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SECTION 1: INTRODUCTION



This report summarizes the progress and results obtained during
fiscal year 1977 for LBL Contract No. 45901AK, “"Theoretical and Experi-
mental Evaluation of Waste Transport in Selected Rocks." This project
is part of the Waste Isolation Safety Assessment Program (WISAP), which
is managed for the DOE Office of Waste Isolation by Battelle Pacifin
Northwest Laboratories. 1In particuler, this project supports task 5
of WISAP, the collection and generation of transport data. Within
task 5 is subtask 4, which addresses the problem of understanding the
mechanisme of radionuclide transport and the impact of such mechanisms
on radionuclide distribution coefficients. The goal of this project is
to establish a basis on which radionuclide distribution coefficients can
be reliably predicted for genlogical environments of the type anticipated
for terminal radioactive waste storage facilities.

It is well known that the distribution coefficient (Kd), defined
thus:

_ mole of radionuclide sorbed/g
d  mcles of radionuclide in solution/ml

K

is a semiempirical parameter, subject to variation as a result of the
chemical and physical conditions under which it is wmeasured. 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 Kg
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 &
tentative list of factors that might influence a typical Rd 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

conditions.



TRBLE 1-1.

ractors influencing Ky for a given radionuclide, based on a comparisen

between conditions in a typical soil column adsorptiocn study and conditions expected
in a terminal storage repository.

Parameters

Principal effect

50il column test

Subsurface terminal
storage facility

1.

Solution chemistry

a. Major components

b. Minor components

c. pH

Radionuclide
concentxation and
speciation

Flow rate

Permeability

Duration

Surface area

Path length

Temperature

Ionic strength
Activity coefficients
Complexing

Complexing

Complexing
Chemical potontial

Chemical potential

Supersaturation
Polymerization
Metastable equi-
librium

Metastable =2qui-
librium

Transport Mechaniems
Changes in apparent
surface area cantacted

Flow rate
(see above)

Radionuclide decay

Daughter formation
Front reinforecer.nt

Adsorption

Dispersijon

Complexing
Solubility
Adsorption

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

Same ar wsbova,

2-11, depending on
the nature of the
test

Varisble, usually
oxidizing, and
dependent upon pH.

107% to 107° mole/kg.
As jonic, polymeric,

and particulate forns.

3

~1077 to 107" cm/se:
107% to 10 parcys
~10° sec

Up to 10° em’/q;
Dispersed clays,
hurus, fine partic-
ulates, loess, etc.

107 cm

25°¢c

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

Same as above.

5-8. Buffering of
heteroaenous and
homogeneous equilibria
keap the pH range
within narrow limits.

Variable, over a
narcower rany>,
usually reducing.

Uncertain, but probably
very low, depending on
leaching characteris-
tics of waste product
form (glass){mssibly
1077 to 107} mole/kq.
rincipally as ionic
species.

3

1077 to 1077 cm/sec

107 to 107° parcys
Up to 10'? sec
-10% cm®/g

I'ractures, micrefractures,
l.ntergranular pores

2%10" em

10 to lo0°C

Potential effect
on K:i

Unpredictablg -
propably 107
to 1943,

Same as above.

10~ (o 10%5

up te 10" o
eveh nore
Diff: 11t to

estima'e, but could
be very larye for
amphoteric species
near the isoelectric
point r~10%;

Sufficient flow
rates cc:ld lead
to different rate
controlling trans-
port mechaniams
(e.q. ionic or molec-
ular diffusion}

also lead to
different thermo-
dynamic controls
(C to 107)

Same as above.

None considered
at this time.

~10°

Ne anticipated
effect on Ky.

Up to 10°




The radionuclides chosen for this study include thorium, uranium,
plutonium, neptunium, americium, curium, iodine, and technetium. During
fiscal year 1977, emphasis has been placed on the actinides plutonium,
neptunium, americium, and 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 Regervation near Richland, Washington.

The project includes both theoretical and experimental investigations
organized into several interrelated subtasks, 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

-
Experimental program
to determine criticat

Tabulation of the :
—'T data on solid phases
|

the thermodynamic
cata of racionuclides

prrrr
ﬁt:':(:rg'on Z/// ? 2/4

oL mde Kys
{tdistnbuion coefhc:emﬂ
DRPIIIIIISIIIIIIVIIY]

RN,
Rock physical
properties

.,

Critical
avaluation

and complexes of
radionuclides

Prehmunary
mode! of

transpor

Definition
of Kgsn

Expernimental
design

Experimental
prog

environments

Transport mechamsms
of radionuchides %
1n water f o ol
rocks of radionuclide ! @nvironmental
7 chemistry in conditipns
Mass transter of mass transfer
[ actinidas in water models
% saturated rocks
- . -
Not included in current project. xBL702-312

Figure 1-1. Logic chart for LBL Waste Isolation Safety Assessment
Program-5: Theoretical and Experimental Evaluation of
Waste Transport in Selected Rocks. Hatching indicates that
task is complete.



facility and to determine the transport mechanisms of radionuclidss

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 uged 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 agqueous complexes
and solid phases of plutonium, neptunium, americium, and curium
likely to form in the natural envi.onment.

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 mechaniems 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 1978, Subtask 6 has begun but is
not complete. Progress in this task will be reported more fully in 1978.



SECTION 2: TABULATION OF THERMODYNAMIC DATAZ OF AQUEOUS COMPLEXES AND
SOLID PHASES OF PLUTONIUM, NEPTUNIUM, AMERICTUM, AND CURIUM LIKELY
TO FORM IN THE NATURAL ENVIRONMENT




INTRODUCTION

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, thec
value of the constant, the free energy of the reaction, a2nd the source
reference(s).

The compilation was made for three reasons.

I. 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
exper imental 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.



TABLE 2~1. Thermodynamic data for plutonium.

FREE ENERGY DATA AG;,293°(kcal mole_l) Reference
Aqueous Species
pud* -138.310.8 Fuger and Getting, 1976
Pud* ~115,1%0.8 Fuger and Getting, 1976
Puo} ~203,1%1.8 Fuger and Oetting, 1976
2+ ~180.9¢ 4.7 Fuger and Oetting, 1976

Puo3

Solid Specles

Puy0, ~412.0 Polzer, 1971
Puo, ~240.4 Polzer, 1971
Pu(OH}, ~280.2 polzer, 1971
Bu(OH}y ~340.0 polzer, 1971
Pu0, (OH), -281.9 polzer, 1971
REACTION CONSTANT DATA
. a6, 3
Species Reaction Method Solution 1°K) X (kcal mole ) Refurences
6. 069, -
ra 111 Putam,0 = puow’ e n titra. ,,5134 298 7.5%107° +9.7 Cleveland, 1979;
Kraus and Dam, 1949
.C
Pu(OH}(s) © Pu (o), lag) 2x107%° Cleveland, 1970;
Katz and Seaborg, 1957
Pt el = puc1?t ion ex. 1.0 M HC1 -~ 1a7° Cleveland, 1970;
Ward and Welch, 1956
reduc. 1.0 M HCI 298 0.78 +0.15 Degischer and Choppin
1975; Connick and
McVey, 1953
cal. 0.1 M HCL 3.72 Degischer and Choppin,
1975; Martin and
white, 1958
spec.  f{conc. LiC1) 298 3.71x107> +3.3 Degischer and Choppin
1975; Shiloh and
Marcus, 1966
3+ 2~ + +
Pu”" +50," = PusO, cat.ex. [H']=1.04 301 13.13: -1.73 Cleveland, 1970
0.44 Nair et al., 1967
kin 298 10.0 est. Degischer and Choppin,
1975; Newton and Baker, 1956
3+ - 24 B N
Pu”" 4 HSO, ™ PuH50, ion ex. ~1 )4_Na0104 3ol 9.94% -1.37 Cleveland, 1970;
0.24 Nair, 1968
4+ 3+ +
Pu IV Bu' 4¥,0 ® PUOH +H poten.  I=2M 298 0.054* +1.73 Cleveland, 1970;
HC10, - LiClo, 0.901 Pabideau, 1956;
Perez-Buatamente, 1965
Bu(0H) () = Pu(OH) (ag) 7x107%6 Cleveland, 1970;
* Karz and Seaborg, 1957;

Kraus, 1945; Latimer,
1952; Evans, 1949;
Kasha, 1949; Kraus,
1949; pPeppard et al.,
1962
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Table 2-1 (continued)

REACTION CONSTANT DATA {(continued} .

T AG
Ry
Species Reaction Methed Solution [$¢3) X {kcal mole ~} References
- 3+ .
po1v pu®t s F w pup® spec. 14 HNO, 298 9.7x107 ¢} Clevoland, 1870; patil
and Ramakrlshna, 1976
apoc. 1M HNO, 298 5.9x10" -1 Degischer and Choppin,
: 1975; Mclana, 1949
4+ - I+
Pu  +Cl * puCl cat. ox, aM HC'lD‘l 293 1.4 {0.2 -0.2 Cloveland, 1970;
Grentha and Noren, 1960
Bspec. 2y HCIDA 298 0.38 +0.57 Daeglacher and Choppin,
1975; Hindman, 1949
reduc. 1M Hclo4 298 0,57 +0.33 Degischer and Choppin,
1975; Rabidoau and
Cowan, 1955
reduc. 1= 1.0 298 1.38 -0.19 beglochor and Choppln,
1975; Rabideau, 1958
reduc. 1M HCl 298 0.8 +0,14 Degischer and Choppin,
1975; Rabanova and
Palei, 1960
4+ - 2+ 4 : -
Pu +HSO4 - Puso4 +H cat. ex. 0.5 acid 298 9.45 -1.13 Cleveland, 1970; }arov
and Chmutova, 1961
4+ 2-_, 2+ 3
Pu’ + 504 = PuSO4 reduc. 1.0M HClO4 298 4.58x10 =5.0 Degischer and Choppin,
1975; Rabideau, 1955;
lemons, 1951
pu 2us0) = Puisop, + 2% cat.ex. 0.5 acid 298 20.0 1.8 Cleveland, 1970; Marov
aad Chmutova, 1961
+ - -
Pu4 +3HSO4 @ Pu(504)§ + 3t cat.ex. 0.5 acld 298 125 2.9 Cleveland, 1970; Marov
and Chmutova, 1961
- +
Fu4++HP0‘21 = pquoi solub, 2.0M HNO3 298 8.3x10'2 -17.6 Cleveland, 1970:
0.012 - 2.0 Denotkina, et al., 1960
PuHpOl’ + HPO] = PulHPO,),  solub. BP0, 298 6,7x10'° -14.8 Cleveland, 1970;
Denotkina, et al., 1960
2= 2-
Pu(HP04)2+HP04 - Pu(HP04)3 solub. HJPO4 298 4.8x10° -13.2 Cleveland, 1970;
Denotkina, et al., 1960
- - 4-
Pu(HPO4)§ +upoz * Pu(HPQ,),” solub. HyPO, 298 6,3x10° -13.4 Cleveland, 1970;
Denotkina, et al., 1960
- 2- -
Pu(HPO,)3 + HPO~ = Puthe,) ¥ solun, H,20, 298 6.3x10" -12.0 Cleveland, 1970;

Denotkina, et al., 1960
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REACTION CONSTANT DATA (continued)

» AGR )
Species Reaction Method Solution (°K) X (kcal mole ™y References
+ -
Pa Vv p“oz +CY » puoz':‘.. potan. - - 0.67 - Cleveland, 1970;
Rabideau, 1958
Pu VI puog* +HO = puozrm+ +1 tira. 0.000186M  ~- 4.7x107* - Cleveland, 1970;
HNO4y Krovinskaya, et al.,
1960
puozon; FH,0 titra. 0.000186M  -- 9#1x10°° . clevaland, 197y
+ HNO. Krovinskaya, ot al,
1’!:02(0H)2 + H 3 1960 ‘ 4
PuO, (OH), +H,0 - - -- 2107 -- Cleveland, 1970;
Puo_ (0H) " + M+ Krieus and Dam, 1949
2 3 a,b,c
Pu0§+ 1" - puozcl+ spec. =18 296 0.73:.07 40,19 Cleveiand, 1970;
Rat 1954
spec. M Hclo4 293 D.56 +0.34 Deglacher and Choppin
1975; Rabldeau and
Lemons, 1951
2+ + + ; i
PuDz +HF = PuOZF +H cat, ex. }-E 2.0M 298 1a. -1.5 Patil and Ramakrishna,
[H¥}=2.08 1976
Puoz‘ + HyPog = puozﬂzpo: electroph. 0.206-5,884 298 8.5x10° ~5.36 Cleveland, 1970
H, PO,
374
2+ - 2- - 22
PuDz + 20H + CO3 - solub. 0,17 -0.44M 293 2.3x10 =-30.0 Cleveland, 1970;
2« NH4C03 Gel'man, et al., 1962
Pu02C03 (OH) 2
Puo,0H" + coi’ - solub. 0.17 0.44M 293 4.5x10%2 -30.4 Cleveland, 1970;
Fu02C030H_ NH ,,CO, Gel'man, et al., Y962
+ 2-
Pui + 2005 = solub. 027-0.444 293 6.7x103 -18.5 Cleveland, 1970:
NH,CO,4 Gel'man, et al., 1962

2=
Puoz(Coalz

8corrected to the standard state, I = O.
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TABLE 2-2.

