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ABSTRACT 
In this paper, we discuss the current status of heat and mass 

transport studios in marines red clay sediments being considered as a 
nuclear waste isolation medium. Both analytic.! and experimental 
studios ore reviewed. Calculations based on nuir.ericKl ir.ods.-ls indicate 
that for c maximum allowable sediment/canister interface temperature 
of 200"C to 250°C, the sediment can absorb about 1.5 kW initial power 
from waste in a 3 m long by 0.3 m diameter canister buried 30 m in 
the sediment. The resulting fluid displacement due to convection is 
found to be small, less than 1 m. Laboratory studies of the geochom-
ical effects induced by heating scdiment/seawater mixtures indicate 
that the canister and waste form must be designed to resist a hot, acid 
(pH 3 to 4} oxidizing environment. Since the thermally altered sediment 
volume of about 5.5 m 3 is small relative to the sediment volume over
lying the canister, the acid and oxidizing conditions are not anti
cipated to effect the properties of the far field. Using sorption 
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coefficient correlations Crow experiments discussed in the paper, 
the migration of Com' nuclides 2 3 9Pu, * 3 7Cs, l : ! 9 I , and 9 9Tc wore 
computed for a canister buried 30 in deep in a 00 m thiol: rod clay 
sediment layer. It was found that the •••'•'I'u and X3'C!:, which migrate 
as cations and have high distribution coefficients, are essentially 
completely contained in the sediments. The anionic species, **•'•'I 
and "'fc, which have relatively lov distribution coefficients broke 
through the 30 in of sediment in about 5000 years. The resultant 
peak injection rotes of 4. f> x 10"^ yci/ycar-m2 for l 2 9i and l.o >:' 
10~ 2 yiCi/year-in2 for 9 9Tc v/ere found to be less; than the natmrol 
radioactive flu>: of 2 2 6Ra (3.5 to C.8 x 10" 4 /'Ci/year-m2) and 2 2 2Kn 
(0.26 to 0.88 /<Ci/ycar-m7). 
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INTRODUX'flON 

Participant:.! in the On J toe] Stater. Sub-.Heabod Disposal Prc.jrniii 
are investigating the technical and environmontal feasibility of OI;I-
pj ficc.iv.crtk of nuclear waste in tin'- deep ocean sediments as a possible 
dispon.il option |1,2). Of particular jntrrer.t are illite-rich and 
smectite-r ich red clays located in oceanic mid-plate( low current 
regions between <000 and COOO jit dt-plh. The cloys in the region;; oT 
interest arc attractive |3,<] in that they have good cation retention 
characteristics, low permeability, are vertically and Inters!)}' un>.ron:i 
over large areas, and are relatively plastic, promoting self-healing. 
Dating studies of o 24 in core from the Pacific study are.i r.how n con
tinuous depositional record for about 7C Billion yen's, demonstrating 
extremely good geologic stability. There is nothing at this time to 
indicate that these clays, in a properly selected oceanic location, 
do not have the properties necessary for effective isolation of: nuclear 
waste. 

For the design of a disposal system, it is necessary to under
stand and bo able to model arid predict the thermal, chemical, and 
mass transport processes induced in the sediment by emplacement of a 

canister containing radioactive waste. Specifically, predictions of 
waste, canister, and sediment temperatures, sediment pore pressures, 
pore water motion, chemical interactions between the pore water/ 
sediment/canister/waste form, radionuclide migration, sediment struc
tural response, and nuclide biological concentration arc necessary 
to define problem areas and propose solutions, develop an optimum 
design, and assure that the system is safe. To this end, a set of 

f 
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compuler models are being developed. At present, model development 
efforts embody: thermal energy transport arid pore fluid motion, eudi-
ment thermochemistry, radionuclide migration, canister corrosion nnd 
waste form leaching, canister nnd sediment motion, and ocoan/bioloyicr.l 
transport of. nuclide'.';. 

The Kodc.1 development effort.'; are being supplied with basic date 
and guidance by active laboratory and field experimental progr;mr,. 

These experimental programs cover aspects of tlic program ranging from 
sediment chemical, thermal and structural properties [5,6,7,8] to 
canister corrosion [9], ocer-n biology [10], and an in situ thermal, 
fluid, and mass transport test [11). The program philosophy is to 
develop a theory and model, obtain required input data from laboratory 
or field experiments, and evaluate the mode] predictions with field 
experiment data. If required, the theory, model, or input data will 
be refined or modified until an accurate prediction is obtained. 

The purpose of this paper is to summarize the results and con
clusions, to date, of the thermal and fluid analysis, the geochemical 
studies, the radionuclide sorption and chemical stability experiments, 
and the radionuclide migration calculations. It must be emphasized 
that these studies are ongoing and developing programs that 
have not yet reached final conclusions. It is appropriate, however, 
to discuss progress since the results are being used to guide decisions 
made by the Sub-Seabed Disposal Program management. 
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A transient, non-1 incar, two-dimensional (planar or nxisymmctric) 
finite clement computer code (MAIiTAIl), incocporatino the ttarcy equation 
ond Bouosincsq* approximation, has been developed to compute the heat 
find incompressible fluid transport through j! rigid, anisotropic porous 
matrix. The governing continuity, momentum, and energy equations/ 
along with appropriate initial/boundary conditions for pressure and 
temperature wore converted by a method of weighted residuals into 
a form suitable for finite clement application. The details of the 
code development and users instructions are provided by Garbling and 
Hickox [12,13). 

The MAMAH code has been used to study the heat transfer from 
waste canisters ernplnccd in seabed sediment. As a reference problem, 
the waste was assumed to bo c-mplacotl in undisturbed sediment such that 
the center of the canister was 30 m duep in a 60 m thick layer of sed
iment (Figure 1). A 1.5 IIFU** geothcrmal heat flux was applied to the 
impermeable lower boundary. The outer boundary at 60 m radius was also 
impermeable and assumed insulated. This distance is greater than the 
thermal penetration in the 100 years for which the problem was run. 
The top boundary was at a constant pressure of 600 bars corresponding 
to a depth of about 6000 in. A constant temperature of 1.5°C, equal 
to the water temperature, was imposed on the upper boundary. The 
initial temperature distribution in the sediment was determined by 
the steady state geothermal heat flux and the 1.5°C surface temperature. 

•The fluid" is" incompressible except insofar as the thermal expansion 
produces a buoyancy force. This assumption is standard in natural 
convection problems and has been used by many authors in addressing 
problems of natural convection in porous media. 

