pH ^ 7 . 0 . final pH ranged be
tween 7 and K. 

or 10- ' M A m t S O j l j 

http://l5.Kj1.rI
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DATA FOR PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURIUM 

equilibrium test data for plutonium, neptunium, amcricium, and avium. 

Soil cuion 
Initial exchange particle si/c 
sad ptl capacity 

(meq/IOOg) 
Soil /mate m l tyne anil content and distnhiitimi OhicivmmosJi.immeais Reference 

8 . 6 S O Sub^iirfa- c snil from Hanford Project. f\t prrcrnl by K,, vlll.cs m Tabic 4 i s i ^ c M evis Klii-dcs 1"53, 
IJnrnnsolidatrd, imwcatliercd sediments weight trnccol .iPti polymer in stilulkin .it 1957a. I'lSTh 
hivinj. silt. clay. ..nil * 2-\. lrrc CaO l j . 
Clav fraction contain* mantautu) 

> ? mm iii.ini. d \ 
2 t ( . l ) 2 111111.(17% 

pl l > 1 with tlrc-ewpiKwi ..f pH 
range 8.5 to 12.5 Apparently [tie 

Ion ire and kaolmite in the ratio of } 1. I).2 to ll (12 mm. 

ii(i> to OOIU mm 

: o i i W nun. 2".. 

polymer formed curries .i positive 
durge that enable* il to lie taken uj. 

. rapidly hvthrs i . i l 

i.et Ranged ftum 0.0*12 Soil s imple from water uWr J I n o t Adsorption was „ „ . „ • than "(!V com Prom 1US8, 
specified f o r s o i l p l U r - Savannah K i m Plan1 contained sprcifict! plete from solutions nr Pull II) anil 

1.24 for soil pl l 10 2U% clav and (t()% sand Domi l 'uin'H«-iu-«-npH2 5 ..nd M and 
(see Table 4-JJ. nant day mineral • kaulmitr fr..m solutions ol l>.i(,-|).it p l l > o 

n o i n o t So'' from various tie n i l " between nt.i Adsorption from strotidv acid ,.t MJjck and 
specified specified tlie surface and groundwater fr»rn 

wells at 7 1A tile field sue. Uidi-
land, IVaili.. air-dried and sieved lo 
< 2 mm diameter 

sh i f ted partially nvi. trail m l waste wis 
minor. Adsorption from alkaline 
waste fnim prrcipiuunn svas high. 
Introduction o f a s l ^ f f o r g a n u 
reduced the K,j of l ioil i Pu ami Am. 

'not!, ("no 

Study conduct! i with differc 
minerals (sec 'able 4-6). 

The a i idi.le re 
(adsorbed) fi ,.m the solution appears 

to depend on .he pi i of the siiipcn-

**on, the higher pll b»>ts greater re

sides which arc scavenpej by the d.is 

.sandy loam containing =̂ 1 mj; of 
free CaCOj per tfam ol soil. 

Study conducted on marine scilimc 
from Mediterranean Sea using frdin 
talion (water column) and thin lave 

not K„ values [or both oxic and anoxf 
specified conditions appear similar (or all 

Duurmu and 
1'arsi. 1974 

Synthetic ion exchange re 
(see Tabic 4-8). 

Out of the five resin^ tested, sorp-

,'IJunllt<••• AR('.-35« 

stone, caprock and coarse river sa1 

from borchulcs surrounding salt 
formations in NK Netherlands-

were lower than clay nintJ 
materia) due to the absence 
material in them. 

VerUrk. (977 

Thin wafc:-5or disks (25 mm diam. 
and I -5 mm thick) of dense Illinois 
N;agra limestone jr.!? basalt from 
l-:ilR-llsite(ld?h(. National 
iinginccring Laboraior"). 

The surface absorption coefficients 
arc affc.-ted by tile types and con
centrations of oilier salts. For 
example, all curves for both Pu and 
Am in Figures 4-J, 4-1 and +-5 show 
the same m i d , i.e. displacement of 
the actinidc ions from the rack lat
tice hy higher concentrations of 
oilier metallic ions. 

1974, 1«-
1976b 

http://hvthrsi.il
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JMC A RCVK-W u( ilu- titiTLidirt- on rj(li(in<ididv K(Jv. H.iuh n/uililmiijii K-SI 

nficd Mcir. K.i 

• sec Til.tr-MH 

('u H VI I of mi) .'lav Irai 
K j ' 7 J * Hi' 1 

l irr l'» frt.ni J* I.. J-1 
.see Ii l . tr>-l 15.4 If. 

7 UCV2S ml t i „ 

il j i(V25 m( for 

/ • 
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dai? for plutonium, neptunium, ameriaum, and curium (continued). 

exchange Soil/materia I i>'pe and conicnt Particle sue 
"paeity and diMrihimon 

(meq/IDOg) 

I'u • contamin*ted so.I samples from mn Kt\ value-. fr<nn field I.-MIII-. i fmr 
ihe islands of Emwetok Atoll specificil paniculate* in ilic jir.'iimiwiu-r i 

d.5 (aqueous phaJr not C i ' i imnred clay (torn Miami i l l ! 
5 m y in Ca 2 *) iprcificd loam soil and montmonlloniie as 

reference clay 

C«-saturated clay from Miimi till 
Unm soil T)ir rlay fraction wai 

ipecified 
W p l m l i o ! I'll 1 
l.mirr wis Mil.st; 
wt.erei'. turpi .1 
till l<>Rtr,rh\ II.J 
" " • I ' V t r ^ r d U - . 

VI) n. iv 
inl.aliv I 

1. Miami 

j l v i l rnx 

Hi 

'Tf. 