Thermodynamic data for

2 © -1
FREE LNERCY DATA Yoo 2q8>(xca1 mole )
Aqueous Species
np3+ -123.610.8
pd? - l.u.2tlle
+ -
Rpo% 21H,741.3
Hpo3* - 190,221.3

50119 Species

neptunium.

Reference

Fuger
rger
Fuger

Fuqer

Hubey

andd

el
and Pettarg,

and Opt Ling,

and Halley,

Setting,

NpO, - 232.8
TiuN CONSTANT DATA (continued)
1 .
Species Reaction Het hod Solution tkeal mole
34 24 e I
He J11 Np *HZO * NpOH +H titra. n.1 : InlLde 298 1,741 +1 .t
o
xptec1” = wpcr?t spec. cone. tacl 298 3.medo 58
; + -
NE IV T H,0 ® npor>* « -- - ——  gac -
OH), (5) = Wy (TH) taq) - N -
Np ot 4(5 Ny (Tl a q € g
; F)
N‘]‘A' v HF = rq.r%ou' ion ex, 201 1 eedr -5
extrac. 1.0 HClD, 29 4.0016" b
1o ex. .UM KCIN, 208 3.6510°
10n ex. T HNO, 293 1.749" ~5.7
I 3 . R
el v oapcy distel.  1.0M dclo, 293 0.9 1. 05
emf 1.08 HClO, 298 0.49 +0.42
distri.  2.08 HClO, 293 1.02 -6.12
aistri.  4.0M HC1O, 298 0.77:0.06 a4c.l5
4+ 2- 2+ . : ; 2
wpt" s0) " = npsay fistri. 2.0M WClO, 298 2.7<10 -1.3
ion ex.  4.0M HClo, 293 5.0x10° -1.6

1976
e
1976

1976

14

e feren

Mefalova, et al., 1474

Burney ard Harbone,
1774; Shiloh and
Marcus, 1966

Burney aml Harbour, 197 ;
tikarlov, 1973
Burney and sour, 1974;
Moskvin, 197:0

RAurney anid Harhour. 1974;
Ahrland and prandc, 1966

Choppin and Unrein, 1576

beqischer end Choppin,
1975; ¥rylov, et al., 19t2a

Degischer and Choppin,
1975; Krylov, et al., 1964a

Burney and Harbour,
1974; Shilin and
Nazarov, 1965

Burney and Harbour, 1974;
Stromatt and Peckema, 195R

Burney and Harbour,
1$74; Shilin and
Nazarov, 19€6

fBurney and Harbour,:i974;
Danesi, et al., 1971

Burney and Harbour, 1974;
Sullivan and Hindman, 1954

Deqgischer and Choppin,
1975; Ahrland and Brandt,
1966
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REACTIOH CONSTANT DATA (coutinued)

2 A6,
R 1
Spocies Reaction Method Solution °K) K (keal mole "'} References
+
Np V Np0;+HzO L Npozotl(uq) + H poter. Hc104 --  1.25%x10~? - Burney and Harbour, 1974;
Katz and Seaborg, 1957
NPOZOH(B) = Np0, 0l (aq) poten. HNO e L.ESX107 - Sevostvanova and
khalturin, 1973
+ -
Npaz+cl - Npazcl lon ex. 2.0M4 HC10 238 0.51 +0.41 Burney and Harbour, 1974
H 4 i
Gainar and sykes, 1964
+ - -
NP02 *HPOi "‘NPOIHPoq ion ox. 0.24 NHQCIOA 293 7.1%10° -8 Degischer and Choppin,
HC10,4 1975; Zvagintsev and
sudarikov, 1358
+ -
NPOZ+H2PO4 - Np02H2P04 ifon ex. O0.2M NH:;Clog 293 6.5 -1.1 Deglacher and Chappin,
HC104 1975; Zvagintsev and
sudarikov, 1958
+ -
Npo24»H:03 - NpozHC03 ion ex. y=0 .- 2.'.”‘10} - Burney and Harbour, 1974;
Moskvin and Me¢fodeva, 1365
2+ -
Hp VI mpoy’ +cl” * mpo,ci’ distri. .04 HClo, 298 g'gzt +0.22 Burney and Harbour, 1874;
: Danesl, et al., 1971
kin. 3.0M H-Z:l:)la 273 1.26 -0.13 Degischer and Choppin,
1975; Cohen, et al., 1955
Np0§++HF = NpO l:‘*'+§{*r extrac. 1.0 m:104 294 8.6%2.1 -1.3 Burney and Harbour, 1974;
2 Ahrland and Brandt, 196Ba
ion ex. 1.04M HCIO4 298 157:9 -~3.0 Degischer and Choppin,
1975; Krylov, et al., 1968h
2+ 2-
Np02 *50‘1 - )\Ip02504 extrac. 1.0 Hclod 293 79 ~2.6 Burney and Harbour, 1975;
Ahrland and Brandt, 1968b
requc.  1.0MClo, 298 13 -1.5 Degischer and Choppin,
1975; Stromatt and
Peekema, 1958
distr. 2.0M NaClo, 298 43.7 -2.2 Degischer and Choppin,
1975; Sykes and Taylor, 1962
2+ + ot -4
NpOz +H20 « NpDZDH tH solub. NH4C104 293 4.3x10 Moskvin, 1971b
+ + -~
l!pOZDH + HZO = NPOI(OH)Z +H solub. NH4C104 293 3.6x10 £ Moskvin, 1971b
NpO2 (OH)2 +H20 - solub. HH45104 293 2.0?‘15!‘m Moskvin, 1971b

Npo, (0H) ] + ut




TABLE 2-3.
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Thermodynamic data for americium.

FREE ENERGY DATA

A

o
G
£,298

o (kcal mle-ll

Reference

Aqueous Species
Amd*
Md-f
o3
anoZ+

-143.210.3

-89.2t2.4
~177.131.3
-~140.4£0.8

Fuger and Oaetting, 1976

Fuger and Oetting, 1976

Fuger and Oetting, 1976
Fuger and Oetting, 1976

RERCTION CONSTANT DATA

AG
T R =
Species Roaction Method Solution (°K) K (kcal mole ) References
am TI1 w04 10 = amont + 4" 1=0.1 29 1.2220°  48.0
Cclo
Am(OH)4(8) * () ,(aq) - - -~ 3,9x10% -- Schulz, 1976; Weaver
and Shoun, 1971
3 -
Am teET - M‘I.F'2+ solv.ext. I=1.04 298 3,09x10° -4.76 Schulz, 1976; Choppin
Naclo, and Unrein, 1976
4 - 2+ -3 :
Am  +#Cl " AmCl spec, 13.74 Licl 298 &.2%10 +3.0 Schulz, 1976; Marcus
and shileh, 1969
solv.ext. I=1M 303 1.04 -0.024 Schulz, 1976; khopkar
Nac104 - NaC? and Narayanankutty, 1971
solv.ext. I=1M lek) 1.33 -0.17 Schulz, 1976:; Khopkar
NH4c104-NH4SCN and Narayanankutty, 1371
ion ex. I=1M 297 0.90 10,06 Schulz, 1976; Bansal,
Nacloq-NaCJ et al., 1964
solv.ext. M 295 0.90 +0.062 Schulz, 1976; Peppard
HCIO‘1 - HC1 et al., 1961
solv.ext. 4M NaClO, 298 1.41 ~0.20 Schulz, 1976; Sekine,
1964; Sekine, 1965
ion ex. 0.5M HC10, 0.58 Schulz, 1976; Ward
and Welch, 1956
ion ex. I=4.04 293 0,69 +0.21 Schulz, 1976; Grenthe,
HC104 = HC1 1962
2~
}\m3+ +50, = Amso: ion ex. I=0,5-0.6M 298 72 ~2,5 Schulz, 1976; Aziz, et
al., 1968
s 293~
ion ex.  0.75M NH,CL 208 60.0 - Schulz, 1976; Lebedev,
et al., 1960
ion ex. 1-1.3M=1 299 30.9 -~2.0 Schulz, 1976; Bansal,

NaClo A pH=3

et al., 1964
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REACTION CONSTANT DATA (continued)

. 86, N
Species Reaction Method Solution (°K) K (kcal mole ) References
3+ 2- + 293-
Am III Am” +80; * AmSO fon ex. 1.5M NH,C10, 57.6 - Schulz, 1976; Lebedev,
4 4 — 47774 298
et al., 1960
(cont Lnued)
solv.ext. 1.0M Na(:lot1 298 37.2 -2.1 Schulz, 1976; Sekine,
1964; Sekine, 1965
nolv.ext., 2,04 Nacloq 298 26.9 ~1.9 Schulz. 1976; DeCarvalho
and Choppin, 1967
ton ex. 0.54 Nuclot1 298 72.5 ~2.5 Schulz, 1976;
Aziz et al., 1967
ion ex. I=1M 300 16,6 ~1.7 Schulz, 1976,
HC10, - Hy 50, Najz, 1968
At e H,Pa, ‘AM2F03+ ion ex. T=1M 293 30.2 -2.0 Schulz, 1976; Maskvin,
NH4C1 1969
TASLE 2-4. Thermodynamic data for curium.

FREE ENERGY DATA

o -1
AGf'298°(kcal mole )

Reference

Aqueous Species

ot -142.4 £ 1.5 Fuger and Oetting, 1976
Cm4‘ ~ ~214 Calculated from Nugent et al,,
1971; ryasoedov, et al., 1974
REACTION CONSTANT DATA
4G,
T R
-1
Species Reacticn Method Solution 1°K) K {kcal mole ") Referencea
3. 2+ + x10-6
Cm III Cm™ +H,0 = CmOH™ + H extrac. I=0.14 100 1.20%10  -g,p Desire, et al., 1969
HC10, - LiClO
4 4
34, - 2+ X102 : s
cm™ 4F = Cmp extrac. 1.0M NaC10, 298 4.10%10" -3.6 Choppin and Unrein,
1976
3+ - 24
am” +#Cl * CmCl ion ex. 0.5M4 HC1 - 1.51 - ward and Welch, 1956
cm“lfsoj~ - cmso: jon ex. 0.15M NH,C1 293- S6 [ Ward and Welch, 1956;
N'H4C104 298 Lebedev, et al., 1960
diseri. 2.0M NaClo, 298 22 -1.8 DeCarvalho and
Na2504 Choppln, 1967
ion ex. 0.5-0.6§_NaC104 258 7.9 -2.5 Aziz, et al., 1968
. . 297- .
distri. 0.5M NaClo 73.3 -2.5 Aziz, et al., 1968
e 4 298
diserd, 0.5M NaClo, 298 €8 -2.5 Aziz, et al., 1968
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SECTION 3: Eh~-pH CALCULATIONS AND ILLUSTRATIONS FOR PLUTONIUM,
NEPTUNIUM, AMERICIUM, AND CURIUM AT 25°C AND ONE ATMOSPHERE
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INTRODUCTION

Eh-pH diagrams are useful in identifying the stability fields of
solid phases and agueous gpecles 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 specles 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 particiééting
species. The figures illustrating this chapter are all drawn for 25°C
and one atmosphere, and use free energy data complled in Section 2

of this report.

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

Puo§+ + 45 4 287 want 4 w0 .

From this reaction, the number of electrons, hydrogen ions, and water
molecules which participate in the reaction are noted. WNext, the
standard free energy of the reaction, AGg is determined. 1In this

case:

AGg = (~180.9) + (0) - (~115.1) - (-113.4)

= 47.6 kcal mole”} .

Using the relationship between free energy and standard potential,

o
AGR = nFE

the standard potential of the reaction, Eo, 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.,03V .
[}

To obtain the oxidation potential, the Nernst equation is used, thus:

2.303 BT {eu?*]
nF log 24yt
[puoz ][H ]

where n = 2 and T = 298KR. This equation is used to determine the

Eh = E_+
o

boundary between the domains of two speclies where [Pu4+] = [puo§+].

Hence the equation reduces to:

l .
[H+]4

Eb = Eo + 0.0295 log

or
Eh = 1.03 = 0.118 pH.

Certain reactions have no pH dependence, such as:

o2+

- +
+ =
5 e Pul

Pul P

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

3

+
ra>t + 1,0 = puon®* +

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

in an analogous manner to those between aqueous species. For example,
PuO,(s) + 48 + e = LA 28,.