**lleat Flux Unit: 1 UFO = 1 x 10" G cal/cin2s. 
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Thc canister power output is a function of time find waste type. 
In thin study, calculations were made for a reprocessed high level 
waste (IIIJW) and spent fuel (SF). The HLV! was assumed to result from 
a uranium only reprocessing cycle in order to leave the Plutonium 
in the waste for the long term heating and nuclide migration problem. 
The IlliW was assumed to be o.itplacod in the sediment 10 years; after 
reprocessing, with reprocessing occurring 160 days out oC core. The 
SF was assumed to be a single pressurised water reactor spent fuel 
assembly enplaced 10 years and 1G0 days out of core. The initial" 
thermal half lives arc about 30 and 10 years, respectively, for the 
HI,W and SF. Isotope inventories for the decay calculation wore deter
mined by use of the OUIGEN [14J code. 

Material properties used in the analysis are given in Table 1. 
For sediment, the thermal properties arc input for the solid and fluid 
components and the effective properties computed from mixture laws 
confirmed by comparison with the data of Kru^.hanul and Hadloy (7] . 
Pore fluid properties are for pure water. Appropriate ranges of 
sediment porosity and permeability were obtained from the data reported 
by Silva 13,4,8]. 

The HAF.IAH code was used with the foregoing input to compute the 
maximum sediment/canister interface temperature as a function of initial 
waste thermal power with the reference geometry in Figure 1. The re
sults a.e summarized by the curve in Figure 2. The curve is applicable 
to both HLK and SF. 

One of the program goals is to develop a canister that will con
tain the waste for several thermal half-lives. The environment con
trolling canister life develops through the physical and chemical 
changes induced by heating of the sediment/seawater mixture. As 
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will. be discussed in more detail in the next section, heating of the 
senwatcr/ccdiment mixture produces a decrease in p!l resulting in a 

distinctly acid condition. The solution becomes more strongly acid 
and oxidizing as temperature increases. Based on this consideration, 
Krumhnnnl [7) and Braithwatfce [9] recommend limiting the maximum 
canister temperature to "significantly below 300"C." Although lie 
final studies are not complete, it presently appears th.st 200--2LiCcC 
may be reasonable. For this temperf.tuie range, Figu.ro 2 gives a 
maximum desirable canister power at emplacement of 1.3-1.5 UK. 

Temperature histories at seven locations radially outward fro:i 
the canister are given in Figure 3 for 1.5 UW, HI*}. Comparable SF 
temperature curves are shown in Figure 4 for a canistured reactor fuel 
assembly with 0.50 l;W initial power. The surface temperatures peak 
quite rapidly (in about 1 to 2 years) and then fall off with a half-
maximum equal to the initial waste thermal half-life of about 30 years 
for IILW and 40 years for SF. The peak temperatures are about 220oC 
for 11LW and a relatively benign 48CC for the canistered SF assembly. 

The convectivo velocity histories for four locations corresponding 
to temperature locations in Figure 3 are shown in Figure 5 for the I!bW 
calculations. Since the convection is thermally driven, the velocity 
curves have essentially the same character as the temperature curves, 
peak at about 1 to 2 years and decay with a half-maximum about equal 
to the waste half-life. For IILW, the convective velocity decreased 
from a maximum of 0.02 m/yr to about the same magnitude as the velocity 
due to molecular diffusion after about 25 years. In the case of SF, 
of 0.58 kW initial power, the maximum convective velocity is about the 
same as the velocity due to molecular diffusion. It may be inferred 
from the velocity history that.the total convective contribution to 
the displacement of the water molecules is small, less than 1 metre. 

http://Figu.ro
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The low velocity is, of course, due to the low permeability of the 
seabed sediment.. Because of the low velocity, the contribution of 
convection to both energy and nuclide transport is expected to be 
quite email. The relatively small effect of convection on the energy 
transport was domoiu'.trated by Ilicl:ox [15) who showed analytically 
that for Kayleiyh lumbers* lens than about 0.1, the temperature field 
is dominated by conduction. In the present case, the Rayleigh nur.bcr 
is in the range 10"' to 10"*, depending on temperature. 

Isotherm patterns Cor the 1.*- !-W, MM at 1 and 10 years ere 
slvwri in figure C. It is noted that the ir.axiir.un ©stent of the 10'J°C 
isotherm, the temperature below which it now iippoarr. that signiricsnt 
hydrothermal alteration of the sediwent will not occur, is leap than 
about 0.B jr.etre from the canister. The region within the lOO^C 
isotherm, termed the near field, is a email volume (about 5.5 is3) 
relative to the 30 m of sediment above the canister. Thur, although 
the chemical environment within the 100°c isotherm may be significantly 
altered, the effects are limited in extent. Krumhansl [7) points out 
that less than about ?. cubic metres of unhcated sediment will neutralize 
the acid produced during the thermal period. As a result, the ongoing 
geochowical alteration studies are primarily concentrating on defining 
the environment for which the canister and waste form must be designed. 
It is also apparent from Figures 3 and 4 that thermally driven effects 
last for a relatively short time, c.t;., the canister surface temperature 
is less than 100°C in 40 years for the HLti case and never exceeds 
100°C for the SP case. 

With these considerations in mind, it. is appropriate to review 
the studies of the thermally induced gcochemical environment. 
*Ratio of buoyancy induced effect to thermal diffusion. 
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Bodjnont_/Sont.'afr.rir _1 ntri.-t-icl.ion rxjjeriment-f; 
In an attempt to make a. realistic appraisal or the goochcmicnl 

environment in the vicinity of the buried waste canister (i.e., near 
field), sediments retrieved Iron a Central Korth J'iieific study site 
(lil'G 1, about 31°N - J50*W) have boon reacted with rsoawnrcr at 300°C, 
500 bars £111(1 a eodicienl-./seawalor ratio of (1.2. Additional studies are 
in progrciit; ;:!: a temperature of 200°C. Characterization of the near 
field chomJcnt envi ron.v.ent is particularly iraporlant. to understanding 
of canister and war-be form stability. 

Sedimcnt/seuwater interaction experiments vrere performed using 
"Dickson" hydro-thermal appart'Luf: with modifications described by 
Seyfried, et al., [16]. An advantage to this type of equipment is 
that the aqueous phase can be campled during the experiment. Thus, 
by monitoring the change in solution chonlfitry, reaction PI ogress 
can be assessed allowing one to qualitatively, and at times quanti
tatively, infer mechanisms of sediuent alteration. 