L|wn(ir.< 
After IH weekt. 
p r e s e n c e , , l i ^ 

I 'uspcaenvliKl, 
p«U'.Iit,r f.„.r, j 

idde.i 1 <• . htm* 
ll'u Vl i . r I'u Vl 
„!emili,. i i i ,.nin 

.1 c.,„il,l 

I'U Vilfl 
[•Kpi-run. 

.tiffrrcni (' 

1 r»h-n«r 

(ciri.,1,1.. 1'>7r. 

RjnycdfrciTi 23 Itanprd fr..m 1 7 soil samples from var-om prctrni See. Tahle 4 14 K,| values Jrc \,-r\ veivsiiivr t „ 
m ;i j 2 V i,. 34 4 and probahlr fulurr Pu-liMilIing areas Juru-rt n. I'u mi l Am cucemra 
i vc I able 4 H i l « r ' t a l . | r 4 ]4) m I he US [sec Table 4-14) tmn. especially al lnp.li levels „ f 

• Wathinpun For E Washington Subsoils from E»sl Wishmjiten and n.t |)iMr,l>iilu,Ti cneffi 
, 7 0. soil = 4 V. South Carolina (ice Utile 4-19) specified on siit.smls .is * tin 

•oljna f,lr S. Carolina 
C*- ' •>»<! Vi*,J(vri\»inJ fur linih 

|..r ^-urli Carolina siil><..iil 
K j i N „ i - Hi a-* i D4.1 i . io fK i . 

-_ t , M * • -- 11 l(, 1.. II ?5 
Kti< -\itu= fff J-*P -- lyi f . .r>7. 

•- I I N J ' I -. 1 f, :,. 2HII 
• - I . i IJuU»Ji i iH. I l .n* , . l l 
K d . S p . M ( ( . » ; M - h i M . . > .'7. 

= f i \ i ' ) = .1 1'J n» J '»(» 
K,| [Al l ; t> U(ll) 

http://lnp.li
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laWtf It Review of rhc l i terature on radionucl ide K J S . Co lumn t c 

' Snil .materul I V I V 

KiS<mi''V 
change cr-ann i m j i j i | 

Secji 7 <it tiiiweferrnce' 'Mirlnre tod <• ; t l I frtun wrll 
fm |in-jkllir<iu|{li I'urvr* >( / I A ule ficl.i Mir. Ki.hljt i. l, 

I ft for Am 
f-nr l)IIHr-CCl 4 

K d • l> fur [>u and 
Of , f „ r Am 

lyt n;i.H_PA_T]_l^ 

K d = <)f„r l . i i th Pu 
3 rid Am 

(see- Table 4 S) 

' "P" ' 

•ari..ii%..rK»tii. WJ% 
i.mf.ir T4I AX nut ,,«•, ,f«c,j f,.„J M.Ji.muilj,)- W / H M I I I . I H 

plain (HUM < l . 1 . l ) l i l l [ " < l , | . 
• 2 iwn dumrrrr | 4 h Oil. 1)4 •»] I ) ' I l l i ' \ n .• \ l 

1HM in M ' l l l 

> i)n s.uls 

= tiOOll fur ihun (Mitiwirfaccl sinK I rum Savannah ".pcufird s. i \ rm IT.-III n-id.-rnr.itmii l auks 
i-olumn ! l l v r r P l j n ' W J , U ' b u f l * 1 griiund. 'Sec p. 5 3 "1 thi% rcfcrcm-c t»r 

= 31100 for lung v-In-rtirw!. i<wpufilii.n > 

K,j - ').4for»olvem 
> i l l f.ir aquc.in 
phase instead .>( 
»<>!wnl 

IM l-riim 14-1 in 5U20 l'hrec «nl samples fnim Ri*in<-il Irnm C-iliini 
iSi-c lable 4 18) MniMis present -iriti s H i n . ' d l'u niti 

prooahle future I'll- isn- i able 
handling art is in the U.S- 4 14 i 
(see Table+-14) 

"T i l l 1 inluiiylphosphatc 
Jlldtl ' • didtityltmn-lphoiphoiMte 
DJHIPA •dn;<ihv-)hcJ(yl>pho*p]iiiricaiid 
Fiti Oil " laburnum oil. 'arommeru.i l miiture of 1-vJ oil and CCI 4 (25-75 vol. >.). 
N'nit • "normal paraffin hydro cirlions," a commercial mixture of straight cliain hydrocarbon ^ inrtudiitpdVcinf u' ldcij 

dodecane, tridecane, and iclradctanc. 

http://'arommeru.il
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squr-nh-T-rli i i i i ^ . k r . l »,t!< -'•»vl'u r<S|>r. r.vrk. If i • 
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APPENDIX 4-2: GLOSSARY 

adsorption 

alpha 

basalt 

beta 

breakthrough 

C/C 0 

cation exchange 
capacity 

The observed decrease in the initial solution 
concentration of a nuclide in which the most probable 
mechanism is identified as a couiornbic attraction 
of the nuclide to the surface of the adsorption 
solid (Bensen, 1960) . 
Used with respect to radiation—a positively charged 
particle consisting of two protons and two neutrons 
(ASME, 1957). 
Dark grey to black, dense, fine-grained, igneous 
rock consisting of plagiocl^se, augite, and magnetite 
(G. 6, C. Merriam Co., 1965). 
Used with respect to radiation—a negatively charged 
particle emitted from the nucleus of an atom and 
having a mass and charge equal in magnitude to 
those of an electron (ASME, 1957) . 
The first detectable concentration of a nuclide 
in a column effluent (Bensen, 1960). 
Tne amount of a nuclide in the effluent of a soil 
column divided by the amount of that nuclide added 
in the influent (Bencen, 1960). 