In this equation, the correlation of the agueous species is amsigned
an arbitrary value, such as 10_6, mole R-l. The activity of the pure
solid is unity, by definition, and water 1s also agsumed to have unit

activity. The corresponding equation relating Eh and pH is
3
Bh = 0.49 - 0.236 pH - 0.059 log [Pu*’]

where [Pu3+] is 10-6, 10—17, or 10-18.
The actual equations used for each of the diagrams are listed

under the respective headings for the actinides being considered.
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PLUTONIUM

The Eh-pH diagram for plutonium given in Figure 3~1 shows the
stability fields of the aqueous species Pu3+(111], Pu(DH)2+(III),
puo;'(w. PuO§+(VI), Pu02(OH)+(VI), puoz(om;(vx) and the solid
phase PuOZ(IV). Equations defining species boundaries are derived

as follows.

Agueous Specles Boundaries

M4m0

+ + -
=
l"uO2 + 4B + 2e Pu 2

8GQ = -48.6 kcal mole >

= —X=1.08
Eo = —% 0

Eh = 1.05 - g'gﬁ log [87)*

Eh = 1,05 - 0.118 pH

- +
ot s e =pdd

862 = -23.2 keal mole

E = 1.00
[o]

Pt 4 5,0 “puon”’ + B

+

4G = 7.6 kcal mole !

‘AGR
2,303 & = log RH = -5,6
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Pu0§+ + a8 + 207 epu?t 4 21,0
AG;‘ « -47.6 keal mole
E_ = 1.03
[=]
Bh = 1.03 - 9'7059- 1og [87)}
Eh = 1.03 - 0,118 pH
2+ - +
Pu02 + e "Puoz
AG;: = -22.2 kcal mole t
E_ = 0.96
puo} + 38" + 26”7 «puon®t + B 0

2

Asg = -41.0 kcal mole
E_ = 0.89
[«]

0.059 lo9 1
2 [H+]3

Eh = 0.89 - 0,089 pH

Eh = 0.89 -

2+ + +
Y
PuQ 2 + 520 PuOZOH + H

AG;’ = 4.6 keal mole >
-AG:
2.303 “RT = log KE[ = =-3,4

+ * 4+ e o,
puozou + 8 = PuO2 HZO

AG; = 26.8 kcal mole >

Eo = 1.16

Eh = 1.16 ~ 0.059 pH
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+ - +
-
PquOH + ZHZO Pqu (OH):’ + 2H

AG: = 21.0 keal mole™ !

-AG;
2.303 “Fr © log KH = «7.70

- - + +
e + Pqu(OH)J + 3H = PuO2 + BHZO +

AG;{ = 47.8 keal mole !

E = 2.07
o

Eh = 2.07 ~ 0.177 pH

Solid-Aqueous Species Boundaries

PuO,(s) + 4K +e pat 4 21,0

mg = ~11.3 keal

E_ = 0.49
[<]

Eh = -0.49 - 0.236 p¥ ~ 0.059 log [pu’*]

-12 18

[Pu:H’_] is set at 10-6, 10 , and 10" mol 2_1, and the equation is

then plotted on the Eh-pH plane.
PuO,(s) + 38" + e~ e puon?t + H,0

AGS = <3.7 keal mole *

E = 0,16
o

Eh = ~0.16 - 0.177 pl - 0.059 log (PuOH>")
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+ "o
Puoz + e Pu02(s)
AG,
RT R +
Bh = oF (—-R-T— - 1n [Puoz])
+ 2 = Puo, (s)
AG
RT R +
),

+ + -
Pu02011 + H +2e ;-PUOZ(E) + HZO

AG: = -64,1 kcal mole_l
E =1.39
(<}

Eh = 1.39 - 0.059 pH - 0.053 log [(Pu0,08")]

i

11

’

:
_‘1
. 3
Py 3
g - i
—~ o . AN
£ -0ab Mo N « PuOH® 3
u L [ R U VRN
2 . ~ —
S ~ ~
- R N ~ =
-08 N
et 4
-6} -
- .
A i i 1 i . 1 1 1 A 1 | - -
0 2 4 6 8 10 12 14
pH XBL782.289

Pigure 3-1. Eh-pH diagram for plutonium at 259C and one atmosphere.
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- + -
=3
Pqu (OH)3 + 3H + 2e PuOZ(s) + 3520
AG: = -85.1 kcal mole—l
E = 1,85
o
Eh = 1.85 - 0,177 pB - 0.059 log [puoz(ou);]

The thermodynamic data for the plutonium Eh~pH dlagram were takan
from Puger and Oetting, 1976 and Polzer, 1975. The diagram (Pigure 3-1)
is very similar to that produced by Polzer (1975). Discrepancies are
necligible 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
+ 2
show the stability fields of the agueous species Np3 (I11), NpOH +('.[II) B

Nt (v, Npoj (), wp0,08(V), WpO3T(VI), Npo,08* (vI), NpO, (0B); (VD)
and the solid phase NpOz(IV). Bquations defining species boundaries

are derived as follows.

Aqueous Species Boundaries

Np‘H +e =Np3+

Acg = =3,4 kcal lm:ale_l

E = 0.15
o}

Npoj + 48" + 27 anpt s 28,0
Acg = -18.3 kcal mole

E = 0.40

o)

Eh = 0.40 - 0,118 pH
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Np + EZO =NpOH + H
log ﬂﬂ = ~-7.4 (Mefodeva, et &l., 1374)

Np0; + a8 + e =nptt 4 28,0

Ad; = -14.9 kcal mole_l

E = 0.65
o

Eh = 0.65 - D.236 pH

2+ - +
NpO,© + e < Npo,
AO.';;‘> = 2B.5 kcal mole_l

E =1.23
[¢]

+
Np0; + H,0 = NpO,OH + H

log Ry = -8.9 {Sevostyanova and Khalturin, 1973)
+ - - +
NpO:ZOH + 2520 NpOz(OH)3 + 2H
_ [weoztom,][Et] s -6
=T = 3.6 x 10 {from Moskvin, 1971)

21 [npojout]
[wpo, (o) 3 ]{5*]

- ~iD
K3_2 [Npoz(OB)z = 2,0 x 10

[npoz08t]
[5*] = 2.68 x 107

6

K3-1 27.2x10%

PH = 7.6
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Solid Aqueous Species Boundaries

wtt s 28,0 * NpO, () + an?t

86° = 0.80 kcal mole !
R /

- AGR

2.303 = log K, = -0.15  when [p**] =1

AG; = -4,2 kcal rno.le-'l
E = 0.18
()

Eh = 0.18 = 0,059 pH

Npo; + e = Npo,(s)

AG; = -14.1¢C kcal mole

= oF (9—25 - 1n [Npoz])

Solubility lines fer Npoz(s) - NpOZOB were drawn considering the

hydrolysis reaction
+ +
Npoz(s) + 820 =—‘NpOZOH +H +¢e

which means that the lines must have a slope of -0.05% and consistency
requirements that they mee: solubility lines for Np02

The standard free energies of formation of Npozon and Npl.')z (05)3
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 Npoz and Npoz . For example, the
domain boundary between Np‘.)ZOH and l‘lpo2 has a slope of -0,059 and
must intersect with the domain boundaries between Np02 and N902
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and between NpO§+ and NpOZOH+. 8imilar consideration of consistency
requirements produced domain boundaries fbr

Npo, (08) ; ~ NpO,

NpO, (OB} ; - NpoO,0H

Npo; - rpon’t

NpO,OH - npor?*

Eh {volis)

xBL 782-230

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



AMEBRICIUM

and no information on oxide phases has been fcund,

for americiwm is illustrated in Pigure 3-3.

Very little data is available on aqueous snecies of ame:icium,

construction are given below.

Eh {volts)

a0y + 45" + 2¢7 @ ant 4 28,0
AG; ® «79.5 xcal mole_l

E =1.72

[+

Eh = 1.72 - 0,118 pH

ano2+ v e

5
2 = Mﬂz

AG;; = 37.0 kcal mole

E =1.60
]
T T T T T T 1 [ T i T T
Am Vi ]
16 various hydroxy! species
NN
L2~ N Am 05 B
-0
N N - 4
H0 ™~~~
0.8} -4 R
~—
b g . ~ =
P Am OH? ~~
L Am Il 4
hydroxy! species
(o] 2 -
X \L\\ Ha0 N
04} E\\\\\\\ .
- ~___]
-0.8} T~y
i T
~-L2k R
L 4
.18k -
! B I | | 1 1 1 ! [}
0 2 4 [ 8 o 12 14

xBLTB2-290

The Eh-pH diagram
Bguations used in its

Bh-pH diagram for
americium at 25°C
and one atmosphere.

Figure 2-3.
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Data on hydrolysis of americium III is only qualitative. From
work done by Korotkin (1975), tha first pKB can be expected to fall
between -1 and ~3. Bchulz (1976) states that americium(IV) exista

only in a few complexed states.

CURIUM

The Eh~pH diagram for curium is illustrated in Figure 3-4. The
limited data available to construct this diagram are used below to compute
the species boundaries given.

cn® wont +3e”

AG;.’ 298 = ~142.4 kcal mole t {Puger and Oetting, 1976)
14
B = -2,06
°
L T 17T T T 1T 1 T 1 1 - 1T T
30 cm? 7
2.4 -
1.6 E
Lo _
M0 el .
—~ 08 ™ ) F ——CmOHT_ -
£ I cm® e
S oY% 4
Hp e ]
= e —
“ .08 “**j
" 16%
.16k JL /ld'n 4
b o ] \1\~:/ ™
24} ===
22 i cm® h
| i 1 i 1 S | ] )
(o} 2 a 5] 8 10 12 14
pH

XBLT82-292

Pigure 3-4, Eh~pH diagram for curium at 25°C and one atmosphere.
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't . H,0 = CuOH

pxu = -5.9

2+ +H (Desire, Hussenois and

Guillaument, 1969)

3 4+

cm t - Cm (Nugent, Baybarz and Burnett, 1971)

Eo = +3.1

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

The oxidation state and pH range of natural groundwaters have
been investigated by Baas Becking, et al. (1960) 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,
neptuniue in the V state, and americium and curium in the III state.
However, complexing and the effect of temperature may 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.
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800}

€00

Eh 209

ZERO,

-400]

pH

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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SECTION 4: REVIEW OF THE LITERATURE ON THE DISTRIBUTION COEFFICIENTS
OF PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURIUM



INTRODUCTION

Sorption ig one of the mechanisms governing transport of radionuclides
by water in porous media. Because distribution coefficients, or Rds,
are a measure of the soil's ability to sorb actinides and other elements,
our knowlege of their values is important in aqsessing the safety of
high~level radioactive-waste storage facilitieé in geological formations.
The distribution coefficient is an experimentaily de ermined guantity,

There can be as many K. values as there are combinat:ons of parameters

d
for a given radionuclide such as the kinds of sorber , the chemical

and therefoie varies with the conditions under#zhich it is determined.

components in the solution, and the temperatuqe. T refore, wide
a values assigne: to different
radionuclides.

discrepancies exist in the various K

This study reviews all the available liteérature containing data
on de for use in radionuclide transport models and s confined to
four ac inides--plutonium, neptunium, americiuym, and curium. The Kd

values fc these radionuclides are shown in ATpendix 4-1, Tables A

!

THEORETICAL BASI. FOR K3 DETERMINATION

and B.

The equilibrium distribution coeffjcient) of sorption, or Kd' is
a measure of the moles of nuclide in the sorﬂed state ver unit mass

of the geologic medium, divided by the molesiof nuclid - in the dissolved
state per unit volume of groun’water, when the groundw. ter and the
1eologic medium are in equilibrium with one énother (Rc 1tson, 1973).

The Kd in ml/g may be defined (Routson, et al., 12 '5) as:

K. = concentration of radionuclide sorbed on the soil (uCi/g}
d = concentration of radionuclide in solutior (uci/ml)

Ry - As/W (1)
AL/V



41

where
As = equilibrium concentration or activity sorbed on the solid
phase,
W = welght of solid phase in grams,
Al = equilibrium concentration or activity of the solution
phase, and
V = volume of sclution 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 Rd varies with the conditions under which it
is determined (ph of the groundwater, dissolved salts concentration,
solution temperature, and kinds of sorbent). Kd is therefore applicable

only to specified conditions.

EXPERIMENTAl, METHODS

Radionuclide de can be determined from laboratory tests or field

tests. Cenerally, lahoratory tests for K.s are of two types: equilibrium

d
batch tests and column tests.

Equilibrium Batch Tests

In equilibrium batch tests, a known volume of a real or simulated

waste solution (that is, a known amount of radiotracer such as 239Pu

or 241Am added to an agueous solution) is mixed (shaken) with a known
weight of sorbent (sediment 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 Kd is then calculated using equation (1).