Although many experiments hove been performed heretofore, only 
two of those will be discussed at this tiir.e: (1) illite, quartz, 
Fe-chloritc—sea-.-jater interaction, and (2) sciectite-seawater inter
action. In this report, we refer to the illite-gufcrtz-Fe-cblorite 
sediment as sediiaent-A and the smectite-rich sediment as scdiment-B. 
These sediments reflect a mineralogy analogous to that constituting 
near surface (scdimcnt-A) and relatively deep (sediinent-B) sediments 
of cores taken from Hl?G I I17J. Thus, determining their reactivity 
in seawater at elevated temperatures in crucial to an accurate under
standing of the near field chemical environment. 

The change in concentration of the major, minor, and trace 
element chemistry of seawater after reaction with the illite and 
smectite-rich sediments discussed above is revealed in Tables 2 and 

http://ntri.-t-icl.ion
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3. For brevity, only the chemistry of the solutionr. from the final 
high temperature sample is reproduced hero. 

In general, the major clement chemistry of seawater (Ca, Mg, K,. 
Sr, SO/, CI, and Na) was similarly modified during both experiments 
(Tabic 2). The concentration of Mg, Ca, Sr, and ,SO,j decreased, that 
of K and Na increased, while the concentration of CI remained constant 
or increased slightly. Concomitantly, Si02ja_j increased sharply, then 
decreased slowly, and p!: decreased to value;; between 2. P. and approxi
mately 4.0. In response to the low p!I, heavy metals (e.g., Fe, Kn, 
Zn, Ui, Co, Cr) enter solution (Table 3). The greater concentration 
of Fc and Mn in solution during sediment-A/scawater interaction than 
during sodiinent-B/seawater interaction is conspicuous, while the re
verse is true for Hi, Co, Cr, and Au. Re will return to this point 
later Binoe it is of particular importance to the near field chemical 
environment. 

Alteration products formed during these experiments are in ex
cellent agreement with the observed changes in the aqueous phase. 
For example, the Fo-chlorite component of sediment-A has been re
placed, in part, by Mg-chlorite, while the abundance of quartz and 
illite decreased slightly. Sedimcnt-B/seawater interaction resulted 
in a more profound modification, and was characterized by the forma
tion of a well defined trioctahcdral smectite. A significant portion 
of this smectite may have been derived from amorphous material, which 
constituted a significant portion of sediinent-B. Anhydrite was a 
minor alteration product of both experiments. 

The generation of a relatively acid-rich fluid during these 
experiments is conspicuous and fundamentally attributable to two 
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proccssos: (1) lig-hydro>:youlfate formation, and (2) hydrous NT- : : ; 1 icate 

formation. Mg-hydroxysu] fate formation occurr. whenever senwalx-r i s 

heated above ?.'j0"<.: at 500 bars [IP] , an event which con ho i l luntratod 

by the following react ion: 
Hg-hydroxyonJ fate 

(n + l)Hg'1'1' •'• nSO^" + in)i20 -* l-UjO-nr.gr.O,/ (n - 2)ll 20 + 2:i+ (1) 

whore 3 £ n £ 5. In contrast'./ hydrous Kg-si?icntc formation, in Hi" 
form of talc, tale layer.'; in chlorite or s.v.colitc, require:, i. .'.i;,ni fic.Tnl-
concentr&tions of SiC^tac) * n solution. A genera? i/.c-.7 re.-.ctio:: des
cribing Ii+ generation owing to ."g-cilicntc formation is as fol3own: 

•fa i c 

3lig + + + 4 S i 0 2 ( a q , + /<H20 * I!cj3Si/jO10(O!l) 2 + 0!! + ( 2 ) 

'J'hat smectite ant? Mg-chlorito were identified as alteration products of 
these experiments is) consistent with reaction (2) and l lie observed in
flux of t-:+. 

Whether or not acidity is maintained critically defends on the 
bull; mineralogy of the sediment. Sediment containing appreciable quan
tities of anhydrous components such as feldspar minerals and volcanic 
glass or carbonate minerals can effectively "titrate" the acidity and 
raise the pH to near or above neutrality (at the temperature of the 
experiment). In contrast, sediments containing clay minerals (especially 
smectite) and quartz are relatively stable in the distinctly acid 
seawator composition at 300°C. For example, using the consistent 
set of thermodynamic data for minerals, ions, and gases, which has been 
calculated and tabulated recently by Hclgcson, et al. [19], a mineral 
activity diagram has been constructed for the MgO-Sif^-AlpOj-HpO system 
(Figure 7). On this diagram, we have plotted relative positions of 
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solutions sampled from the present experiments. Activities (aj.) of 
aqueous species at SOOT were calculated using the computer program 
SOLVHQ 120). 

o.,„+Vn ii+ ratios vursuo ac,-n.,, . of solutions derived from 
Into:, action with scdimont-A and (sediment-!} plot in tho Mg-r.aponite 
and I'.j-beidciJ lite stability fields, respectively (Figure 7). The higher 
at.!A,, . values of solutions from oodir.'.ent-15/soawatcr interaction " l lV(aq) 
possibly reflect the presence of more readily soluble amorphous 
material. That theuc solutions; and those from r.edimorit-.Vseav.'ater 
interaction arc characterized by ag^g » values significantly 
greater than that in equilibrium with quartz implies dissolution of 
unstable SiC^-rich components in the sediments exceed precipitation 
of phases such as quartz. Nevertheless, that solutions from both 
experiments consistently plot in the smectite (ooponit.e, boisSollitc) 
stability field provides evidence (supporting the (stability of smec
tite phases in distinctly acid fluids. Thus, a smectite component 
in sediments reacted with seawater at elevated temperatures and 
pressures is by itself incapable of neutralizing significant amounts 
of acidity and, in fact, the formation or recrystallizat.ion of this 
phase may contribute acidity ouing to Kg removal from solution. 

In addition to reactions which remove Kg from seawater, and 
create hydrogen ion;;(H+), the redox potential of the sediments may 
prove to be of profound importance to the near field chemical en
vironment and radionuclide mobility. Tho sediments used for the 
present experiments contain abundant iron and manganese. However, 
the relative amounts and valence states of these species are a 
function of sediment mineralogy. For example, chemical analyses of 
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sediments-A and B chow that the quartz-i llite-1'e-chloritc assembliigo 
(A) contains less Fc and Mil than the r.mecti te-r ich sediment-H (Table 
<J). Furthermore, Po 3 +/l'o 2 + »"'' i!n',+/Mii2+ ratios of acdisnontn-A ami 
B (unpublished data) reveal that sodiisicnt-B contains significantly 
greater amounts of the higher valence f u-ni£; of iron and manganese 
than does c.-diiuont-A. Preliminary os-.tin.a'.es indicate that virtually 
nil of the iron and approximately 905 of. the wangawne in pediment-I-
is Fa^* and Mi/'1', respectively. In contract, serHv.cnt-A contains 
siijiiifleant Te2'' and only 3(K. of the manganese is lin'! + . lhus;, 
sedimont-E is distinctly n:pri- o::iaiy.od thai! the doiainantly dctrital 
sedi;r,<>nt-A, What are the implications of sediment, redox potential 
to radionuclide nobility? 