The concentration of an exchangeable cation adsorbed 
by a soil at pH 7 determined by a standard method 
(Bensen, 1960) . 
A radiation measurement or indication of a device 
designed to enumerate disintegrations or events. 
It may refer to a single detected event or a total 
registered in a given period of time. It should 
not be confused with disintegration, as the two 
terms do not mean the same. The relationship between 
count and disintegration must be established by 
a calibration procedure (ASME, 1957). 
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garama 

half-life 

Hanford soil 

high-level liquid 
wastes 

intermediate-level 
liquid wastes 

ion exchange 

isotope 

A measure of radioactivity meaning the quantity 
of a nuclide disintegrating at the rate of 3.7 x 101° 
atoms per second; abbreviated as Ci; a microcurie (pCi) 
is one millionth of a curie (3.7 x 10"* disintegrations 
per second)! a picocurie (pCi) is one millionth 
of a microcurie (ASME, 1957). 
Relates to radioactivity and means a ray of short 
wavelength which is emitted from a disintegrating 
nucleus (ASME, 1957) . 
Refers to the time that a substance is radioactive— 
the time required for a radioactive element to 
lose 50% of its activity. Each nuclide has a unique 
half-life (ASME, 1957). 
Representative soil of the Hanford Works, Richland, 
Washington (Bensen, 1960). 

Liquid wastes containing greater than 100 VCi/ml 
of mixed radioactivity (Beard and Godfrey, 1967). 

Liquid wastes containing between 5 x 10""' and 
100 yCi/ml of mixed radioactivity (Beard and 
Godfrey, 1967). 
The equivalent replacement of an adsorbed ion on 
a solid adsorbent by another ion from the solution 
(Bensen, 1960). 
One of several forms of one element having the 
same number of protons in the nucleus and thus 
the same atomic number, but having a different 
number of neutrons and thus a different mass 
number; e.g., strontium-89, strontium-90 and 
strontium-91 all with atomic number 38 (ASME, 1957). 
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leach 

leachate 
loam 

loessial 

low-level 
liquid wastes 

nuclide 

percolate 

surface absorption 
coefficient 

A term representing the equilibrium distribution 
coefficient of a nuclide. A, between the solid 
adsorbent and the solution at equilibrium: 

_ ^solid c csoln. 
K d = I x 

ftsoln. Ssolid 
where: A s o ^ ^ is tho amount of A that is associated 
with the adsorbent; Ag 0^ n_ is the amount of A that 
remains in the solution; cc s oi n_ is the total volume 
of solution in cc: and g s oiid * s * n e t o t a l weight 
of adsorbent in g (Bensen, 1960). 
To subject to the action of percolating water or other 
liquid in order to separate and remove soluble 
compounds (G. s C. Merriam Co., 1955). 
The percolating solution (Schmalz, 1972) . 
A soil consisting of a friable mixture of varying proportions 
of clay, silt, and sand (G. & C. Merriam Co., 1965). 
A buff to yellowish brown loamy deposit (soil) believed 
to have been deposited by wind (G. & C. Merriam Co., 1965) . 

Liquid waste containing less than 5 x 10~5 jjCi/ral 
of mixed radioactivity (Beard and Godfrey, 1967). 
A species of atom chracterized both by number of 
protons and neutrons; e.g., strontium-90, atomic 
number 38 and cesium-137, atomic number 55 (ASME, 1957). 
To pass through a permeable substance, to penetrate 
(G. & C. Merriam & Co., 1965). 

Represented as K and defined as the rjitio of i viio-
activity in a milliliter of solution to the radio
activity absorbed per square centimeter of rock: 

v _ (activity of actinide/ml of solution) 
2 ~ 

(activity of actinide/cm of rock) 
(Freid, et al., 1976a). 
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uptake The observed decrease from the initial concentra
tion of a solution contacting soil, regardless 
of the mechanism of removal such as adsorption, 
precipitation, etc. (Bensen, 1960). 

vadose Of, or relating to, or being in the earth crust 
above the permanent ground water level (Schmalz, 
1972) . 

water table The upper limit of the portion of the ground wholly 
saturated with water—a plain or surface (G. & C. 
Merriam Co., 1965). The natural water table is 
different from a perched water table, which is 
usually caused by the activity of man such as waste 
disposal or irrigation, etc. Perched water, whether 
caused by man or other natural causes, is localized 
in extent at a higher elevation that the natural 
or regional water table (Schmalz, 1972). 



SECTION 5: PRELIMINARY CONSIDERATIONS IN DETERMINING AN EXPERIMENTAL 
METHOD TO MEASDRE RADIONICLIDE TRANSPORT IN WATER-SATURATED ROCKS 



INTRODUCTION 

One of the most pressing problems in this task was choosing an 
experimental configuration to measure radionuclide transport in rooks. 
At first, it seemed reasonable to treat a rock rather like a chromato
graphic column in which the migration of radionuclides might be examined 
as a function of time. Water could be forced through a given thickness 
of rock, and the degree of retardation of the radionuclide measured. 
In order to test this approach, information on rock physical properties 
was gathered as a first step. The data obtained were then used to 
compute the differential pressures needed to force specified volumes 
of water through a cylindrical rock core of given diameter in an experi
mentally reasonable length of time. 

The calculations showed that for practically all rock types, the 
pressures required were experimentally unreasonable. In fact, it became 
obvious that for most host rocks, flow along fractures could be the 
only means by which radionuclides might migrate significant distances. 
The experiment should therefore be designed to study radionuclide migration 
principally along fractures, with diffusion into the rock on either side. 

The following subsections contain a brief description of the results 
obtained from a literature study of the physical properties of rocks 
and give the calculations used to determine the experimental feasibility 
of forcing water through solid rock cores. 

ROCK PHYSICAL PROPERTIES 

The rate of transport of a radionuclide through a porous medium 
depends on the physical and chemical properties of the medium in question, 
this section reviews the physical properties of selected rocks that 
may be candidates for radioactive waste storage repositories. 