In a typical batch experiment with eimulated waste solution (Prout,
1959), a measured amount of distilled water is poured into a polyethylene
bottle and the solution pH is adjus.:d by adding a measured amount of
NaOH or HNO,. WNext, radionuclide is transferred into the bottle by

3
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 soill is then added to the bottle and the sample shaken on a mechanical
shaker until equilibrium is attained. The sample is then centrifuged
-and—an—-aliquot- of the supernatant liquid removed to determine the radiocactive
constituent concentration. The difference in the sclution 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 Kd of geochemical parameters such as ionic strength, pH, and com-

peting ions (such as Ca2t 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). 1In 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 J2termine 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 effiuent column volumes (V; and an
S~shaped breakthrough curve is obtained. The distribution coefficient
can be calculated using the following expression (Schmalz, 1972):

_ Rd X W

Veo =TT @
where

VSD = 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 alsc 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 ceclumns have also been used to calculate Rd values for
radicnuclides (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 *o equilibrium. Bquilibrium is attained when the solution
activity of the trace ion equals the influent solution activity. Kd
values are calculated using equation (1).

Cclumn experiments are subject to dispersion and are expected
to yield Kd values representative of field conditions. However, column
experiments are very time-consuming, particularly in situations where
Kd 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
s0il column influent is adjusted to the same composition as that found

in the eguilibrium supernatant liquid after equilibration.

Field Tests

Field experiments are the most direct means of obtaining accurate Kd

data. Some field experiments have been conducted to measure migration
characteristics and breakthrough data of radionuclides, such as 905:,

1
37Cs, 106Ru, 99Tc and others at Hanford (Enoll and Nelson, 1959; Knoll

and Nelson, 1962; Brown, 1966). Field investigations at Test Reactor
Area, Idaho, gave higher values of Kd for 137Cs and 905: than predicted

by laboratory techniques (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 weil or piezometer sampling (Cherry, 1977). Bowever,
because of the cost and time required to conduct the experiments, this
approach has not been widely used.

A comparison of the experimentally determined de for 137(:9 and
Sr obtained by different methods indicates a wide variation in their
values {Table 4-1).

90

LITERATURE REVIEW

Because this study was confined to plutonium, neptunium, americium,
and curium, the literature reviewed includes only publications containing

Kd data on these actinides.

Plutonium

Some of the first studies on plutonium distribution coefficlent
determination in soils were done by Rhodes (1952, 1957a, and 1957b). 1In
laboratory equilibrium studies, soil from the Hanford Project containing

Table 4-1. Comparison of distribution coefficients for

137CS and 90Sr determined by different methods

{Schmalz, 1972).

Kg (ml/g)

Determined by 137¢g 90g,
Laboratory batch technigue 285 7.2
Sorption equations 360 10.5
Exchange column experiment 1¢00 10.5
Field data

{1968 invesiigations) 600 -

Field data

{1970 investigations) 450~-950 40
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92% sand and 28 free CaCO3 was contacted with a neutral solution containing
approximately 4 x 10“7 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 time, pH, and the concentrations of nonradiocactive salts
{see Pig. 4-1 and Table 4-2).

In the pB range of 2 to B.5, about 98% to 100% of ®he plutonium
(Kd > 1980) 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(oﬂ)n+ . 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 NaN03 and 2 M di~ammonium phosphate) had no effect on plutonium
adsorption on soil (96.5% plutonium sorbed), whereas egqual concentrations

of organic salts (4 M ammonium acetate) drastically reduced soil adsorption

oo T T T >
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29k ] 2 90 c
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Figure 4-1, Left: plutonium adsorption by soil as a function of
time of contact (Rhodes, 1952)., Right: plutoniunm
adsorption by soil as a function of pH (Rhodes, 1352, as
cited by Bensen, 1860).
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Table 4.2, Bquilibrium distribution coefficient values for 239py
as a function of pH (Rhodes, 1957b).

Kq K4
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 1980 9.3 200
3.5 >1980 1.1 178
4.4 >1980 12.0 96
*5.3 >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 so0il
from the Savannah River Plant that contained 20% clay and 80% sﬁnd with
kaolinite as the dominant clay mineral (Table 4-3). In the equilibrium
4S were determined by contacting plutonium-spiked (5;0-6 M)
solution with soil and using a soil-to-solution ratio of 19 to 10 ml.

experiments, K

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) . Pigure 4-2 ghows K, values for plutonium as a function of solution

da
pH for various plutonium oxidation states.
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Table 4~3, Exchange capacity and pB of soils (Prout, 1959),.

Exchange capacity

3:1 meqg/100 g soil? meq/100 g clay?
4 0.012 A 0.06
5 0.108 0.54
6 0.372 1.86
7 0.504 2.52
8 0.600 3.00
9 0.744 3.72
10 1.24 6.18

350il contained approximately 20% clay and 80% sand.

10,000

g

Plutonium Distribution Coefficient, Ky

100 .
10 -
1 1 1 1 1 1
1 3 7 [ 1 13
pH

Pigure 4-2. Effect of pH and plutonium oxidation state on the adsorption
of plutonium by soil (Prout, 1959).
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Plutonium adeorption 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 plutonium ions undergo
extensive hydrolysis in alkaline solutions, strong sorption between
pH values of 2.5 and about % 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 Bajek and Knoll (1966) did sorption studies
using column and batch tests on high-salt wastes (5.4 M Nog) 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 fileld site (subsurface storage cribs}
in Richland, Washington. Kd 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

Kd values increased from 2.4 ml/g to 2.9 ml/g. When organic contaminants

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

Bquilibrium distribution
coefficient (ml/g)

Solution Pu Am
Aqueous acid waste (AAW) untreated 2.4 <1
pH 2 (soll neutralized) 2.7 <1l
pB 3 (NaOH neutralized) 2.9 <1
Alkaline waste from precipitation
Supernate~--
agueous a 212
aqueous and organic 1.4 42
Sluldge leachate 1540 500

ainitial plutonium concentration and eqguilibrium concentration were

too low for confident analysis.
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(208 by volume) were added to this neutralized waste, the Kd value
decreased to 1.4. The Kd value for plutonium increased to 1540 ml/g
when water leachates of the sludge, produced on neutralization, were
contacted with soll. 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
affluent at intervals, ¥When the plutonium and americium are added
to the organics and then percolated through the soils, the Kd values
given in Table 4-5 are observed (Ames, et al., 1976). A column bulk
density of 1.5 g/ml is assumed.

Using the batch method, Tamura (1372} measured Kd values for
plutonium for selected sorbents. 1In his study, 0.1 g of sorbent was
mixed with 25 ml of water spiked with plutonium ions. The original spike

4+ . .
was of Py in 1 M HNO, and the initial solution pH was adjusted to 7.0

using NaOE. For the aiion 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 Kd values are given in Table 4-5.
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 guggests that
the higher pH favors formation of hydroxides that are scavenged by the
clays, resulting in greater plutonium adsorption.
Schneider and Platt (1974) estimated distribution coefficients
for movement of selected radionuclides through a typical western desert
soil in contact with typical nénsaline ground water. The typical soil
used was a sand of moderate cation exchange capacity (CEC; about
5 meq/100 g) to sandy loam containing about 1 mg of free Caco3 per
gram of soil., The soil pH ranged between 7.0 and 8.2, The Rd value
determined for plutonium for the above soil was 2000 ml/q. 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 (Ames, et al., 1976).

Kg (ml/g)
Organics Am Pu
Tributylphosphate (20%): CCly (80%) 1.6 5.4
Dibutylbutylphosphonate (30%): CCly (70%) 0.6 0
di-!(\;c"agggﬁ.gg:}svl) phosphoric acid in 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) pH
Attapulgite 94.6 4,370 9.60
Montmorillonite 71.6 630 9.20
Alumina (activated) 75.1 755 8.35
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 ché:coal 99.0 25,000 6.80

Apatite 92.7 83,000 6.70
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Duursma and Parsi (1974), using a 237Pu tracer in valence states

3+, 4+, and 6+, conducted a series of experiments to deteramine distri-~

bution coefficients of plutonium onto marine sediments with oxic and

anoxic sea waters at pE 7.8 to 8.0, Water-column and thin-layer methods

were used to determine the Rds. All three valence states showed Rd

values of the order of 104 for both oxic and anoxic conditions (Table 4-~7).
Exper iments on radionuclide migration through soil and on distribution

coefficient determination were conducted at Savannah River, South Carolina,

with radionuclides containing synthetic, high-~salt basic wastes (E. TI.

Du Pont de Nemours and Company, 1975). Batch equilibrium tests were per-—

formed with various resins. 1In one test, 1 g of resin was shaken overnight

with 10 ml of synthetic waste supernate containing 1.75 x 107 dis/min-ml

238Pu. Distribution coefficient values for plutonium varied from 1

of
to 240 on various resins and are given in Table 4-~B.

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

d
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

a
K. > 30 for the agueous phase.

a The above test showed that dry (ground-surface} soil effectively
sorbs and immobilizes small volumes of solvent-complexed plutonium,

but moist (subsurface) sril allows extensive migration of large volumes
of solvent-complexed plutonium.

Hamstra and Verkerk (1977) reported distribution coefficient
measurements for plutonium and americium using different goil materials
taken from boreholes surrounding salt formations in the northeast
Netherlands. In batch eqguilibrium 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 gorption by Mediterranean sediment (Duursma and Parsi, 1974).

Oxic conditions Anoxic conditions
pH = 7.8-8.0 pE = 7.8-8.0
Sedimentation Thin Layer Sedimentation Thin Layer
Valence K R K R* T1/2 )4 R ) 4 R' Tl/z
111 1.6x104 100 2.1x10% 308 3 1.9x104  2.5% - - -
w 1.8x104 9%  1.9x104 508 1 1.3x104 8,08 >9.4x104 393 2.4
1.5x104 318 1 (>9.3x103 358 1.3%
vi 1.3x104 118 5,.7x104 9% 4 2.2x104  9.0% - - b

K = distribution coefficient; R = % reduction in water/day without sediment:
R'= glasswall adsorption after three weeks; T1/2 = half uptake time to apparent
equilibrium in days.
3paper filters rather than millipore filters used as blanks; paper filters strongly
adsorbed Pu(1V) and reduced sediment uptake, therefore K is probably low.
Precipitation of Pu cn 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).

(4]
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Table 4-8. Resin-supernate distribution coefficients for plutonium.
(E. I. Du Pont de Nemours and Co., 197%).

Resin Rg (ml/g)
"Duolite” ARC-359 240
Linde AW-5002 (Zeolite) 24
"Chelex" 100 7
"Dowex™ S50W-X8 ~1
H20~1 (hydrated zirconium oxide gel) 160

a8product 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
coefficients of ~104; river sand had a Kd of 200 ml/g.
Fried, et al. (1974, 1976a, 1976b), in their studies on the
migration of actinides in the lithosphere, measured plutonium and
amer icium 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, digsks of the rock
. were immersed in soclutions of 4 x 10-5 M 238Pu(Noa)4 and 10’-'7 M Am(NOa)a.
\\\Small aliquots (0.05%) were removed at l12~hr intervals, dried, and
ﬁéasured for alpha counts {or gamma counts for americium) until the
aét&inment of equilibrium. After equilibration the activity in the
solutions was measured again. Initial pH of the solution used was
7.0 and ﬁhe 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)

R =
{activity of actinide/cm2 of rock)

The results of the experiment showed that on a surface-area basis,

basalts sorbed more plutonfum than limestone. The surface—-absorption
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Table 4-9. Distribution coefficients for plutonium and americium

for different soll materials (Bamstra and Verkerk, 1977).

Distribution coefficient {ml/

Soil material Pu Am
Clay (mainly iilite and kaolinite) 104 5 x 104
Sandstone {certain amount of clay) 1 x 103 1 x 104
Caprock (mainly gypsum, no clay) 5 % 102 3 x 103
River sand (mainly quartz, no clay) 2 x 102 4 x 102

Table 4-10. Distribution coefficients for plutonium and americium
measured for clay samples taken at various depths

(Hamstra and Verkerk, 13877).