Table 3 reveals that seav.-ater reaclod with the suitctito--c ich 
sediment is characteri steel by significant concentrations of gold (Au) 
in solution; the Au being dissolved fror.i the reaction cell . It is 
important to note, however, that no gold dissolved during quartz, 
illite, Fe-chloritc/seawater interaction. Considering that Au is 
virtually inert in most chemical environments, even at high temper
atures, Au solubility {68.5 pprn) during the former experiment is 
striking, and defines a particularly severe chemical environment 
(acidic and extremely oxidizing). Ke believe the oxidizing agent 
in this case is a Hn'!+-rich component of the sediment which, as 
mentioned, is abundantly present. Thus, the following reaction can 
be written: 

Au° + 2H + + 2C1" + 1/2 Bn0 2 « 1/2 K n + + + AuCl" 2 + H 20 (3) 

where the dominant aqueous species of gold in acidic, chlorite-rich 
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solution is AnCl_2 1211 • This reaction predicts high gold concentra
tions in acidic solutions reacted with Mn -rich sediments and con
versely low Au concentrations in solutions having a higher pll and 
access to Mn2+-rich sediments. The influx of Mn2"1' to solution during 
scdiment-A/scnwater interaction, in effect, drives the above reaction 
to the left and accounts for the lacli of Au dissolution. In contrast, 
sediment-B, containing abundant Hn , drives the above reaction to the 

O i 

right. Thus, a substantial portion of the tin {Mn )'which enters solu
tion during sediraent-L'/seav/â er interaction is derived from reduction 
of some of the Mn0 2 contained within this sediment. 

The similarity between the high temperature solubility of gold 
and that of various radionuclides is difficult to estimate owin̂ i to a 
lacl; of theriaochcraical data. However, from thermochewical dat?- at 25°C 
and 1 atmosphere pressure, it appears that most trnnsurnnic sp.:cies 
ore particularly soluble in an acidic oxidising milieu (Biookins [22] 
and references therein). Thus, if these relations exist at higher 
temperatures as well, then sediments having high Pc3*/!1^2'1" and espe
cially Hn*+/Mn- ratios would be expected to be quite corrosive in the 
near field region. Thus, design of the canister and waste form re
quire careful consideration of the local acidity levels and redox 
potential. The acidity level and redox potential will depend upon 
the detailed composition of the sediment at the chosen disposal site. 

The reactions described above suggest that sediment pore waters 
in the immediate vicinity of a buried waste canister will bo hot, 
acidic, and oxidizing. Although chemical reactions which dominate 
this environment must bo understood for development of canister and 
waste form, they cannot and must not be extended, a priori, to the 
sediment/seawator system at lower temperatures. The canister and 
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near field sediments will be contained by at leant 20-25 m of overlying 
sediment which never attain temperatures greater than approximately 
20°C. All experimental evidence to date indicates that sediments in 
this environment (far field) act as highly effective "sinks" for radio
nuclide species and H* and provide the major containment barrier 
against waste migration. It is thus appropriate to emphasize low 
temperature experiments when investigating nuclide transport phenomena. 
This work is summarized in the following sections. 

Radionuclide Transport 
The transport of radionuclides through a two-phase (liquid-solid) 

medium such as the oceanic red clay sediments is doscrilv 1 by the 
continuity equations for the bulk phases and for the fluxes across 
the interfaces between phases. For an incompressible solution-phase, 
the transport equation for a given nuclide can be reduced to a reasonably 
convenient form using the following assumptions: 

(1) The physical am' chemical properties of the sediment can be 
considered continuous. 

(2) Local equilibrium exists betv/een bulk phases. 
(3) "Surface diffusion" does not occur. 
(4) The solid matrix does not deform. 

An equation for describing transport of dissolved radionuclides is 
then 

where c is the interstitial solution-phase concentration of a dissolved 
nuclide; v is the interstitial mass-average fluid velocity; J is 
the interstitial nuclide flux relative to the mass average fluid 
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velocity; f> is the mass of solid matrix poir unit volume of sediment; 
£. is the volume of solution per unit-volume of sediment; 0 is the total 
nuclide concentration associated with the solid matrix and results from 
sorption, heterogeneous chemical reaction, and/or nuclear decay? and 
the R.i are terms representing rates of solution-phase nuclide production 
and/or depletion resulting from homogeneous chemical reaction and/or 
nuclear decay. 

In order to evaluate and use thin equation, values or oxprf-.--.jons 
for \T, f>, S., J, 0, and !•:.= are required. The fluid velocity field (v") 
may be computed by use of the MARIA!! code [12,13] while the material 
constants may be determined by laboratory evaluation [3,4,6,6]. The 
experimental and theoretical work underway to develop appropriate 
expressions for J, Q, and Rj include the following principal programs: 

(1) Analysis and quantitative description of important homo
geneous and heterogeneous chemical reactions. 

(2) Analysis and quantitative description of important radio
nuclide sorption mechanisms. 

(3) The development of analytical models to describe the nuclide 
transport. 

The details and current results from these programs ate discussed 
below. 

Analysis of Chemical Reactions 
In modeling mass transfer of radionuclides through the abyssal 

red clays, a transport equation must be written foe each of the 
nuclides' chemical species which will be present in the sediment. 
For nuclides having multiple oxidation states, the equilibria and 

http://oxprf-.--.jons
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kinGticn must be determined for'transformation between oxidation 
states and Tor homogeneous or heterogeneous chemical reactions such 
as polymerization, precipitation, and complex formation with consti
tuents of the sedinent or interstitial solution. These data are used 
to define the expressions for the production and depletion terras, 
other than those resulting from sorption or nuclear decay, for tho 

RJ and Q terms. 
Actinide elements exhibit multiple oxidation states. Chemical 

studies being conducted by Argor.ne National Laboratory are focused 
on the relative stabilities of the oxidation states of the elements 
D, H p, Pu, and Am under various experimental conditions. Experiments 
with plutonlum were begun first J6J. The procedures and results 
from these experiments are briefly summarized below. 