The ranges of values of these physical properties are presented 
in Table 5-1. The most abundant data were found on rocks that bear 
some economic interest, such as oil sands. On such rocks, ample data 
afford crude statistics of the reproducibility and credibility of the 
data range. For rocks of low economic association, such as rhyolites, 
no direct data were found on such physical properties as porosity and 



Table 5-1, Rock physical properties. 

Rock type 

Dry 
density 
(g/cra3) 

Water 
saturated Water Grain 
density content size Porosity Permeability 
(g/cm3) (%1 (mm) (%) (cm2) 

Htglllite 2.70-2.94 e0.062S 2.G9-10 

Basalt 2.76-2.95 2.763-3.033 1-2.7 .0.1 0.1-11.4 

Granite 2.52-2.81 2.52 
-2.81 

0.7-1.3 7-1.3 

Limestone 2.21-2.76 2.39-2.77 0.36-7.5 0.0625 1.0-3.'.6 

Rhyolite 2.32-2.62 <0.0S 4-15.5 

Sandstone 1.93-2.50 2.2-2.55 2.0-14a 0.0625 5.4-27.1 

5.68 x 10~ 1 2 Kemp, 1970; Jackson, 1970: Reich, 1973; 
Schoeller, 1962 

3.35 x 10" 2 0 

-1.33 x 1 0 " u 

Gabbro 2.55-3.12 2.56-3.15a 0.37-1.0 >0.5 0.29-3.0 <9.87 x 10'11 

4.6 x 10 
-5 x 1 0 - 1 6 

3.36 x 10-
-9.86 x 10" 1 2 

5 x 10-12 

3 x 10" 8 

Kerap, 1970; Pried, et al., 1974; 
Hyndman and Drury, 1976; Schoeller, 
1962; Duncan, 1969; Griffith, 1937; 
Davis, 1969 

Jackson, 1971". Duncan, 1969; Vinayaka, 
1965; Hyndman and Drury, 1976; Kemp, 
1970: Griffith, 1937; Davis, 1969 

Jackson, 1970; Kemp, 1970; Vinayaka, 
1965; Duncan, 1969; Griffith, 1937; 
Bracn, 1968 

Jackson, 1970; Schoeller, 1962; Locke 
and Bliss, 1950; Hurray, 1960; Davis, 
1969 

Jackson, 1970; Kemp, 1970; Schoeller, 
1962 

Jackson, 1970: Vinayaka, 1965; 
Scheidegger, 1960; Davis, 1969 

a Calculated in this report from saturated densities. 
b Calculated in this report from hydraulic conductivity values (in Atlantic Richfield Hanford Co., !<:,(>). 
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permeability. Permeability values for basalt were calculated from 
hydraulic conductivity formulas (Davis, 1969) employing statistically 
averaged literature values of density and viscosity. Hydraulic 
conductivity data were taken from Atlantic-Richfield Hanford Co. (1976) . 

DIFFERENTIAL PRESSURE REQUIREMENTS FOR FORCING WATER THROUGH ROCK CORES 

Experiments on K. values and migration rates of ions in geologic a 
formations can be done by at le-ist two methods: (a) forcing a given 
volume of solution through a column of rock; or (b) allowing solution 
to adsorb on the surfaces of rock specimens. An intercorrelation 
of the migration coefficients and surface-adsorption coefficients to 
the migration through porous rock has been demonstrated by Fried, et al. 
(1974). The purpose of this section is to determine the differential 
pressure needed to force a given volume of solution through a column 
of rock. These calculations should provide valuable insight on how 
to design experiments to measure migration rates and K values. 

In order to make the necessary calculations, a conceptual model 
of a rock was specified. This model assumes that the rock grains are 
uniform packed spheres, that the radionuclide is adsorbed as a monolayer 
on the exposed surfaces of the rock mineral grains, and that one atom 
is adsorbed for each 25A of surface area. Implicit in the last assumption 
is u.\ infinitely large K.. In ether words, all of a radionuclide is 
quantitatively removed from solution, as long as there are available 
sites upon which the radionuclide might adhere. This represents a 
limiting case, which is useful in determining experimental constraints. 

By using the data on grain size given ir. Table 5-1 and the assumptions 
given above, it is easy to calculate the volume of fluid needed to 
saturate the internal surface of a cubic volume of rock. Thus: 

trd m. 
volume of liquid needed to saturate * — r -

where d = length of one side of a cube, 
a = radius of a mineral grain, 
N = Avogadro's number, and 
m = molality of the radionuclide. 
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The time needed to saturate a given internal volume o£ rock depends 
on the permeability, thickness, and exposed surface of the rock, 
the properties of the fluid, and the pressure applied to the fluid to 
force it through the rock. In order to calculate the pressure required 
to saturate the rock in an experimentally reasonable length of time, 
an expression relating these parameters must be derived. 

If v is the velocity of the fluid (measured as fluid flux across a 
unit area of prrous medium) in the direction x, and dP/dx is the pressure 
gradient at the point to which v refers, then Darcy's law may be expressed 
as: 

v x = <k/,)£ (1) 
where k is the permeability of the medium and y is the viscosity of 
the fluid. In addition, if A is the cross-sectional area of the column 
and Q is the volume of liquid passing through it per unit time, then 

V x = Q/A . (2) 

Furthermore, by combining and rearranging equations (1) and (2), one 
gets: 

kdP = (pQ/A) dx . (3) 

Consider a slab of material of thickness, L, with liquid being forced 
through and with P. and P_ as the terminal pressures. Equation (3) 
can be integrated over the slab thus: 

P 

P 
kf\P-(i)S^x 

k ( P l - P 2 , -Jfi (5) 

p = vSk + P (6) 
1 AK 2 

Using average values of permeability for six rock types (argillite, 
basalt, gabbro, granite, limestone, and sandstone), the pressure differential 
was calculated across 2.54-cm-diameter cores 1-cm long. It was assumed 



Table 5-2. Pressure differentials required across rock cores to ensure experimentally reasonable aqueous solution flow rates. 