Cistribution ccefficient (ml/qg)

Depth of sample (m} Pu Am
20-302 104 B x 104
55-60b 5 x 103 6 x 104

100-125b 6 x 10" 5 x 104
120-130b 5 x 103 6 x 104
120-160C 7 x 103 2 x 104
200-225€ 6 x 103 9 x 104
245-275 B x 103 4 x 104
300-325 9 x 103 4 x 104
328-348 8 x 103 5 x 104

2uaternary clay (mainly montmorillonite).
bYoung tertiary clay (mixture of illite and kaolinite).
C0ldar tertiary clay (mixture of illite and kaolinite).
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coefficient (K) for pure solution of Pu(NO,), at 4 x 107 M was

.10 % 0.02 for limestone and 0.07% 0.02 for basalts. The effects

of salt solutions of Na+, Ca2+, La3+, and Zr4+ 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, et al. (1976a) used a high-pressgure
chromatographic absorption apparatus (Fig. 4-6). A small amount of
238Pu(N03)4 tracer in neutral aqueous solution was placed on the surface

of the rock disk and was allowed to dry at room temperature. Water

T
10 CaClg

s 11l

-2 |8«—NaCi

3
11l e

Moles per liter of salt

15.P' [ W 3
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Figure 4-3. Surface abscrption coefficients of plutonium as a function
of the concentration of other salts (i.e., 2rCly, LaClj,
CaCly, NaCl) for limestone (Fried, et al., 1976a).
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Pigure 4-6. Schematic diagram of the high—pressuz'e stainless-steel

chromatographic column (Fried, et al., 197Ga}.

was then forced through the limestone disk in increments by means of
a piston, which exerted pressure on the water ipolating it from the
pressurizing gas. The depth of penetration of the plutonium tracer
was measured using an x-ray absorption technigque. The results of these
exper iments yielded a migration coefficient M of 30 % 10 1m/m of water
flow for the limestone and 61 * B um/m of water flow for the basalts,
wvhere M= the average distance traveled by the plutonium atoms for every
meter traveled by the water molecules.

Noshkin, et al. (1976) collected seven plutonium-contaninated
scil samples from Eniwetok Atoll and equilibrated them separately w¥ith
uncontaminated sea water. Water 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 Kd value for these samples at equilibrium was
8 x 104. Field results from particulates in the groundwater
vs the groundwater itself gave an average Kd value of 2.5 x 105
(Tabie 4-11). The two laboratory and field values are quite close.

Bondietti, et al. (1976) determined plutonium distribution
coefficients for Ca-saturated clays separated from Miami eilt loam
soil and for a reference montmorillonite. They used 5 x 1()“3 ¥ calcium
solutions [Ca-acetate and Ca(N03)2] at pH 6.5 and determined Kd values
for two plutonium valence states. Kd 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{lV). Pu{VI) also appears to adsorb less than
the tetravalent Pu.

Bondietti and Reynolds (1976) in later work atudied 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 238pu as
the tracer. A solution of 5 x 10--3 M Ca(N03)z at pH 4.0 was used and
Kd values were determined as a function of time and treatment of the
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. WNext, 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 Kd values
cbtained 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 239,240py;

1976) .

groundwater particulates in May 1974 (Noshkin, et al.,
239,2409u (%q)f
Depth Particulate Fraction in
Island Well (m {mg/1) (ECi/1)@  (fci/mg)  1n Ka'd)  particulates® Xg
Janet ¥EW2  Surface 102 21.0 (b
3.79(14)F 2.38 13.85 0.92 1.04 x 106
XENd  Surface 2.5 2.9 (30) 1.16 12.08 0.31 1.76 x 103
XENl  Surface 15.0 47.0 ( 9Hb
0.95(13)¢ 3.20 13.19 0.87 5.35 x 105
7 7.8 6.0 (18)€
0.26 (3P 0.80 131.33 0.82 6.15 x 105
AEN1 7 7.5 1.5 (16) 0.2
10.8 26.3 1.3 (50) 0.05
AEN3 Surface 5.1 1.3 (60) 6.25 11.23 0.28 7.54 = 104
7 3.1 0.5 (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 165
AENS Surface 30.2 1.8 (90) 0.06
7 2.9 0.9 (70) 0.31
AEN9  Surface 0.8 2.4 (23) 3.0 13.12 0.29 4.99 x 105
AER2 10 12.8 25.0 ( T) 1.95 12.87 0.83 3.88 x 105
Belle ABM1 Surface 157 206 ( 2) 1.31 9.56 0.69 1.42 x 104
Elmer APAl  Surface 4.4 0.2 (40)P
0.14(53) 0.08
16 19.6 0.4(100yP
¢.2 (30)¢ 0.03

Mean 1n Kg = 12.42 %1.27

Mean K3 =

2.5 x 103

80.4~ and 1-um filters were processed together except where indicated
b1,0-ym £ilter only
€0.4-ym filter only

drne distribution coefficient is the dimensionless ratio of the quantity of Pu per gram of suspbended
material (dry weight) to that per gram of water:

epraction of 239.240py in total particulates >0.4 n

1n Kd = 1n

(fCi/mg particulate) x 108

fC/1 water

Kq is calculated by the equation:

(%0) values in parentheses are 10 counting errors expressed as percentages of listed values.

65
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Table 4-12. Effect of valence on plutonium distribution coefficient
to Ca-paturated clays, pH 6.52 (Bondietti, et al., 1976).
/

Initial
actinide & unabsorbed Kg
Material Tracer valence to clay {ml/g)
Clay separated from
Miemi silt loam soil 237py v 0.40 10.4 x 104
238py v 0.25 16.8 x 104
239py vib 0.62 7.5 x 104
Montmorillonite 239py v 2.0 2.1 x 104
239py vI 63.0 2.5 x 102

2pqueous phase 5 mM ia CaZt.

Dca-acetate: remaining studies conducted in Ca(NO3) 3.

Table 4-13. Sorption of 23Bpu(IV) to treated clays: p# 4.0,
5 x 1073 ¥ Ca(NO3); (after Bondiett{ and Reynolds, 1976).

Time and Percent Evidence of Polymer Ka

treatment sorbed or Pu(vi)® (ml1/9)

3 weeks
Clay 99,86 - 2.9 x 105
-0.m.0 0.0 - 4 x 102
~Fe + O.M. 99.8 - 2 x 108
Blank® 7n - -

18 weeks
Clay 99.8 -] -
-0.M. 61.5 Yes 3.5 x 102
~Fa + O.N. 99.9 ¥o -
Blank 1.7 Yo

52 weeks
Clay 95.9 <208 (VI 1.9 x 105
~0.M. 99.8 sos (V) 8.1 x 10¢
~Pe + O.M. 5.8 <208 (VI) 2.1 x ¢
Blank ™6 258 (VD) -

#py thenoyltrifluoroacetone extraction, Pri3 precipitation (bolding
oxidant method) and hexone extraction.
bo.H. = organic matter.

CNo clays present.



Table 4-14. Physical and chemical characteristics of soil (Glover, et al., 1976).

. Soluble Soluble Inorganic  Organic
Soit CEC salts carbonate carbon matter Sand Silt Clay
Source code (meq/100 g) (mmhos/em)  (meq/l) (% CaCo3) (%) pH (%) (%) (%) Texture

Colorado A (Rocky Flats) CO-A 200 3.6 5.97 0.4 24 5.7 44 20 36  Clay loam
Colorado B (Sugar Loaf) CO-B 17.5 04 097 0.3 34 5.6 64 14 22 Sandy clay loam
Colorado C (Rocky Flats) coC 29.6 0.4 198 24 0.7 7.9 5 3 64 Clay
1daho A (ERDA) iD-A 155 0.5 2.71 17.2 0.8 7.8 16 S0 34  Silty clay loam
1daho B 1D-B 13.8 0.8 251 7.9 0.2 8.3 44 24 32 Clay loam
tdaho C IDC 8.2 1.0 252 5.2 0.3 8.0 66 41 23  Sandy clay loam
tdaho D iD-D 17.5 1.2 490 0.0 0.1 7.5 38 37 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 58 0.4 2.30 (X4 0.1 8.2 74 12 14  Sandy loam
Tennessee (Oak Ridge) TN 20.5 0.4 0.30 0.0 1.0 48 32 32 36 Sandy loam
South Carolinu (Barnwell)  SC 2.9 0.4 0.50 0.2 0.7 S.4 78 2 20  Sandy foam-silty
New York (West Villey) NY 16.0 12 1.40 Clay loam
New Mexico (Los Alamos)  NM 7.0 1.7 2.80 0.0 2.7 54 32 32 36 Clay loam
Arkansas A AR-A 344 0.5 0.10 0.2 0.7 6.4 48 48 18 Loam
Arkansas B AR-B 38 0.4 0.10 0.9 32 6.2 10 34 56  Silty clay

0.7 0.6 4.8 82 9 9  Fine sand
Arkansas C ARC 16.2 0.3 0.10 0.6 23 2.3 9 54 37 Siky clay loam
Hlinois L 17.4 0.5 0.10 0.7 3.6 3.6 31 53 16 Loam

o
—
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analyses of all but four soils were done. Three standard plutonium solu-
tions containing initial plutonium concentrations of 10.8 M, 10"7 M,

and 10_6 M {or 9,600 dis/min/10 yl, 103,000 dis/min/10 yl, and

972,000 dis/min/l0 j1d, respectively) were used for sorption measurements.
A 3oil-to-solution ratio of 1 g to 5 ml was used and 10 ul of the required
concentration of the standard plutonium solution were added to this
mixture., Depending on the experiment, from 5 to 48 hours were regquired
for equilibrium sorption. The distribution coefficients for each of

the 17 solls are given in Table 4~15. Tables 4-16 and 4-17 give the

same Xd values obtained by Glover, et al. (197F) along with pH and Eb

data of the system.

Results shown in Table 4-15 show a wide range of Kd {ml/qg)
values obtaine@ from a low of 35 to a high of 14,000. This indicates
the great sensitivity of Kd values to changes in plutonium concentration,
especially at high levels of plutonium zorption.

In plutonium column elution studies 9y Glover, et al. (1976) with
three different soils, 24 g of soil were added to a l-cm-internal-
diameter, 4~cm-long glass column. One gram of the same 80il was mixed
with 10 yl of 1073 M plutonium nitrate solution and then distributed
evenly on top of the svil in the column. After packing, the column
was washed with one liter of distilled water and the effluent collected
and analyzed for plutonium. The Kd values for plutonium obtained by this
elution study 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 been done on the dictribution coefficient
determination of neptunium in sediments and soils. Only two references
indicate Kd value determinations for neptunium. A Kd value of 15 ml/g
for neptunium between water and a typical western desert soil has been

estimated by Schneider and Platt (1974). The soil characteristics
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Table 4-15, Mean Kq(n) values? # statistical error (ml/g) for
plutonium at equilibrium sorption (Glover, et al., 1976).

Initial Pu concentration (M)

Soil code 108 10-7 10-6
Co~A 2200 * 460 2700 170 1200 * 190
co-B 200 * 24 130 *6 40 £ 3
co~C ' 1900 %110 1800 100 2000 * 3 °
iD-A 1700 * 70 4300 * 160 5000 * 290
1D-B 320 *26 330 *12 140 * 11
-C 690 *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
™ 2600 * 640 1206 * 100 14000 * 2700
sc 280 %5 870 52 1000 * 20
NY 810 *130 1100 *45 870 £ 57
M 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
L 230 10 630 *95 320 * 130

aGlover, et al. (1976),. use a different notation—-Kd(m) 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 conc. (M) Kd(m)(b) pH ~-Eh (V) Pup/Pu, {a)

WA-A 10-8 100 7.9 0.41 0.4
10~7 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
107 590 7.8 0.46 0.2
10-6 110 7.8 0.41 7.9

ID~-D 10~8 2100€ 7.8 0.44 0.008
107 1500 8.0 0.41 0.4
10-6 310¢ 7.9 0.41 5.0

1D-C 10-8 690€ 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 8.0 0.44 0.03
10-6 5000 7.8 G.45 0.2

ID-B 10-8 320 8.8 0.44 0,05
10-7 300 8.9 0.41 1.6
10-6 140 8.6 0.40 63

co-C 10-8 1900 8.0 0.49 0.0001
1077 1800 7.8 - -
1076 2000¢ 8.2 0.44 1.0

3Ratio of Pu concentration measured in the water phase at sorption

equilibrium (Puy) to the Pu conzentration calculated to be present

if the water were in equilibrium with Pu(OH)4 (Pug). Pu, is based

on a solubility product for Pu(OH) of 10~51.9 in basic solutions.

b-erhe standard error of the mean is:

b, 8% or less; c, between 11% and

16%; 4, between 20% and 25%; and e, 318.
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Table 4-17. Sorption of plutonium in soils; distribution coefficients
for soils in acid solutions (Polzer and Miner, 1978).

Initial Pu .
S0i1 conc. (M) Ra(m) (& pH Eh{V) Puy/Pu,, (2
sC 1678 280 5.5 0.48 20
10-7 870 5.2 0.53 1
1076 1,000 5.2 0.53 100
NM 108 100 6.9 0.48 20
10-7 200 6.0 0.47 600
10-6 220 6.2 0.51 1,000
™ 10-8 2,5004 4.9 - -
10-7 1,200 4.0 - -
106 14,0009 5.0 0.53 8
AR-B 10-8 80 5.6 0.58 19
10-7 230 5.3 0.55 .0
10-6 250¢ 5.0 0.54 3.0
co-a 10-8 2,220% 5.5 0.49 2
10-7 2,700 6.2 - -
10-6 1,200¢ 6.8 0.43 1,00
CO-B 10-8 190¢ 5.8 0.53 6
20-7 130 5.8 0.53 60
106 40 5.8 0.53 3,200
AR~C 10-8 430 5.9 0.40 100
10~7 570 5.9 0.42 680
10-6 870 6.0 0.57 13
1L 10-8 230 5.8 0.61 0.1
10-7 630¢ 5.4 0.65 0.06

10-6 27 5.7 0., 26
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Table 4-17. Continued.