Artificial acav.-ater camples and artificial seawater and smectite-
rich sediment sampler were contacted with plutouium solutions under 
anoxic conditions and the presence of air. Dye to experiment con
figuration, pll and I5h could only be controlled in part of the exper
iments. The plutonium solutions were about 0.02 M, which permitted 
the use of spectrophotometry observations to determine and monitor 
changes in oxidation states. Plutonium ( 2 4 2Pu) was prepared in pure 
oxidation states as the chloride. 

The most important conclusion of these experiments is that the 
oxidation states of plutonium in solution are affected by the radi-
olysis of water. Experiments in which 2 4 4 C m , sufficient to increase 
the alpha activity by 10 to 100 times the 2 4 2 P u activity, was added 
to distilled water, artificial seawater, or saturated brine solutions 
of Pu(III) found that the rate of oxidation of Pu(III) increased 
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roughly in proportion to the added alpha activity. The initial oxi
dation of Pu(IIl) is relatively Cast and exhibits pscudo first order 
ki.net iff;. This rate of oxidation increase was observed under acidic 
and hiif.ic conditions and under anoxic conditions or in the presence 
of air. It appear;: that the net effect of the radiolysis of water 
is to both oxicUy.e and reduce the Pu in a cyclic process; of 
oxidation-reduction. 

Pu(lII) -«• Pu(IV) -* Pu(VI) -v Pu(V) 
Pu£V) then disproportionate;;. The effects duo to radiolyris of water 
may not bo confined to plutonium. Neptunium, uranium, techretiun, 
and iodine aJso could be affected. 

The influence of radiolysis induced by the canister will be local
ized within a few canister dnmeters. Thus, significant radiolysis 
and the resultant changes in oxidation states are not expected to ex
tend to the far-field which in the major barrier. The change in oxi
dation states will be important in determining the spcci.cn available 
for transport in the far-field. 

Analysis of Sorption Hcchanisins 
The purpose of the sorption studies is to provide data on the 

rate-of-change terms for the solid-phase concentration, Q, resulting 
from sorption of the various chemical species of each nuclide of 
interest. Although this work primarily addresses smectite-rich sedi
ments, it is probably indicative of the behavior of most deep ocean 
sediments. Heath, et al. [231, has summarized the available data on 
sorption distribution coefficient as a function of sediment type. 
It was found that the sorption coefficients for the ions, ̂ 'cs, 
9 0Sr, 5 / |Hn, 5 eFe, 6 0Co, 6 5Zn, 9 5Zr, 1 0 C K u , 1 4 4 C s , 1 4 7Pm, 2 3 9 P u , 2 4 0 P u , 
although different for each ion, varied by less than a factor of 
10 from pelagic clay to calcareous oozes. 

i 
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In addition, Heath 13] conducted a detailed investigation of 
the vjii'iation of Kii distribution coefficients; as a function of ran-
centration, temperature, and depth into the sediment using sampler, 
from cote U/i't-GPCS taken from the Central Worth 1'acific at 30° 
19.9'N, 157° 49.<"W. The data are shown on Figure 8 taken from 
Reference 4, In general, the effects-, on KJJ due to concent rat. ion 
changes ate much greater than the change;! due either to temperature 
or depth. Similar trends wore reported by Heath for thorium 
experiments in Reference 1. 

Sorption of the octinide elements is generally considered to be 
of principal concern, Kc.iever, before pursuing an extensive experi
mental program involving the actinidoc, a preliminary investigation 
wan conducted to examine the sorption cf. several nuclide.!-, having much 
less complicated solution chemistries (24). 'i'he generalizations devel
oped to describe sorption of those nuclides were then used to plan the 
initial aotinide experiments [251. 

The initial sorption experiments were done using 0.60 I! NaCl 
solutions, rather than artificial ceawator, in order to reduce the 
competing chemical reactions which nig lit complicate analysis of the 
experimental results. Sorption equilibrium data were obtained from 
batch equilibration experiments at 4°C and 11°C in which samples 
of the clay at atmospheric pressure wore contacted with 0.60 N UaCl 
solutions containing a single nuclide of interest. Samples of the 
clay were dialyzed, vacuum dried, and then stored in sealed containers 
prior to use. The pll of the solutions were adjusted by adding small 
amounts of sodium bicarbonate, boric acid, or hydrochloric acid solu
tions. In some experiments, the hydrous iron and manganese oxides 
were removed from the clay. 
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For purpor.cs of mathematical modeling, the most convenient ex
pression for representing sorption equi 3 ihri um data is the distri
bution coefficient l!n defined by 

" sofif{."ibn phase equilibrium ccTncentrai: ion 

For a cjiven norbent, the distribution coefficients for each chonlcnl 
species is n function of temperature, pressure, the concentration of 
the species of interest, and the concentrations of aJl other cor.pcting 
species. 

In the preliminary investigation mentioned above, distribution 
coefficients for the sorption of rubidium, cesium, strontiu :, barium, 
silver, cadmium, cerium, r.romcthium, europium, and gadolinium were 
evaluated ns functions of nuclide concentration. Some of the data 
indicating typical trends are shown in Figures 9 to 11. The coeffi
cients-, generally varied from about 10 to 10 4 ml/gm or greater as 
the solution-phase nuclide concentration varied from about 10"^ to 
10"' H or less, respectively. These results appeared consis
tent with data for other oceanic sediments and for similar clay min
erals found within the continental United States [24]. It was further 
found that the distribution coefficients depended little on the solu
tion pH within the range of 6 to 8. At pH values on the order of 2.7, 
the coefficients for cesium were still relatively unaffected; however, 
those for barium, silver, and europium were greatly diminished relative 
to the corresponding coefficients at solution pH values of 6 to G. 
Also, some additional experiments involving cesium and barium were 
conducted using clay which had been leached to remove the hydrous 
iron and manganese oxides. Again, the cesium coefficients appeared 

r 
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relativoly unaffected, but the barium coefficients were greatly dimi
nished relative to the corresponding coefficients obtained with the 
"natural" clay. 

Basiod on the above results, it appeared that the sorption distri
bution coefficient?: for each nuclide studied resulted from at leant 
two separate- sorption mechanisms. In all cases, one mechanism 
appeui.R to be tin ion-exchange phenomenon associated with the silicate 
phases and appears to have a relatively much larger .sorption cap-icity 
and smaller equilibrium constant than the other mechanise. For ccr:iui:\, 
and probably rubidium, the second mechanism is not clear but appears 
to also be associated with the silicates; however, for the other 
elements studied, the second mechanises appear to be associated with 
the hydrous metcJlic oxide phases. 