Rock type 

1 day 

Concentration 
n-9 10" 

5 days 

Concentration 

10" 9 M 10~ 6 M 

10 days 20 days 

Concentration Concentration 

ID"9 M 1 0 - 6 M 10" 9 M 10~ 6 H 

Argillite 
Volume to saturate (1) 3.34xl02 3.34x10"! 
Pressure (atm) 3.31X104 3.41 

Basalt 
Volu»e to saturate (l) 
Pressure (atm) 

2.09xl02 2.09X10"1 

3.51X1012 3.51xl0-9 

to to 
8.84xl05 8.64X102 

6.62X103 7.62 

7.02X1011 7.02x10" 
to to 

1.78X105 1.78xl02 

3.31xl03 4.31 1.66X103 2.66 

3.51xl011 3.51xl03 

to to 
8.34xl04 8.84x10* 

1.76X1011 1.76x10s 

to to 
4.42x10* 4.42X101 

Gabbro 
Volume to saturate (l) 4.17xlol 4.17xl0"2 

Pressure (atm) 2.38xl03 3.38 

Granite 
Volume to saturate (l) 
Pressure (atm) 

1.60X101 

l.SlxlO7 

1.60xl0"2 

1.81xl04 

1.96xl05 1.96xl02 

4.77x10^ 1.48 

3.62x10s 3.62X103 

to to 
3.90xlOl 1.96X101 

1.81xl06 1.81x10s 

to to 
1.96xl0"4 1.96X101 

1.20xl02 

9.04xl05 9.04xl02 

to to 
9.83X103 9.83 

Limestone 
Volume to saturate (1) 1.04X101 

Pressure (atm) 5.97xl02 

1.04xl0-2 

1.50 
to 
1.02 

1.20X102 

to 
4.50 

1.12 
to 
1.00 

6.0X101 1.06 2 .1x lO A 1.03 
t o t o t o 

1.00 1.9 1.00 

Sandstone 
Volume to saturate (1) 1.04X102 1.04xl0_1 

Pressure (atm) l.lBxlO3 2.18 2.36X102 6-OxlO1 
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that the water required to saturate the core could be forced through 
in 1, 5, 10, or 20 days. The initial concentration of the radionuclide 
was assumed to be 10 and 10 M/l. Table 5-2 shows the resulting 
pressure differentials for the different cases being considered. 

Pressures were relatively high for rocks with low permeability, 
leading to the conclusion that any significant flow in those rocks must b 
be along fissures. Measurement of K, values would have to be made 

a 
by a surface adsorption method because, if the rocks were homogeneous 
and free of incipient fractures, solid core studies would require relatively 
high pressures to force solutions through the rocks. 
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INTRODUCTION 
Transport of radionuclides in water-saturated rock involves both 

physical and chemical processes. The physical nature of the system 
determines the rate of fluid flow, while chemical processes lead to 
exchange of mass between the fluid and the solid phases. A variety nf 
chemical processes can occur, including dissolution, precipitation, ion 
exchange, sorption, and ultrafiltration. Physical processes can be 
grouped into two principal categories of transport—advection and 
diffusion. Diffusion occurs in solids, along surfaces, and in the aqueous 
phase. Solid-state diffusion is an extremely slow process and may be 
ignored in all but exceptional situations in natural systems having 
temperatures less than 100°C. Diffusion in the aqueous phase (or 
longitudinal diffusion, which is taken to i.-ean three-dimensional 
diffusional processes) is not a rapid process compared with the speed 
of certain chemical reactions, such as hydrolysis reactions. However, 
diffusion in the aqueous phase may proceed at a rate comparable with 
the rate of advection 4n many natural systems. The nature of the porous 
media also leads to a process known as dispersion or eddy-diffusion. 
As the mobile phase flows around obstacles in its path it encounters 
regions where flow is hindered and those where flow is relatively unimpeded. 
Because the fluid avoids obstacles along the path of least resistance, 
the velocity fluctuates over wide limits. Thus velocity varies from 
channel to channel because of the viscous constraint of the containing 
walls. The phenomenon of eddy-diffusion ic- caused by such point-to-
point variations in flow velocity. A molecule in a fast streampath 
will take a step forward to the center of mass (zone), while a molecule 
in a slow streampath will take a step backwards relative to tt•'.. center 
of mass. As a molecule follows its original streampath, it is carried 
into a part of the channel network that has a velocity differing from 
the velocity of the original streampath. Lateral diffusion will also 
cause a molecule to enter a new velocity regime. As a result of these 
processes, zone spreading occurs and the chemical front "flattens." 
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CHEMICAL RETARDATION AND THE DISTRIBUTION COEFFICIENT 

In the absence of competitive processes, the center of mass of a 
solute zone would move at about the same rate as the mobile aqueous phase. 
However, various physico-chemical processes, such as sorption, tend to 
retard the passage of solute. Giddings (1965) has generalized the 
dynamics of zone migration. A zone migrates smoothly at some fraction R 
of the mobile phase velocity. Thus the zone velocity is Rv, where v is 
the average velocity of the mobile phase. If R is the fraction of solute 
in the mobile phase, then 1 - R is the fraction in the stationary phase or 
the amount adso.'bed. The term R/(l-R) is thus the ratio of the solute m 
the mobile phase to solute in the stationary phase, and 

c V R m m (1) 
1 - R C V s s 

where Cj, is the concentration in the mobile phase, V r o is the volume of the 
mobile phase, C is the concentration of the stationary phase, and V is 
the volume of the stationary phase. 