Initial Pu

Soil conc, (M) Ka(m) (b) PH Eh(V) Puy,/Puc (a

AR-A 10-8 710 6.7 0.51 1.6
107 660 6.5 0.54 5.8
1076 760 7.0 0.590 200

NY 10-8 810¢ 6.0 - -
107 1100 6.0 0.54 6.0
10-6 870 6.1 0.49 600

3Ratio of Pu concentration measured in the water phase at sorption
equilibrium (Puy) to the Pu concentration calculated to be present if
the water phase were in equilibrium with Pu(OB), (Pug). Pu, is based
on a solubility product for Pu(OH)4 of 10-55.2 jp acid solutions.
b-erhe standard errcr of the mean is: b, 8% or legs; ¢, between 1l%

and 16%; d, between 20% and 25%; and e, 318.
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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 K3 (m {ml/q)
1D-B 144
CO-A 1180
ID-A 5020

are described in the earlier reference to Schneider and Platt in the
section on plutonium, above. Routson, et al. {1375 and 1976}, using

batch tests, determined Kd values for neptunium and americium as a
+
function of calcium (Caz+) and sodium (Na ) ion concentration for eastern

Washington and South Carolina sui=uils. Batch tests were conducted

with a soil~to-solution ratio of 1 g to 25 ml and influent solution

pHs of 2.5 and 3.1, The system was equilibrated for 24 hours. The

Kd va;:es we:e+found to decrease with increasing solution concentrations
of Ca” and Na . Properties of soil samples and the results of adsorption

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

Amer icium

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

a
and Platt (1974).

In americium adsorption studies, Hajek and Rnoll {1966) used acidic
high-salt wastes (5.4 M No;) spiked with organics typical of a fuel
reprocessing plant. Kd values obtained in batch tests are given in
Table 4-4. When comparing Kd valueg for americium with Rd values for
plutonium (Table 4~4), in most cases Kd(Am)~< Kd(Pu). The Kd values
for americium as a function of organic solution f£rom a column study

are given in Table 4-5.
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Table 4-19. Soil sample properties (Routson, et al., 1975).
CaCoj3 5ilt Clay CEC
Soil (mg/qg) () (%) (meq/100g) pH
Washington 0.8 13.1 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 Washington
Solution Kg (Am) Kgq(Np) Kg(Np)
M (ml/g) (ml/q) (ml/g}
Na
3.00 1.0 £0.12 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 9.51 % 0.09 3.28 * 0.13
£.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 * p.04
0.05 3.6 0.6 0.78 % 0.18§
0.02 8.4 *1.0 0.93 * 0.07
n.002 67 5,0 0.25 % 0.0 2,37 % 0,04

®grandard deviation.
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Hamstra snd Verkerk {1977) reported distribution coefficient
measurements for Dutch subsoils using 90% saturated NaCl solution at
8 7 to B, A soil-to-solucion ratio of 1 g to 150 ml was used. Clay
samples consisting of mainly illite and kaolinite had a Rd of 5 x 104 ml/g;
river sand had a Kd of 400. Clay- and gypsum-bearing sandstones had
intermediate Kd values (Tables 4~9 and 4-10).

Pried, et al. (1974, 1976a and 1976b) determined the sorption of
americium onto a basalt. The value of the surface-absorption coefficient,
K, for 10-7 M solutions of Am(N03)3 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 adscrption. Higher valence
cations (L53+ and z:4+) lowered the americium adsorption much more

than lower valence cations (Na+ and Srz+). See Figure 4-7.

10
Basalt Cores
a,8,C
107!
70t
10-
£ P let?

Molgrity of Salt
T
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0

T T

[ .
0005 10 I52025% 303540455055 60
]

Pigure 4-7. Surface absorption coefficient of americium as a function
of the concentration of other salts for basalt 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 :nd 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 Kd values are
given in Table 4-20. For Washington subsoil, americium Rd was found
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 mection on plutonium, above).
Initial americium concrntrations were 10_10 M and 10"8 M. From 24
to 48 hours were required for equilibrium sorption. The Kd 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 Platt {1974) gave an estimated Kd
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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Mean distribution coefficient values + statistical error

(ml/g) for americium at equilibrium sorption (Glover,

et al., 1976).

Initial Am concentration (M)

Soil code 10-10 108
CO-A 2500 + 210 2600 + 110
co-8 600 + 24 840 + 20
co-C 5200 + 970 8100 + 400
ID-A 5900 + 230 510 + 8
ID-B 300 + 10 610 + 86
1D-C B20 + 43 1300 + 31
1D-D 10000 + 15000 8500 + 660
WA-A 120 + 7 200 + 14
WA-B 230 + 5 430 + 28
™ 2600 + 470 9700 + 1100
sc 82 +1 190 + 9
NY 920 + 79 2300 + 330
oY) 400 + 11 420 + 7
AR-A 2900 + 1B0O 3300 + 240
AR-B 390 + 20 760 + 72
AR-C 1800 2300 + 50
iL 1600 + 150 1900 + 22
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Table 4-22. Scrption of americium in socils; distribution coefficients
for soils in basic solutions (Polzer and Miner, 1976).

Initial Am
Soil concentration (M) R4 (m) ’ pa ~Eh (V)
WA-A 10~-9.4 120 8.0 0.43
10-7.4 200 7.8 0.46
WA-B 10-9.4 230 8.0 0.44
1p-7.4 430 7.9 0.44
ID-D 10-9.4 10,0002 7.8 0.45
10-7.4 8500 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 10794 6,2004 8.1 0.44
10-7.4 514 8.4 0.42
ID-B 10-9-4 100 8.7 0.43
10-7.4 610b 8.5 D.42
co-C 10-9.4 5200 8.0 0.42
10~7-4 8100 8.0 0.44

a-dphe standard error of the mean is: a, 10% or less; b, between 12%
and 20%; ¢, 32%; and 4, 60%,
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Sorption of americium in soils; distribution coefficients

for solls in acid solutions (Polzer and Miner, 1976;.

Initial Am
Soil concentration (M) K3 (m) pE -Eh (V)
sc 10-9.4 82 6.1 0.54
10-7.4 190 5.9 0.55
M 10~9.4 400 6.9 0.49
10~7-4 420 7.3 0.48
™ 10-9.4 2000b 5.2 0.49
10-7.4 9700> 5.1 0.49
AR-B 10-9.4 390 6.6 0.57
10774 760 6.5 0.56
co-a 10-9.4 2500 6.6 0.41
10-7.4 2600 6.4 0.43
co-B 10-9-4 600 6.1 0.52
10-7.4 840 6.4 0.43
AR-C 10-9.4 1800 5.9 0.57
10-7-4 2300 6.0 0.60
1L 10-9.4 1600b 5.9 0.56
10-7-4 1900 5.8 0.56
AR-A 10-9.4 820¢ 6.6 0.57
10-7.4 3300 6.5 0.56
NY 10-9.4 920 6.2 D.45
10-7.4 2300P 6.0 0.50

a~dphe standard error of the mean is:
and 20%, ¢, 32%; and 4, 60%.

a, 10% or less; b, between 12%
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SUMMARY AND RECOMMENDATIONS

Published literature concerning the sorption distribution coefficients
of plutonium, neptunium, americium, and curium on soils and sediments was
reviewed and the Kd data for the four radionuclides were compiled in
tabular form. Very few studies for Kd 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

a:
Kd values.

The recommendations for future studies are as follows:

1. A detailed investigation should be done of the mechanisms
(such as ion exchange, precipitation or formation of complex
anions), involved in the uptate of the polyvalent radionuclides
(such as plutonium and americiumj by soil.

2. In future adsorption studies, multiple regression analysis
technigues should be employed to determine the combination
of Boil properties (such as particle size 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 Kd determination have been
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-
neclides species or elem.at 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 41: SUMMARY TABULATION OF DISTRIBUTION COEFFICIENT

Table A Review of rhe literature on radionuclide Kgs. Batch
Soilta
Teacet tatdiberem disbution Sulution wasie Actinige coneentratson solutian
clement Actinide valence enefficient comprsitinn 10 safutian before ratio Shaking tune
Ky tmbig) and It contartng with soil (gmt)
5%, not speeificd brant 18 » 1980 Salution prepased using DUl |20 Uhree hours
tsee Pap 41 amil Yable 4 2) disnlled water,
VI adpusied T ading St
]
Pu v, ve Feoran &8 4 2 10,000 Solutiare prepared wang dis 008 e mb [ Fwo houres
(See Fyure 4 2) tWhied water. piladgusied by
adding Natalt or 114903y
2394 2ng not speafied For P from 14 1a 1550 Svnthet waste prepared Synthene waste spiked not not
MWiim for Am_ from < 1 010 a0 By ity fughsalt, 20 with actval chemeal speaificd specified
fsee Table 4 31 aquenus phase Pravesing waste con
5.4 M NOD with orame wainmg Paaml Am
compounds
#u " From L1108 35 107 Setution prepared wsing dis Ol spike of fut 1250 not
et Table 4-0) niled water, m1MIINO; ecificd
solution p1y abussed mitally
wish NaOIT e 70
Np. P nat specified Ky for Np < 05, K for Pu - 1 preal e roundv arer ot not fot
Am.Cm 2000, K for Am = 2040, pit = aba 2 <peailicd specificd specified
and K, for Cm = 600 e p 355 ol this relerence
for groundwater sampoation 1
27, HINISRY] For oxic conditsans fram Sea wittee, pHl = T8RO Sor both Iw adided to sea wates in apt not
12x tadeo s 7 0008, v and anesic condituans WL, and A | vatence specified specified
For anosic condimons from wates
93X 1310 1 10% nee
Taly 47
238, ot spevificd Frol 1.0 10 240 Supeenate contained IRL} Resin shaken
«pernate (5 75 M N2, rrsd overnight wiut
A7, .75 MO disdmindtmty? 3R py synthetic
\‘n;. L1 M NOS suprrmite
03 M 0303 MS0Y7,
and 0.0002 A Cs™).
239-240p, not specified Pu. from 200 t 16,003, 90% saturated Natl solution, not 1150 not
aa ¥ am for Am, frota 300 1o 50,000, Pl =78 spreified specified
tsce Table 4-9 and 440,
238Bpy, and 1V far Pu, Liquilibrum surface absorption Tracer sulutians prepared using Disks of limestone and ot Afpha or gamma
231 a4, 11§ for Am constant KiemZsm®) aliquots of small solutians of Dasalt immersed 1n specified counting rate of

For 4 ¥ 10°8 M solunon of
Pu(NO3)g=

0.10 4 0.0 for limestone,
@.07 +0.02 for hasalts.
For 107 M solution of
Am(NO3)
0.041 .0.02 for basaks.

{Sec Figures 4-3, 44, 45 for
the effect on K of other icns.b

the tracer and evaporating them
to dryness with HNOy. Am 2nd
Pu brovgs.t nto solution with
distilled warer onginal solution
pH = 7.0, final pH ranged be-
tween 7 and 8.

solutions of
+3010°5 M PUNO;)y
or 107 3

aliquots counted
at 1 2-hr. intervale
wntil equiithnum,

Am(NO3h
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DATA FOR PLUTONIUM, NEPTUNIUM, AMERICIUM, AND CURIUM

equilibrium test data for plutonium, neptunium, americium, and ci.ium.

Soil cation

Inicial exchange Particle size
sodl pH capacity So/matenal type and content ind discrthution Observitions/omments Reference
(meq/T00g) .