Following the ob* preliminary investigation, sorption experi
ments were run with technetium, uraniuni, plutonium, amcricium, and 
curium. For the technetium experiments, ̂ Tc w a s u s e <j and was ini
tially added as the pertochnitatc anion. For the actinido experiments, 
the oxidation states of the uranium,- plutonium, americiu>n, and curium 
were not determined. However, as supplied by the manufacturer, the 
oxidation state of the uranium should have boon (VI), of the plutonium 
probably predominately (IV), and of the araericium and curium probably 
(III). 

The samples for the technetium experiments were exposed to air 
during preparation and, therefore, the experiments could be considered 
to have been done under mildly oxidizing conditions. The distribution 
coefficients for technetium were essentially zero at solution pH values 
of 2.6 and 8.2. 
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At solution-phase nuclide concentration;-, of about J0~" m and less 
and pll values of about 6.9, the distribution coefficients for plutoniura 
wore on the order of 3 x 30 ml/gin cut! the coefficient;! for uranium, 
ameririum, and curium were on the order of 10-> or greater (see Figure 
10). The aetinido sorption data, at pll values of about 7 and 2.7, were 
obtained usj.ny identically prepared samples, except for pH adjustment. 
Therefore, although the pll and concentration dependence of the 
act-.ini.de distribution coefficients cannot be independently obtained 
from Figure 10, it appears that the distribution coefficients for 
uranium, americiira, and curium show a pH dependence similar to the 
lanthanidos and alkaline earths. The distribution coefficients? for 
Plutonium also appear dependent on solution pll but not as strongly 
as the other actinides studied. Also, so.uc additional ex peril..: nts 
with uranium were done with clay which hod been leached to rcnove 
hydrous iron and manganese oxides. Tho resulting distribution coef
ficients at solution pll values of 7.C to 0.2 were essentially aero. 
Furthermore, the uranism was subsequently removed fron the solution 
by co-precipitation with h'e{0l!)3. 

The above results appear to indicate that the same inc-chani s.iis 
which dominate sorption of the lanthanides and alkaline earths also 
dominate sorption of the actinides, particularly the mechanisms 
associated with the hydrous metallic oxide phases. 

Future sorption work will include evaluation of distribution 
coefficients in artificial seawater solutions, at elevated tempera
tures and pressures, and in the presence of competing nuclides. 
Additional work will also be attempted in order to more clearly 
define the effects of hydrolysis observed during the initial sorption 
studies. 

ir 
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To assess the suitability of the seabed sediment an a nuclear 
waste containment mediusi, it in necessary to determine the time re
quired for nuclides that nicy be released from the canirter to reach 
the sediment surface and to know the quantity and rate of. nuclide 
injection into the soawater. To thin end, methods of coir.put) n:j I lie 
radionuclide migration are being developed. 

A closed form analytical approach was developed by Initial], et 
al. [26]. The region far from the canister is modeled by an unsteady 
isothennrl diffusion model. Analytical solutions 'for transient con
centration profiles, ion flux, and ion discharge rate are derived. 
The solutions are presented in non-dimensional form and are useful 
in sensitivity and systems analysis studies for assessing the influ
ence of parameters such as burial depth, etc. 

Details of a computer code, I0NI1IG, are presented by liusso [?.'/). 
The two-dimensional planar or asisywraetric code solves a species trans
port equation including convection, molecular diffusion, axial and 
transverse dispersion, concentration-dependent sorption, and radio
active decay. In the formulation, it is assumed that the radionuclide 
concentration remains dilute enough such that fluid properties are 
not altered and that sorption is non-selective instantaneous, linear, 
reversible, and thus describablc by an empirically determined equili
brium coefficient which may be a function of concentration. The vel
ocity and temperature fields are input from the HAHIAI1 calculations. 

For this analysis, the equilibrium distribution coefficient, K D, 
was written as a function of species concentration in the form 
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Data for the K n were taken from the experiments discussed in the pre
vious section. The coefficients for the equation are given in Table 6. 

The computational domain is a region necessarily of the same con
figuration cis shown in Figure 1 since temperature and velocity from 
the liARIMl calculations were used in IOKMIG. The side and bottom 
boundaries are impermeable to the nuclides. At the ocean/cctiinr.cnt 
interface, it is assumed that nuclides are removed as they ere intro
duced. The concentrations and sources are initially, specified through
out the field and the code computes the subsequent time variations. 

The IOMHTG code ha' been used to make initial breakthrough, con
centration distribution and surface injection estimates for the nv.i 

reference study case previously described. For the present, it is 
assumed that the majority of the radioisotope inventory in nuclear 
waste will migrate as cations. Pu and Cs wore chosen as being typical: 
'"Pu — typical of the transuranic elements with long half-life and 
high KDj ^ 7 C s — typical of fission products with a relatively short, 
half-life and moderate KJJ. In addition, since concern has been expressed 
regarding the behavior of anionic species and.so 1 2 9 i — a long half-life 
element with low K D, and 9 9Tc — a fission product with long half-life 
and low K D, were included for reference purposes. "°I is present 
in SF or liquid waste but usually not in solidified HI,W since it 
volatilizes during processing. In spite of the fact that the speci
fic activity and relative toxicity are low, it is not desirable to 
release significant amounts of * 9 I . Hence, the isotope must bo iso
lated and disposed of in some manner; possibly in the same geologic-
repository that receives the IILW. Thus, it may pose essentially the 
same containment problem as if included with the HLW. 
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The nuclides considered in the decay chain with each of the 
four elements are listed in Table 5. The initial canister inventories 
were taken from the ORIGUU [14] calculations made for the thermal 
source terms. Additional data used in the calculations arc given 
in Table 6. Data given by Li and Gregory 128) were used in ontimnti.mj 
the value for the molecular diffusion coefficient. For l.icli of more 
complete d:;ta, this coefficient was assumed the same Cor e;;cii spoci cf:. 
In the absence of complete data, the dispersivity coefficients were 
estimated. Rough estimates of dispcrsivity are acceptable ;;inee the 
velocity is very low and decays to zero early in the problem mailing 
di&persion a negligible effect. 

In defining the source term for the IOKMIG calculations, the 
canister inventory of each element was assumed to be initi;3 1y uni
formly distributed within a 5 ra long by 2.0 m radius cylinder about 
the canister. This is because the near-field hydrothermal and chem
ical effects are so complex and presently incompletely defined (see 
preceding two sections) that this set of initial calculations neglects 
the thermally altered zone and assumes that the migrating species 
are injected outside of the "near-field." This is reasonable since 
the region is relatively small and the time for thermal deoay and 
for heat dissipation is small relative to the migration tin• . Any 
time delay required for the canister to corrode and for the material 
to leach out of the waste form was neglected. 