The distribution coefficient, K,, is defined as 
a 

C 
«d = r ' 

m 
Therefore, equation (1) reduces to 

V R _ m (3) 

<2> 

1 - R V K. s d 
Because the velocity of the solute is given by 

v. = vR (4) 

the relative velocity of the solute species i with respect to the mobile 
phase yields the classical expression of Martin and Synge, 

R =-i . m (5) 
v V + K .V m d s 

which reveals the relation between retardation and the distribution 
coefficient. 
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QUANTITATIVE TREATMENT 

Measurements of distribution coefficients have been done principally 
by two methods, batch experiments and column experiments. The theoretical 
treatment of column processes can be roughly divided into two groups, 
rate theories and equilibrium theories (Helfferich, 1962). 

In rate theories, calculations are based on continuous flow through 
the column and finite rates of ion exchange or adsorption. These theories 
are predictive but are also mathematically complex. Therefore, rate 
laws and assumptions about equilibrium are often simplified. Such theories 
(for example, Giddings, 196S pages 119-193) fail to b«.ing out the 
self-sharpening effects of favorable equilibrium. 

In equilibrium theories, local equilibrium between the liquid 
and bed is assumed. In practice this assumption is usually not valid 
and deviations from local equilibrium are accounted for by introducing 
the concept of "effective plates." In this concept, continuous column 
processes are approximated by fictitious discontinuous processes. 
Unfortunately, this formulation is semiempirical in nature and is not 
predictive. 

Rate Theor ies 

One of the most general approaches to column processes can be 
found in the material balance treatment of Glueckauf (1949). The 
natural balance for an infinitesimal layer for an arbitrary species i 
(see Fig. 6-1) is: 

VaW, W/v H 3z 2 /v **WK 
where q is the column cross section; X. is the amount of species i 
in sorbent and solution per unit volume of bed; C. is the concentration 
of species i in the interstitial solution; V is the solution volume, 
which has passed the layer since the experiment was initiated; z is 
the space coordinate downstream; D is the effective diffusion coefficient; 
8 is the fractional void volume; and v is the linear flow rate. 
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Figure 6-1. Schematic representation of a packed bed. The material 
balance is set up for the "plate" between x and x+Ax 
(from Helfferich, 1962). 

The material balance is quite general since no assumptions about 
local equilibrium and ion exchange or sorption isotherms have been 
made. Local equilibrium is a limiting case in which X. is a function 
of C. only; this function is given by the isotherm. For nonequilibrium 
conditions, the functional relationship between X and C. must be obtained 
by combining equation (5) with the rate equations of ion exchange or 
sorption (Helfferich, 1962). It should also be noted that source and 
sink terms are needed to describe dissolution and precipitation reactions. 

Equilibrium Theories 

Although local equilibrium is difficult to achieve in column 
experiments, it can be achieved in batch experiments. Therefore, X. 
as a function of C. can be obtained in batch experiments and substituted 
into equation (6). A rigorous formulation of the thermodynamics of 
ion exchange was first done by Gaines and Thomas (1953). Laudelout 
et ai. (1967) and van Bladel and Laude.lot (1967) have shown how the 
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theoretical formulation of Gaines and Thomas could be used experimentally 
to derive the thermodynamic equilibrium constant K for any ion exchange 
reaction. The beauty of the thermodynamic approach is that with a 
limited number of experiments, the distribution coefficient can be 
predicted as a function of solution concentration. The drawback to 
the thermodynamic approach is that it assumes a homogeneous substrate 
having only a single type of site. 

TRANSPORT IN NATURAL SYSTEMS 

In order to apply experimental data to natural systems, the 
experimental conditions must closely approximate those in natural 
environments. 

Local Equilibrium 

Fluid flow rates in basalt and granite environments are thought 
to be on the order of a few centimeters per year. Longitudinal diffusion 
may, in this case, dominate advection as a means of transport. Under 
these conditions local equilibrium probably exists between ions in 
exchange sites and ions in the aqueous phase. It follows that experi
ments should also be performed under equilibrium conditions. Certain 
types of batch tests, including the equilibrium dialysis method, fulfill 
the requirement. However, column experiments are often run at unnaturally 
high rates of fluid flow. In such experiments, noneguilibrium effects 
may dominate and the results may not be transferable to natural systems. 

Geometry of the Medium 

In certain natural systems, such as granite and basalt systems, 
fluid transport occura primarily along fractures. These fractures 
are often coated with alteration products such as clays and zeolites. 
Other avenues of preferred flow occur along void systems that were 
formed subaerially when the rocks were exposed to weathering processes, 
which enabled clays to form. These observations suggest that clays 
and zeolites should be the subject of laboratory experiments. 
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Chemical Processes 

Natural environments host not only ion exchange and sorption phenomena 
but also dissolution and precipitation reactions. Invariably geologic 
environments contain phases that were originally found under conditions 
of higher pressure and temperature. These metastable phases dissolve 
slowly over time, gradually enriching the aqueous phase in their component 
?r-*~ries. Continued dissolution leads to saturation with respect to 
product phases such as clays and zeolites. The precipitation of these 
phases provides additional substrate for ion exchange and sorption 
and additional solute species, which compete with radionuclides for 
surface sites. Laboratory experiments should reflect these interacting 
processes. 

CONCLUSION 

Transport of radionuclides in natural systems is accompanied by 
reactions at solid-liquid interfaces. Existing chromatographic theory 
cannot be used to adequately describe these processes. Extensions 
of chromatographic theory should include the effect of nonequilibrium 
and equilibrium interfacial processes. The rate of fluid transport 
in subsurface environments is slow. Thus, diffusional transport may 
be of the same order as advection transport; and fluid flow algorithms 
must be designed to minimize numerical dispersion. Transport occurs 
primarily along fracture systems in igneous terraines and the fractures 
are commonly coated with secondary phases such as zeolite and clays. 
Thus secondary, not primary, mineral phases should be the subject of 
sorption-desorption experiments. 