8.6 5.0 Subsurfa ¢ swil from lanford froject As percent by K values in Table 4-2 suggest exi TRhides 1952,
Unronsolidated, unweatheced sediments  weight tence ot 4 Pu polymer in solutian at 19872, 1957h
having silt. clay, and = 2% [rre CacQy. > ¥ mm dam, 6% pH > 2 with the exeeption of ph
Clay fraction contains montmon) 21002 mEL 67%  range B.S 1o 12,5 Apparently the
lonite and kaohnite sn the rata of 3 1 0210 02mm polymer formed carries 4 pusitise

ren, charge that enahlrs it to e taken up
002 1o 1002 mm,  rapudiy by the sofl
H'%
ZH0n2 mm, 2%
not Ranged frum 0.012 Soil samples from water 1ablr a3 not Adsorption was more than 0% cam- Prout 1488,
specified for soil pi{ 4 ¢~ Savanuah River Plapt contained spearfied plete fram solutions of PuliD and 1959
1.24 for sasl ply 10 20% clay and B0% saad  Dom- PutlVs betwern pli 25 and 12 anl
{stc Table 3-3). nant clay mineral - kaahmite from solutions of Pucv1yar pl > 6
not not Sc* fram various depths between ot Adsorpuion from strongly 2eid ar Hayek and
specificd speafied the surface and graundwater fram \peeified partially neutralized waste was moll. 1966
welly at 71 Aile field site, Kich- munor. Adsorption Inom alkaline
laod, Wash., usdried and sieved to waste fram precipiatian was high.
<2 mm drameter Introduction of a sfug af orgame
reduced the K of both Pu and Am.
not nut Study conducte 1 with different not The amount of radionachde removed  Tamusa, 1972
specified spearfied munerals {see Table 4-6). i tadsahed) (1am the solution appears
tos depead on e pli of the ssspen-
sk, ehe hugher pH) favans greates re-
moval by formation of nuchide hydre
wides which arc scavenped by the elays
tsee Table 3-6).
70w 82 5.0 Typical western desert soif - sand ar not Schnender and
sandy loam containing = 1 mg of speaificd Plate, 1074
free CaC0y per yram of soil.
nay not Study conducted on marine sediments not values for both axic and anoaic Doursima and
speasfied specified from Meditereancan Sea usiog scdimen- speaified canditions appear similar for all Tars, 1974
tation (water cotumn) and thin layer threc valence statey
methads.
ot nat Synthetic on exchange resins not Qut of the five resine tested, sorp- E. 1. DuPant
spe-aficd specified (sce Table 4-8). specified tion of Pu was maximum by de Nemoury
“Dughte” ARC-359 K Co., 1978
not ot Various soil materials (cfay, sand- ot K4 values for caprock and nver sand Hamstra and
specified specificd stone. caprock and coarse river sand) speaficd were lower than chay contaiing Verkerk. 1977
from borcholes surrounding sait material due to the absence of day
farmations in NE Netherlands. matertial sn them.
nat not Thin wafcs or disks (25 mm diam. not The surface absarption cocfficients Fricd, et al.,
specificd secified and 1.5 mm thick) of dense lllinois speaified arc affezted by the rypes and can- 1974, 19762,

g3 limewcanie 2nd hasale from
BRI site (Id#he Hutional
Enginecring Laborator).

centrations of ather salts. For
cxample, all curves for both Pu and
Am in Figures 4:3, 44 and 4-5 show
the same trend, e, displacement of
the actinide ions from the rack lat+
tice by higher concentrations af
other mezallic jons.

1976h
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“Lable A

Solutim waste

Review of the hterature ot radomchde Kgs. Barch equilibrium tea

Actiade Coancentration

Sonl 1

Tracer Actinde salenve coefficient Coampesitian in sl st hetore Solution Shakang rime
clement Ky tmbogr and pil contacting with sl i
(prmiy
239 240p, not specsfied Mear Ky for sven seples Pu contaminated sorl satiples ot ot ot
Sraod equatbrated 0 the Liboratan spevified sprofied specited

Mean K,y for trhd gurticubares
in the groundwater - 25 ¢ 108
isee Table -t 41

237238239,

S R (O] 1 or snf clay tractian,
Kg:757 10010k, ot
e retevence montmenilioni.
Ky 2870ttt
tare Lable 4222
23, " T3S« 10 orn . ot

(see talde 4 110

with uncan sl seaw . er

St en vomlacel m
3 aetate it

Canarne sdimons

B T e R A T

MM A on

P et e
e ppmoing e day

massy

Vaned. not
specticd

not

specitied

e
speuiied

Fquililiration e
Fwecks i 61

werka

Puand Am

¥ \pand

A

1 tor .
NEtar Am

Rot el

Lo Pu from 35 00 134000
osee tabley 4 15,4 16 and
atr
T Am from 82 o (D000
teee Tables 4 21 422 and
420
Ky > 0 tone 89 tor A,

= ) fbte IR bar W

oee fable €20

s prepare L hy dilu
Vo S NGy standard
sabugroms of platonuay and

Amenicum respectin by

Solaians srre hrpn i o
resem sl il ply

faettddinn o1 Pl

Stads G ted in vasying
concentratinns of Lo N0z
) SaND g hunons Iniuial
solunon pH
25 for b Waslungton,
4 for S tarelme

Tngeaal Pu caneenteanom
a1 ® 10 Ty g
108 pespes ovely

) A conenteam
w10 agang 10 ¥y

Tntluent acis
3T U258 m far
} Washington,
10 425 s for
S Cazalina

15 1gmibibeaton Hme
§ Ta 4B houre
tor Pu,

- 24 o
i Am
125 20030 mahutes

equilibration tme
= 2010 24 hey
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data for plutonium, neptunium, americium, and curium (continued).
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fnial Soil cation
sail pH exchange Soil/matersal type and cantent Particle sire Ohseration-comments Reference
capacity and distribution
(meq/100g)
nat not Pu - contaminated soul samples from fot K vaiues fram field resalis (rom Sashbin, et al
speesficd specified the islands of Emwetok Atoll speaficd particulates in the grouadwaten 1976
il abiepatare tests are vory ¢
4.3 \ayueous phase nat Casaturated clay from Miami sit ot Snrpton of PaovD e montmanl Hondiestr et al |
5 mMoin a2ty specificd loam soil and montmoritionite as speaficd Tomite was substantialy Tess (17 1976
reference clay whereas sorpt n of Pu to Miam
st Joam elay was alway «above s
99 4% repaedlen of sl calenve
) oo Ca=atunted clay fram Mismi sily aat After 18 weeks at equilihration, the Homlwtts il

loam soil The clay fracton wa
treased to remave nrgunlc matier

speat.ed

and free ston oxides

presence of  sigimbicant fraction ol
the suluhle Fu in the slutun Gotuble
T sgecies which do nat sarb) sy
sested the fsmatinn of 4 diferent fu

axidation state than that il
sdded te . formation of 2 palymer
fu VLo Pu v
sdentificatinn wn experimental system
i theretore necesars for adsarptar
studies

'u satener state

Hes nalils, 1971

Ranged from 2.3
gl
1ere Tahle 410

Wa

29344
fyee Table 4 13)

17 seil ramples from various present
nd probablc future Fu-hamifing arcas
nthe US (see Table 414

nged from

K,y values are sers sensitive to
(hangrs in, Puand Am canceatra
ton. especaliy ae high fevels of
Vo and Am soprtion tsee

Taltles 4 18 end 4 21>

Glover, et 4 1¥70
Polrer and Winer

17e

Fur £ Washington

sl = 7D
tor % iasolma
B

For E Washington

for

PR}

Subsoals from ast Washungton and
South Caroling (sce [able 4-19)

$. Carolina

5

wt Distnbution coeffivients measured

speafied an subsoifs 28 a funetion of equilih
e snlutian concentration of
caland Na® decreased for both
neptim and americum

Foat Sonrh Caraling subsail

Kyginpt - fre a4 0430,
St
frcads

016028
= lanear
=16t 280

Kyt Ams

Far Fast Washangzon wnl
SN 36102 3T,
<119 e 300

Kl Am > 1200

Routsan, 1975,
“
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Table B Review of the literature on radionuclide Kgs.  Column test

Tracer Fapulibrum distnbusion Sl miateral vy pe Sl catann Slunon waste canipnsstion
clement coelfiient o comtent cxchange capacity nd pit
Kytmblg {meq! 100y
I30) - .
2% and See . 7 of this reference Surtace soik ¢+ 20°) fram well oo Synthetic waste prepared by mang
Hlam fur breakthraugh curves at 7 LA ke field ste, Richbad, specitied e fugh $aft s aqueass phase
Wash L weved 1o =7 2 mm dia M AO D wih organn o
meter ponmls
tSee p 2 of thisreferzaue b waste
ipuntion )
280 and for THPCC Y Sl feany the Tuittom ot .1 ot Vartous organis wistes o ian
“TrAm Ky = 5 4 for Pu and excavation for 241 AX tanl spestfred ford rubonurlid= separatunn
C yefor Am farm. Hanford, sieved tu plant CHRECE) DRRP 2]
DPIBPCCl 2 mn dissmeter Fab 0, 04 S D2IPA O
- _ TRI i NI
Ky = 0 for Pu and
@6 for Am
For DZEHPA T
Kg = 0 for bath Py
and Am
(se Table 4 5)
Pu With dny sols Dryv (ground surfacel and most st Separatans pracess fradiacniee )
Kg = 6000 fur shon tsutwurface) sails from Savarinah specified sotsent from underground tanks
column Rver plant waste buaal graund. sSee P53 of this referenve tos
= 3000 for lang cliemeal s ompestion »
column
sals
K = DA for solvent
> 30 for aqueous
phase instead ot
solvent
Py Brom 134 1o 5020 Three soil samples fram Ranged [rom Calumn elutuan stsuly dine ung
(See Table 4 18) various present and 141020 Pu mitrate solution
probabie future Pu- tsee able
handling areas 1n the U.S 410

tsee Table 4-14)

U tnbusylphosphate
Distp - desylbueyiphosphonate
DIEHPA - di 2<thylhexy) phasphone acd
Fab (ul “fabrication ol a commeruial misture of Lard ol and CCly (25-75 vol. %)
NPH - “normal paraffin hydracarbons,” a commercial mixture of straight chasn hydrocarbon< mcluding Jecane undecane.
dodecane, tndecane, and tetradeeanc.
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data for plutonium, nepeunivm, americium. and cusum
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Actimde woncentration
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Column sifumes needed
for 8% breakehrmgh

Permednits
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[SIRSIDIRY
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GLOSSARY

adsorption

alpha

basalt

beta

breakthrough

c/Cq

cation exchange

capacity

count

The observed decrease in the initial solution
concentration of a nuclide in which the most probable
mechanism is identified as a coulombic 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 plajgioclase, augite, and magnetite
(G. & 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, 15560).

Tne amount of a nuclide in the effluent of a soil
column divided by the amount of that nuclide added

in the influent (Bensen, 1960).

The concentration of an exchangeable cation adsorbed
by a soil at pB 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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curie A measure of radioactivity meaning the quantity
of a nuclide disintegrating at the rate of 3.7 x 1010
atoms per second; abbreviated as Ci; a microcurie (pcif
is one millionth of a curie (3.7 x 104 disintegrations
per second); a picocurie (pCi) is one millionth
of a microcurie (ASME, 1957).

garma Relates to radioactivity and means a ray of short
wavelength which is emitted from a disintegrating
nucleus (ASME, 1957).

half-life 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).

Hanford soil Representative soil of the Hanford Works, Richland,
Washington (Bensen, 1960),

high-level liquid

wastes Liquid wastes containing greater than 100 UCi/ml

of mixed radioactivity {(Beard and Godfrey, 1967).

intermediate-level

liquid wastes Liquid wastes containing between 5 x 105 and

100 yCi/ml of mixed radiocactivity (Beard and
Godfrey, 1967).

ion exchange The equivalent replacement of an adsorbed ion on
a solid adsorbent by another ion from the solution
(Bensen, 1960}.

isotope One of several forms of cne 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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Kg A term representing the equilibr:um distribution
coefficient of a nuclide, A, between the solid

adsorbent and the solution at equilibrium:

Rg = :solid ccsoZ.I.n.
soln.  9solid
where: Ag,)iq is the amount of A that is associated
with the adsorbent; Aggy1p, is the amount of A that
remains in the solution:; ccgolp, 15 the total volume
of solution in ec; and gga)ig is the total weight
of adsorbent in g (Bensen, 1960).
leach To subject to the action of percolating water or other
liguid in order to separate and remove soluble
compounds (G. & C, Merriam Co., 1965).
leachate The percolating solution (Schmalz, 1972).
loam A soil consisting of a friable mixture of varying proportions
of clay, silt, and sand (G. & C. Merriam Co., 1965).
loessial A buff to yellowish brown loamy deposit (scil) believed
to have been deposited by wind (G. & C. Merriam Co., 1965).

low-level
liguid wastes Liquid waste containing less than 5 x 10-5 }Ci/ml
of mixed radioactivity (Beard and Gcdfrey, 1967).
nuclide 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).
percolate To pass through a permeable substance, to penetrate

(G. & C. Merriam & Co., 1965).
surface absorption
coefficient Represented as K and defined as the ratio of radio-
activity in a milliliter of solution to the radio-

activity absorbed per square centimeter of rock:

- (activity of actinide/ml of solution)

K
(activity of actinide/cm2 of rock)

(Freid, et al., 1976a).



uptake

vadose

water table

89

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).

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

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 {s
usually caused by the aczivity 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 elevalion that the natural

or regional water table (Schmalz, 1972).



SECTION 5: PRELIMINARY CONSIDERATIONS IN DETERMINING AN EXPERIMENTAL
METHND TO MEASURE RADIONICLIDE TRANSPORT 1N WATER-SATURATED ROCKS
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INTRODUCTION

One of the most pressing problems in this task was choosing an
exper imental configuration to measure radionuclide transport in rocks.