Calculations for 1 3 7 C s were run out to 3500 years- Little motion 
took place prior to complete decay of the 1 3 7 C s into 1 3 7Ba. .Since the 
half-life of 1 3 7Cs is only 30 years, virtually all the 1 3 7 C s decayed 
in place, and essentially none reached the surface. The same behavior 
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is expected of other short-lived species with moderate values of K u 

sue)) ns 90f>r. 
For long-lived isotopes having a high Kp, such as 2 3 9Pu, the 

situation is similar except the time scales are large. Figure 12 shows 
the distribution at 100,000 years of 239l'u over a vertical symmetry 
plane containing the buried canister. Although 4.1 half-lives of 
2 3^Pu have elapsed almost one-third of the original inventory of 
Plutonium remains because of the decay of ""Am to . l!p and then 
to 2 3 9Fu. In this calculation, the An and Kp wore assumed to have 
the same K 0 as the plutonium. Data currently available indicate this 
is a reasonable assumption for Am but may be non-conservative for Kp. 
The migration rate of plutonium is so slow {a few metres per 100,000 
years) that even after 10" years when the concentration had decayed 
to 10""*̂  gin per canister, breakthrough (when 1% of the remaining 
concentration crosses the surface) does not occur. 

For nuclides having long half-life and very small K D, such as 
1 2 9 I and " T C , the behavior is quite different. Without the retarding 
action of sorption, these substances diffuse through the sediment 
and begin to enter the benthic boundary layer in about 5000 years. 
Figure 13 shows the per canister release rate of radioactivity asso
ciated with 1 2 9 i as a function of time. The release rate reaches 
a peal; of 0.52 Ci/ycar at about 15,000 years and then declines to 
approximately one-fourth of that value in 100,000 years. l*9j n a s 

a low specific activity, decaying to *2^Xe by beta decay with a half-
life of 15.9 million years. Figure 14 shows a similar per canister 
release rate profile for 9 9Tc. The peak value of 180 Ci/year is 
much higher than that for *™x because both the initial canister 
inventory and the specific activity of '"TC, which beta decays to 
9 9Ku with a half-life of 213,000 years, are higher. 
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Bascd on these calculations, it appears that but a mjniscule 
fraction of the radioisotopes; migrating as cations will ever cross 
the ocean/sediment interface. Thin is not the case for Tc ana I, 
elements which will travel in solution as anions. Additional efforts, 
perhaps involving the development of an appropriate over-pack canister 
or selection of a site with an appropriate layering of clays that sorb 
botll cations and anions may be required to reduce anionic release rate 
to values that are comparable to the cationic release rates. 

Evi n for the worst Cc'f;e, however (which wo do not advocate) , 
the predicted release rates of * 2 S i and " T c can be put somewhat into 
perspective by comparing them to the natural flux of radioactive 
Z 2 ( 5Ka and 2 2 2 R n from the pelagic clay sediments. For the axisymmr-ttic 
case for which the IOHMIG calculations were made, the per-canistor 
area is based on a canister spacing of 120 m. This results in an 
average per canister release of 4.6 x 10" J /'Ci/ycar-m2 for * 29j and 
1.6 x 10~ 2 /<Ci/ycar-m2 for 9 9 T c . These fluxes compare to natural 
radioactive fluxes of 3.5-B.8 x 10" 4 /'Ci/year-m2 for 2 2 6 R a and 
0.26-0.88 /'Ci/yoar-ra2 for 2 2 2 R n 129,30]. Recall that both 2 2 6 R a and 
2 2 2 R n decay by alpha emission (4.78 mev and 5.49 mev, respectively), 
while the 1 2 9 i and 9 9 T c decay by beta emission (0.15 mev and 0.292 
mev). Also recall that the alpha particle released within tissue 
is about an order of magnitude more damaging than the beta particle. 
Based on these comparisons of flux level and radiation type, one 
may infer that the potential exposure effects of the released 1 2 9 I 
and " T c on benthic organisms are minimal (or perhaps negligible) 
since they have evolved in a much more intense radiation field. 
Conformation of this hypothesis will require biological modeling 
(studies of possible concentration mechanisms), physical occanographic 
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modeling (studies of ocean transport mechanisms), and development 
of a detailed pathways-to-man model. 

CONCLUSIONS 

From the analysis and laboratory studies to date, we conclude 
that for the seabed sediment: 

(1) When the canister initial power is limited, to 1.5 kK in 
order to keep the maximum sediment temperature between 
200°C to 250°C dictated by physical, thermochcmical, and 
corrosion considerations, the high temperature region 
(T > 100°C) surrounding the waste canister is oT limited 
extent in both space and time (0.8 m radius >: 3.G in lonrj, 
less than 35 years). 

(2) Total fluid displacement due to the convectivo velocity 
induced by the thermal energy is email ( 3?) relative to 
the proposed canister burial depths. 

(3) Hydrothermal alteration of the sediment yields a hot, 
acid, oxidizing environment about the waste canister. 
The environment produced from the smectite-rich sediment 
is more strongly oxidizing than that from the illite-rich 
sediment. This results from a greater percentage of 
higher valence forms of iron (Pe* +) and manganese (!in'*+) 
in the smectite sediments than in the illitic sediments 
which contain more of the lower valence forms Fe and 
M n 2 + . 

(4) For nuclides presumed to form cationic species, Cs, Rb, 
Sr, Ba, Cd, Ce, Eu, Gd, Pm, 0, Pu, Am, and Cm, the distribu
tion coefficients generally varied from about 10 ml/gin at 
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solution phase concentrations on the order of 10 ' H to 
lO^ and greater at concentrations on the order ot 10 - 7 M 
and less. These distribution coefficients appeared to result 
from at least two separate mechanisms. One appeared to be 
an ion-exchange phenomena associated with the silicate phones 
and appeared to have a relatively much larger sorption capa
city but much smallor equilibrium constant than the second 
mechanism. In the case of cesium, and probably rubidium, 
this secon-3 mechanism also appeared to bo associated with 
the silicate phases. However, for the other elements studied, 
it appeared that the second mechanism was associated with 
the hydrous laetallic oxide phases. 
Nuclide migration calculations using measured sediment 
properties for representative nuclides "^Pu, "'Ce, 1 2 9 j r 

and "Tc indicate that (a) fission products such as 1 3 7Cs 
and "*Sr will decay in place with no release, (b) long-life 
radionuclides ouch as 2 ^ P u (jijfl(eo c o clowly through the 
sediment that release is delayed fo.- such extremely long 
times that the release rates are negligible, and (c) nuclides 
that migrate as anions with a long half-life and a very small 
sorption coefficient, such as 1 2 9 j and " T C diffuse to the 
sediment water interface in several thousand years. Kelcase 
rates of 1 2 9 I and 9 9Tc were below the naturally occurring 
injection rates of 2 2 6 R 3 and 2 2 2 R „ . 