REFERENCES CITED 

Gaines,G. L., and Thomas, H. C , 1953. Adsorption studies on clay 
minerals-II. A formulation of the thermodynamics of exchange 
adsorption. Jour. Chem. Phys., v. 21, pp. 714-718. 

Giddings, J. C., 1965. Dynamics of chromatography, part I, principles 
and theory. New York: Marcel Dekker, Inc., 320 pages. 



1Q6 

Gleuckauf, E., 1949. Theory of chromatography, VII, The general theory 
of two solutes following non-linear isotherms. Faraday Soc. Disc, 
no. 7, pp. 12-25, 45-54. 

Helfferich, F., 1962. Ion exchange. New York: McGraw Hill, 624 p. 
Laudelout, H., van Bladel, R., Bolt, G. H., and Page, A. L., 1967. 

Thermodynamics of heterovalent cation exchange reactions in a 
montmorillonite clay. Trans. Faraday Soc, v. 64, pp. 1477-1488. 

van Bladel, R., and Laudelot, H., 1967. Apparent irreversibility of 
ion exchange reactions in clay suspensions. Soil Sci., v. 104, 
pp. 134-137. 
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INTRODPCTIOS 

To understand radionuclide transport it is important to know the 
chemical behavior of the radionuclide in the environmental conditions 
found in the saturated rocks surrounding the waste storage repository. In 
general, we can expect that ground water saturating rocks fractures and 
pores has reached partial or complete equilibrium with respect to the 
mineral phases composing the rock. Alteration of the rock is also 
expected to have taken place where the rock minerals were in contact with 
an aqueous fluid not in initial equilibrium with the rock minerals. The 
composition of the groundwater therefore reflects the host rock and its 
interaction with the groundwater. If a terminal storage repository is 
leached by this groundwater, the groundwater composition will be modified 
by reaction with the waste product. Subsequent transport of the waste by 
groundwater movement away from the storage site will lead to a renewed 
attempt by the modified groundwater to reestablish equilibrium with the 
host rocks. 

Several questions must be answered before we can establish what 
happens to a given radionuclide under the conditions described above. 
First, is it true that the groundwater achieves final equilibrium with 
respect to the host rocks? To what extent do bicarbonates or chlorides 
influence the overall composition of the groundwater? Second, what are 
the reactions that take place between the waste product and th? ground
water? Third, what degree of coraplexing of the radionuclide will occur 
and what solid phases, if any, will precipitate? Fourth, what kind of 
reactions take place that lead to the removal of the radionuclide from 
solution? Is it adsorption, ion exchange, br precipitation? How are 
these reactions described? 

In the introduction to this report, we emphasized that these factors 
can all have a critical bearing on the magnitude of the K value to 
be assigned to a particular environment. Their significance must therefore 
be established before more extensive computer simulations of radio
nuclide transport in groundwater can be made. Not all the questions 
posed can be addressed by the present project. For example, the leaching 
behavior of the waste product form is the subject of separate study 
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under task 2 of the Waste Isolation Safety Assessment Program. However, 
the nature of the groundwater composition and the resulting interactions 
among the ground water, the radionuclide, and the host rock are relevant 
to this study. 

COMPUTER SIMULATION OF MASS TRANSFER 

During the last ten years, a powerful technique has been developed 
which allows for the computer simulation of complex chemical reactions 
between groundwater or hydrothermal fluids and rocks. This technique, 
originally developed by H. C, Helgeson and his coworkers at Northwestern 
University and described in several papers (Helgeson, 1968j Helgeson, 
et al., 1970), has subsequently been modified and refined by others 
such as the staff of the Kennecott Computing Center in Salt Lake City, 
C. Herrick of the Los Alamos Scientific Laboratory, T. Wolery of 
northwestern University (Wolery, 1978), and T. Brown of the University 
of British Columbia. 

The technique permits us to calculate the progressive mass transfer 
between solids and an aqueous phase as a function of reaction progress, 
5, which was conceived by De Donder and Van Rysselberghe (1936) to 
describe the changes in the mass of a species undergoing chemical reaction. 
They originally called this reaction progress the "degree of advancement" 
of a reaction. In or^er to understand what is meant by this term 
and how it is used we will give a simple, specific example followed by 
reference to a more general, complex case. 

ft SIMPLE CASE IN WHICH LIMB REACTS WITH SULFURIC ACID 

Consider a beaker containing one kilogram (-1 liter) of approximately 
0.1 molal sulfuric acid (H.SO,) having a specified initial pH of 1.0. 
Into this beaker are added small increments of slaked lime Ca(OH), . 
l'r.<! sulfuric acid will react with and dissolve the slaked lime as 
it is added according to the following reaction: 

HjSO. + Ca(OH) 2 « CaSO. aq + 2H.0 

Eventually, so much slaked lime will be added that saturation will 
be reached with respect to the mineral gypsum which will then precipitate: 
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CaSO, + 2H.0 - CaSO.-2H.O 4 2 4 2 

With continuing additions of slaked lime, nearly all of the sulfate 
ion will precipitate as gypsum and the slaked lime itself will become 
saturated. From then on, addition of more slaked lime will only result 
in its accumulation on the bottom of the beaker and no further chemical 
changeB will occur in the solution. 

The chemical changes taking place during this experiment can be 
studied in terms of the amount of slaked lime added to the beaker, 
where the addition of each mole (74 g) of slaked lime added represents 
the degree of advancement or one unit of reaction progress, £. This 
relationship can be represented as shown in Figure 7-1. 