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 aobtained 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. 1In 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 studv radionuclide migration
principally along fractures, with diffusion into the rock on either side.

The following subsections contain a brief descriptian 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.

ROCR PBYSICAL 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 repasitories.

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 o0il 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.

Water
Dry saturated Water Grain
densgity density content gize Porosity Permeability
Rock type (g/cm3) (g/cm3) (4.} {mm) £ )] {em?} References
Argillite z.70-2.94 <0,0625 2.69-10 5.68 x 10712 Remp, 1970; Jackson, 1970: Reich, 1973;
. schoeller, 1962
b
Basalt 2,76-2.95 2.763-3.03% 1-2.7 «0.1 0.:-11.4 3.35 x 10-20 Xemp, 1370; Fried, et al., 1974;
~1.33 x 10-13 fyndman and Drury, 1976; Schoeller,

1962; Duncan, 1969; Griffith, 1937;
pavis, 1969

Gabbro 2.55-3.12 2.56-3,152 G.37-1.0 0.5 0.29-3.0 <9.87 x 10-11 Jackson, 197t Duncan, 1969; Vinayaka,
1965; Hyndman and Drury, 1976; Kemp,
1970; Griffith, 1937; Davis, 1969

Granite 2.52-2.81 2.52a 0.0a 0.7-1.3 7-1.3 4.6 x 10_14 Jackson, 1970; Xemp, 197Q; Vinayaka,

-2.81 ~5 x 10716 1965; Duncan, 1969; Griffith, 1937;

Brace, 1968

Limestone 2.21-2.76 2.39-2.77 0.36-7.5"  0.0625 1.0-37.6 3.16 x 10'g Jackson, 1970; Schoeller, 1962;: Locke

-9.86 x 10-12 and Bliss, 1350; Murray, 1960; Davis,

1969

Rhyolite 2.32-2.62 <0.05 4-15.5 Jackgon, 1970; Kemp, 1970; Schoeller,
1962

Sandstone 1.93-2,50 2.2-2.55 2.0-142 0,0625 $.4-27.1 5 x 10712 Jackson, 1970: Vinayaka, 1965;:

3 x 1078 Scheidegger, 1960; Davis, 1969

2 Calculated in this report from saturated densities.
b caicuiated in this Teport from hydraulic conductivity values (in Atlantic Richfield Hanford Co., 166},

€6



94

permeability. Permeability values for hasalt 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 POR FORCING WATER THROUGH ROCK CORES

Exper iments on K, values and migration rates of ions in geologic

foramations can be don: by at least two msthods: (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 Kd 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 25&2 of surface area. Implicit in the last assumption

is oo infinjtely large Kd. In cther words, 2ll of a radionuclide is
guantitatively 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 in Table 5~1 and the assumptions
given above, it is easy to calculate the volume of fluid needed to

saturate the internal sucface of a cubic volume of rock. Thus:

a dNﬂ

volume of liquid needed to saturate = 3a

length of one side of a cube,

i

where d

radius of a mineral grain,

a

Avogadro's number, and

g =
1t

molality of the radionuclide.
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The time needed to saturate a given internal volume of rock depends
om 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 Yy is the velocity of the fluid (measured as fluid flux acrnss a
unit area of prrous medium) In the direction x, and dP/dx is the pressure
gradient at the point to which vy refers, then Darcy's law may be expressed

as:

dap
v, = (/WG (1)

where k is the permeabllity of the medium and p is the viscosity of
the fluid. 1In 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, = QA . (2)

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

gets:
kdP = (Q/A) dx . (3)

Consider a slab of material of thickness, L, with liquid being forced
through and with Pl and Pz as the terminal pressures, BEguation (3)

can be integrated over the slab thus:

P
k f ldp=(1‘—oi) fL ax 4
E,

0
- - UoL 5
k(P = Pyl A )
= uQL (6}
pl o + Pz

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 l-cm long. It was assumed



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

1 day 5 days 10 days 20 days
Concentration Concentration Concentration Concentration
Rock type 109 106 1079 & 1076 M 1079 M 106 1079 & 1076 4
Argillite
Volume to saturate (1) 3.38x102  3.34x10-1
Pressure (atm) 3.3pa04 3,41 6.62x103 7.62 1.31x103 4,31 1.66x103 2.66
Basalt
Volume to saturate (1) 2.09x102  2.09x10-1
Pressure (atm) 3.51x1012  3,51x10-9 7.02x1011  7,02x10B 3.51x1011  3,51x108 1.76x1011 1,76x108
to to to to to to to to
8.84x105  B.84x102 1.78x105  1.78x102 8.84x10%  9.84ax10l 4.42x10%  a.42x101
Gabbro
Volume to saturate {1) 4.17x101  4.17x10-2
Preasuce (atm) 2.38x103 3.38 4.77x102 1,48 2.39x102 1.24 1.20x102 1.12
Granite
Volume to saturate {1} 1,60x101  1.60x10°2
Pressure (atm) 1.81x107  1.81x104 3.62x108  3,62x107 1.81x106  1.81x103 9.04x105  9.04x102
to to to to to to to to
1.96x105  1.96x102 3.9oxlol  1.9ex1ol 1.96x1a~¢ 1.96x101 9.83x103 9.83
Limestone
Volume to saturate (1) 1.08x101  1,.04x10-2
Pressure (atm) 5.97x102 1.50 1.20x102 1.12 6.0x10! 1.06 2.1x10% 1.03
to to to to to to to to
1.8 1.02 4,50 1.00 2.80 1.09 1.9 1.00
Sandstone
Volume to saturate {1} 1.04x102  1,04x10-1

Preseure (atm) 1.18x103 2.18 2.36x102 1.24 1.19x102 1.12 6.0x101 1.06

96
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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—9 and 10_6 M/1. ‘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 Kd values would have to be made
by a surface adsorption method because, 1f 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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SECTION 6: REVIEW OF TRANSPORT MECHANISMS OF RADIONUCLIDES
IN WATER~SATURATED ROCKS



100

INTRODUCTION

Transpert 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 tc
exchunge of mass between the fluid and the solid phases. A variety nf
chemical processes can occur, including dissolution, precipitation, ion
exchange, snrption, 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 agueous
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 aguecus phase (or
longitudiral diffusion, which is taken to irean three-dimensional
diffusional processes) is not a rapid process compared with the speed
of certain chemical reactions, such as hydrolysis reactions. However,
Qiffusion in the aqueous phase may proceed at a rate comparable with
the rate of advection -1 many natural systems. The nature of the porous
media also leads to a process known as dispersion or eddy-diffusion.
As the wobile 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 iz caused by such point-to-
point variations in flow velocity. A molecule ip 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 th: center
of mass. As a molecule follows its original stieampath, it is carried
into a part of the channel netwerk 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 adsc:bed. The term R/(1-R) is thus the ratio of the solute 1in
the mobile phase to solute in the stationary phase, and

R__S'n (0

1 ~R cVv
s's

where Cp is the concentration in the mobile phase, V, is the volume of the
mobile phase, Cs is the concentration of the stationary phase, and Vs is
the volume of the stationary phase.
The distribution coefficient, Kd’ is defined as
K. = EE . (2)
da C
m

Therefore, equation (1) reduces to

R m (3)
s d

Because the velocity of the solute is given by

v, = vR (4)

the relative velocity of the soclute species i1 with respect to the mobile

phase yields the classical expression of Martin and Synge,

v \
Rete B (5)
v V +KV
m d's

which reveals the relation between retardation and the distribution

coefficient.



102

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 fivided 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 jon exchange or adsorption. Thesa theories
are predictive but are alsoc mathematically complex. Therefore, rate
laws and assumptions about equilibrium are often simplified. Such theories
{for example, Giddings, 196%, pages 119-193) fail to bving out the
self-sharpening effects of favorable equilibrium.

In equilibrium theories, local equilibrium between the liquid
and bed is assumed. In prgctice this assumption is usually not valid
and deviations from local equilibriwn are accounted for by introducing
the concept of "effective plates.” 1In this concept, continuous column
processes are approximated by fictitious discontinuous processes.
Unfortunately, this formulation is semiempirical in nature and is not

predictive.
Rate Theories

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 Pig. 6-1) is:

2 2
o) (5 _Ai(a_.c_i_> .o iii) -0 ®
v /o, 9z [y 2 azz v v/ ‘322 v

where g is the column cross section; Xi is the amount of species 1

in sorbent ané solution per unit volume of bed; Ci is the concentration
of species i in the ipterstitial solution; V is the solution volume,

which has passed@ the layer since the experiment was initiated; z is

the space rcoordinate downstream; D is the effective diffusion coefficient;

B is the fractional void volume; and v is the linear flow rate.
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XBL783-400

Figure 6~1. Schematic representation of a packed bed. The material

balance is set up for the "plate” between x and x+ix

(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 xi is a function
of Ci only; this function is given by the isotherm. For nonequilibrium
conditions, the functional relaticnship between Xi and Ci 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, xi
as a function of Ci 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 al. (1967 and van Bladel and Laudelot (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.

Lecal Bquilibrium

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, fuifill
the requirement. However, column experiments are often run at unnaturally
high rates of fluid flow. In such experiments, nonequilibrium 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 occurs 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 enviromments 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 pressi.re snd temperature. These metastable phases dissolve
slowly over time, gradually enriching the aqueous phase in their component
sreries. 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 inter faces. Existing chromatographic theory
cannot be used to adequately describe these processes. Extensions
of chromatograpnic 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.
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SECTION 7: COMPUTER SIMULATION JF MASS TRANSFER INVOLVING
ACTINIDES IN WATER-SATURATED ROCKS: PRELIMINARY CONSIDERATIONS



108

INTRODUCTION

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 Btorage repository. 1In
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 thercfore reflects the host rock and its
interaction with the groundwater. 1If 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 tu 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 4o bicarbonates or chlorides
influence the overall compogition of the groundwater? Second, what are
the reactions that take place between the waste product and tiie ground-
water? Third, what degree of complexing 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? 1Is 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 Rd 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 guestions
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

tc this study.

COMPUTER SIMULATION OF MASS TRANSFER

buring 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
Universi*y and deescribed in several papers (Helgeson, 1968; 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 tc calculate the progressive mass transfer
between solids and an aqueous phase as a function of reaction progress,
E, 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 "deqree of advancement”
of a reaction. 1n orfder 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.

A SIMPLE CASE IN WHICH LIME REACTS WITH SULFURIC ACID

Consider a beaker containing one kilogram (~1 liter) of approximately
0.1 molal sulfuric acid (52504) having a specified initial pH of 1.0,
Into this beaker are added small increments of slaked lime Ca(OH)2 .
The sulfuric acid will react with and dissolve the sliaked lime as

it is added according to the following reaction:

32504 + Ca(OH)2 = CaSG4 aq + 2H20 .

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‘ + ZHZO = CaSO4'ZHZO .

With continuing additions of slaked lime, nearly all of the sulfate

ion will precipitate as gypsum and the slaked lime itself will become
saturated., Prom then on, addition of more slaked lime will only result
in its accumulation on the bottom of the beaker and no further chemical
changes will occur in the solution.

The chemical changes taking place during this experiment can be
studied in terms of the amount of slaxed 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
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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
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to take into account and many more aqueous species to monitor in the
solution. Furthermore, chemical changes may occur in goliution, 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 alt:ration products, and the chemical speciles in the
solution. We would also need to understand the rates and mechaniswms
of the beterogeneous 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



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 igothermally.

2. Reactions are studied as a function of [ rather than time., This
eliminates the need to know the reaction rate or mechanisms of
the participating reactions.

3. Reactant minerals dissolve in the agueous 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.

For relatively long time periods (about 103 to 10B 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. Por periods of less than 103 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 Berlgeson 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 25-50°C
intervals). Becauge 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 Helgeson 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 «alculation 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 1877,
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 Rennecott Copper Corporation staff, and
simulation of the chemistry of the actinides will be made in the presence
of typical groundwaters in .epresentative 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 g:ouﬁdwater composition; (c) the degree of complexing of
actinides under subterranean conditions; (d) the effect of oxidation
potcntial and pH on actinide solubility; {e) to what extent the Kd
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 de
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 de

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.

REFERENCES CITED

De Donder, T., and Van Rysselberghe, P., 1936. Thermodynamic theory of
affinity: a book of principles. Stanford: Stanford University

Press.
Helgeson, H. C., 1968, EBvaluation of irreversible reactions in geo-
chemical processes involving minerals and aqueous solution--I,

thermodynamic relations. <€eochim. et Cosmochim. Acta, v. 32, p. 853.

Helgeson, H. C., Brown, T. H,, Nigrini, A., and Jones, T. A., 1970.
Calculations of mass transfer in geochemical processes involving

aqueous solutions. Geochim. et cosmochim. Acta, v. 34, p. 569.

wWolery, T., 1978. Correlation of chemical equilibria. Ph. D. Thesis,

part 2. Evanston: Northwestern University (in prep.).