Nothing has been found by the studies to date to indicate 
that the red clay sediments cannot be an effective containment 
barrier for nuclear waste. The final results of ongoing work 
to measure the transport coefficients of nuclides in the 
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isediincnts, coupled with the rosuiltr; oE b i o l o g i c a l modeling, 

phys i ca l ocoftnogrnphic n t iu l ics , <inrl pnthtMyr.-to-man models 

w i l l be requi red Cor the f i n a l t e c h n i c a l ar.srjiosnent. 

f 
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TABLB i 
MATERIAL PROPERTIES FOR SPARED THERMAL ANALYSIS 

USED IN MARIAII ANALYSIS 

Sediment 

Unit ft Î ô c>_ Ĵ lĵ ijLel Hincrol 

Dens i ty , Jtg/sn3 1000.0 2950.0 

Spec i f i c lle.it, W-dny/kg-°C 0.05200 0.01018 

Conduc t i v i t y , K/ifi-«>C 0.62071 + 0.0P13769T 1.92 exp ( -6 .37 x 10 
-4 .504 x 1 0 ~ 6 T ; _ +3.888S x 10' r«,3 

V i s c o s i t y , kg/m-day 1 4 4 1 . 1 S T " 0 * 8 9 8 7 

T v 25°C 
140.45 - 27.43T 

T £ 25°C 

Bulk Expansion, 1/°C 0.25 x 1 0 " 3 + 4.4 x 10" 6 T 

P o r o s i t y , — — 0.8 

Permeability, KZK m 2 5.0 x 10~ 1 7 

Permeability, K r r m 2 5.0 x 10~ 1 6 

Waste Solid 
Density, kg/in3 2275.0 
Specific Heat, W-day/kg-T 0.010 
Conductivity, W/m-'C 1.21 + O.0038T 

T = Temperature-^ °C) 

http://lle.it
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TARLB II 
CONCENTRATION OF SELECTED DISSOLVED SPECIES (ppm) 

IK STANDARD SEAKATER BEFORE AND AFTER 
INTERACTION WITil SEDIMENTS A AMU B 

(nee text) 

tandard scawntcr 
25°C 

cawater reacted 
ith sodiiaont-A 
t 300oC, 500 bars, 
243 hours 
eawater reacted 
ith sediincnt-B 
t 300oC, 500 bars, 
461 hours. 
Mot analyzed. 

Ha Co K Ma Sr. §±S.2 K M £i" £!1 
1296 112 399 10,756 7.0 ^0.2 2616 19,375 7.8 

186 150 796 12,0-16 2.8 939 329 19,253 3.8 

279 113 1344 11,160 (-)* 1959 ~1S0 19,352 3.0 

TABLE III 
CONCENTRATION OF SELECTED TRACE AKI) MINOR DISSOLVED 

SPECIES (ppra) IK STANDARD 5EAWATER BEFORE AND 
AFTER INTERACTION KITH SEDIMENTS A AND B 

{ceo text) 

sample Fe 

•tandard coawater 
25°C 

<0.01 

enwater reacted 
•ith sodiment-A 
t 300°C, 500 bars , 
243 hours 

7.07 

Hn Ni Cr Co Zn Au 
cO.Ol <0.01 <0.01 .CO.01 <0.01 £0.01 

669 0.01 0.012 0.079 16.11 £0.01 

ieawater reacted 
'ith sediment-B 
t 300°C, 500 bars , 
461 hours 

<0.1 104 0.02X 0.123 0.097 19.80 88.5 
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TAIIL.E IV 

ClIKMICAr, COMPOSITION OF SKDIHEKTJ5* FROM NPG REGIONS 

S i 0 2 5 3 . 4 6 

M 2 0 3 1 7 . 3 5 

F o 2 0 3 * * 7 . 6 4 

licjO 3 . 2 1 

CaO 0 . 7 3 

N a 2 0 1 . 4 3 

K 2 0 4 . 2 4 

HnO 0 . 4 7 

T i 0 2 0 . 0 4 

I l 2 0 " 0 . 8 6 

I l 2 0 + 6 . 4 8 

T o t a l 9 6 . 7 1 9 7 . 2 0 

• P r i o r t o a n a l y s i s s e d i m e n t s d r i e d a t 40°C. 

• • T o t a l Fe a s F e 2 0 3 . 

Sodimi :',t._J)i 

51, . 72 

14, ,28 

,0C 

,49 

,31 

,47 

79 

,26 

61 

52 

69 

i 
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TABLE V 

NUCLIDE DECAY CHAINS AKP HERO-TIME CAWISTEK JNVrNTOKY 
FOR 10KIUG CALCULATIONS: HIGH LEVEL WASTE 

INITIAL THEKMAL POKER = 1 . 5 kW 

JS2.il2.?Jl£?..ii?il IniCifi] . t\Ti)i:M.cr Invpn!:ory ( kg ) 

2 3 9 P u 3 . 5 0 x 1 0 " 2 

2 4 3 A m 0 . 1 2 1 
2 3 9 K p 1 . 0 x 1 0 ~ 7 " 
2 / , 3 C m 6 . 9 2 >: 1 0 " 5 

2 3 5 U 1 . 0 x 1 0 ~ 5 

1 2 9 I 0 . 3 0 5 
1 2 9 X e 1 . 1 7 0 x J O - 5 

9 9 T c 1 . 1 3 

" m i 4 . 3 2 x 1 0 " D 

1 3 7 C s 1 . 3 3 
1 3 7 B a 2 . 0 1 x 1 0 " 7 
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TABLE VI 
PROPERTIES FOR NUCLIDE KIO'.ATJON ANALYSIS 

POtt IOHMIG ANALYSIS 

0.01 

6.1 

0.G1 

D o m v y e 

*L m 

* t m 

K d m 3 / k g 

Pu 

K d m 3 / k g 

CS 

.1°° + o.oi 
1.0 + 3 x 10* C p u 

-19 + o . i 

1.0 + 2 x 1 0 s C C s 

Kd m3/kcj WStSI 
I ' T c 1.0 + 1 x 1 0 4 C I / T c 

C •= CoTicontTirtToii in k<j/m3 
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