What happens in the beaker can also be studied as a function of 
reaction progress. Thus, we can plot how much gypsum or slaked lime 
precipitates, or what happens to the distribution of aqueous species 

2.5 

-4.0 -3.2 -2.4 -1.6 -0.8 0 0.8 
Log reaction progress (log £) 

Figure 7-1. Correlation between reactant consumed and reaction progress. 
(A • gypsum, B - portlandite.) 
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in solutior. as a function of £• Schematic diagrams illustrating precipitation 
and speciation are given in Figures 7-2 and 7-3, respectively. 

DEVELOPMENT OF A GENERAL CASE 

Now consider a more complicated case in which one kilogram of 
surface water is allowed to react with the surrounding country rock. 
In this case, the water contains carbonates, sulfates, chlorides, and 
other dissolved constituents. The rock is also made up of several 
minerals. A granite, for example, may contain quartz, orthoclose, albite, 
muscovite, and biotite in varying proportions. In this case, we react 
the mineral constituents according to their molar ratios in the rock 
and identify one £ unit of reaction progress as having taken place 
when an aggregate mole of minerals has reacted with the water. The 
chemical reactions that take place as a function of reaction progress 
are far more complex. There are many more potential product minerals 

-4,0 -3.2 -2,4 -1.6 -0,8 0 0,f 
Log reaction progress (log £ ) 

Figure 7-2. Relationship between product phases and reaction progress,£ 
(A • gypsum, B * portlandite.) 
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Figure 7-3. The variation in the concentration of aqueous species as a 
function of £. (A = gypsam, B = portlandite.) 

to take into account and many more aqueous species to monitor in the 
solution. Furthermore, chemical changes may occur in solution, which 
lead to the dissolution of already precipitated phases, and equilibrium 
between the water and the country rock may never be achieved. 

To examine the progressive chemical changes which would take place 
in such a complex system over space and time, we would normally require 
detailed knowledge of the thermodynamic properties of the precipitating 
phases, their alteration products, and the chemical species in the 
solution. We would also need to understand the rates and mechanisms 
of the heterogeneous chemical reactions that proceed during mineral 
dissolution and precipitation, and the influence that the rock structure 
(grain size, micropores, and connecting fractures) has on reaction 
rates. With our present knowledge, we are in no position to model the 
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kinetic behavior of such complex chemical reactions between rocks and 
groundwater. However, by making a few simplifying assumptions, we can 
model the behavior of a complex chemical system, such as that described 
above, which provides a fair representation of what is actually observed 
to happen. 

The assumptions are as follows. 
1. The reaction proceeds isothermally. 
2. Reactions are studied as a function of f; rather than time. This 

eliminates the need to know the reaction rate or mechanisms of 
the participating reactions. 

3. Reactant minerals dissolve in the aqueous phase in proportion to 
their molar ratios. 

4. Thermodynamic equilibrium is always maintained both within the 
aqueous phase and with respect to the product minerals. 

3 B For relatively long time periods (about 10 to 10 years), the 
above statements are assumed to be valid. Their validity is based 
on comparative observations with natural systems and has not been tested 
in any formal way. For periods of less than 10 years, deviations 
can occur and care must be taken in interpreting the results of a computer 
simulation. 

The mathematical algorithms developed to permit study of a complex 
chemical system as a function of reaction progress have been fully 
documented elsewhere (see Helgeson et al., 1970). All computer 
codes subsequently developed employ the same basic principles, so that 
the choice of code depends on its availability and suitability for 
the solution of a particular problem. 

All codes depend on an extensive thermodynamic data base, 
consisting of solubility products for solids and dissociation constants 
for aqueous species given at discrete temperatures (usually at 2S-50°C 
intervals). Because of the magnitude of the task required to collect 
the needed thermodynamic data, the data are usually obtained from the 
literature without critical review. Therefore, the data are of variable 
quality and are rarely, if ever, internally consistent. Recent efforts 
by Eelgeson and his students to develop an internally consistent set of 
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data of naturally occurring solids and aqueous complexes have culminated 
with the development of SUPCRT. This code permits calculation of solu
bility and dissociation constants of well-characterized minerals and 
aqueous species over a range of temperatures and pressures that encompases 
most conditions expected in the earth's crust. 

FUTURE PLANS 

Given sufficient thermodynamic information, it should also be 
possible to predict the behavior of actinides in the presence of ground
water modified by the host rock composition. During fiscal year 1977, 
available thermodynamic data were collected on the actinides plutonium, 
neptunium, americium and curium as described in Section 2 of this report. 
This information will be incorporated in the existing data base of 
FASTPATH, the code developed by Kennecott Copyer Corporation staff, and 
simulation of the chemistry of the actinides will be made in the presence 
of typical groundwaters in ..tpresentative host rock environments. Results 
of such computer runs will provide tentative answers to the following 
uncertainties: (a) the relationship between groundwater composition 
and the environment; (b) the effect of bicarbonates and chlorides 
on overall groundwater composition; (c) the degree of complexing of 
actinides under subterranean conditions; (d) the effect of oxidation 
potential and pH on actinide solubility; (e) to what extent the K, 

a 
of a given radionuclide will be affected by complexing; and (f) the 
limits of solubility of actinides as determined by known phases. 

Providing answers to these uncertainties will not solve all of the 
problems identified at the beginning of this section. Nevertheless, 
they do provide insight and quantify tne effects on radionuclide K,s 
caused by the environmental conditions in waste-repository host rocks. 
This information is vital in order to properly design experiments to measure K.s and will also serve to interpret the differences in K.s a d 
measured by different laboratory techniques. 

In addition to the collection of actinide data, work has proceeded on 
updating the data base and debugging the code, which developed mysterious 
and obscure problems when modified to run on the CDC 7600 at LBL. The 
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problems have been partially resolved, although further work remains to be 
done. 
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