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ABSTRACT. 
in this report, we idiscuss, heat and mass transport in marinfi red 

.vclay'sediments being considered as a nuclear waste 'isolation medium. 
Development of two computer codes, one to determine temperature and 
connective velocity' fields, the other to analyze the nuclide migra
tion problem, is discussed and preliminary results from the codes 
reviewed. The calculations indicate, that for a maximum allowable 
sediment/canister.:, temperature range of 2 00 UC 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. The resulting fluid displacement d--o to convec
tion is foui.d to be small, loss chart i jr.'. The migration of four 
nuclides> 2739pU|1 1 3 7 C a # |/-9i', and 9 9 T c were computed for a canister 
buried 30 m deep in GO m'thicf;," sediment. • It ,was found that the 2 3 9 p u 

and l 3^Cs, which'7'migrate as cations arid have relatively high distri
bution coefficients, are essentially completely contained in the 
sediment. The anionic species, 1 2 91" and %$Tc, which have relatively 
low distribution'coefficients, broke through the sediment in about 
5000 years. The .resultant peak injection rates which occur at about 
15,000 yeaxs were"extremely small {0.5 pCi/year for l 2 9 i and 180 
yCi/yeur for 9^Tc). 

This work was supported by the U.S. Department of Energy under 
contract DE-AC04-7GDP00789. 
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INTRODUCTION ij ;i | 
,',.__- - -;;•; ^ ^ L 

Participants in>the United States- Seabed Disposal Program are 
investigating the technical'and environmental feasibility of emplace
ment of nuclear waste in the deep ocean sediments as a possible dis
posal option [l]. of particular interest are illite and smectite 
clays located in oceanic mid-plate, mid-gyre .regions below about 4000 
m depth. The clays,, in the regions of interest are attractive [2,3) 
in that they have good cation retention characteristics, low perme
ability, are vertically and laterally uniform-over large areas, and 
are relatively plastic ,promoting self-healing. , Dating studies of a 
24 m core from the Pacific study .area "show a continuous dcpbnitional 
record for about 76 million years,demonstrating extremely good geo
logic stability [2,3], 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 develop 
the ability to model the interaction of-heat and radiation from the 
waste with the sediment. Specifically, predictions of,,waster canis
ter, and sediment temperature histories, sediment: pore pressure, pore 
water,motion, thcrmochcmical reactions between, seawater/sediment/ 
canister/waste form, sediment structural response, radionuclide migra
tion, and nuclide biological concentration are necessary to define 
problem areas and propose solutions, develop.an optimum design, and 
assure that the system Resign is"sa-fe'L To.this end, L£rmodular solu
tion system consisting^'of a series of'̂  computer codes to model impor
tant phenomena is being developed. At present, model development 
efforts embody: thermal energy transport and pore fluid motion, 
thermochemistry, rg'diblysis, radionuclide^migration, corrosion and 
leaching, canister a'hd sediment motion,|;and ocean/biological transport 
of nuclides. '/•• 

Code development is supported by active laboratory and field 
experimental programs in- each area,[2,3] (e.g., see the results of 
thermochemical and thermal property1experiments reported by Krumhansl 
and Hadley [4] in a companion paper).x The overall program philosophy 
is to develop a theory and model, obtain; required input data from 
laboratory or field experiments, and evaluate model predictions with 
field experiments;,,. If-required, the theory, model, or input data are 
refined or modified until an accurate prediction is obtained. 

Two of the computer codes under development for seabed disposal 
modeling will be discussed in this paper,. The first of these codes 
treats the thermal and fluid transport in a porous matrix while the 
second solves a species transport equation using temperature and 
velocity fields provided by the first code. These two codes, although 
still under development, are being used for preliminary studies and 
it is appropriate to discuss the results to date. 

THERMAL AMD FLUID TRANSPORT 
A transient, non-linear, two-dimensional (planar or axisymmetric) 

finite element code.(MARIAH) incorporating the Darcy equation and 
Boussinesq approximation has been developed [5,6] to compute the heat 
and incompressible fluid transport through a rigid, anisotropic porous 
matrix. Assuming the Boussinesq approximation (1) is valid and drop
ping the inertial term in the Darcy momentum equation, (2)[7] the 
equations for an axisymmetric geometry become: 

(1) The fluid is incompressible except insofar as the thermal expan
sion 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. 

(2) It has been shown that the error in neglecting the transient phase 
when using Darcy's law is small since the transition time of the 
fluid from 'rp<*t to steady motion is. quite small. 
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Continuity: |̂  -,» 
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r 3r (rv.) + ̂  = 0 (1) 

Darcy's Law (Momentum): 

<V r> + ^f- £<P>* = 0 (2) 

<v z> + ^ ^ r + p f 9 ) = o 
Energy: 

(PC), "T. "f l v r te ' ' 2 l i ' 

? [ ( -*E z r , f + (X z z - • B „ > | | ] ' - 0 - 0 (3) szL 

a l s o . 

(pC) 
eff ™f "f 

A^ = *Xf + (1 - (MX,. (5) 
eff * i j 

p f = P f [1 - 6(T - I )J 
o 

p = fluid density 
C = heat capacity 
fJ = bulk expansion coefficient 
T = temperature 
t = time 

r;z = radial; axial coordinates 
.. = permeabil 
P « pressure 
<J> = porosity 
M = viscosity 

V. = Darcy velocity 

X.• = thermal conductivity tensor 



< > = bulk volume average =*0*(J> 
<>*= pore volume average .-.-
Q = volumetric heat generation rate 

Subscripts : 

f - pore fluid \\ 

s = sediment mineral f! 
o = reference value 

For solution. Equations 1 and 2 were combined into a Poisson equation 
for the pressure. 

These equations,_ along with appropriate initial/boundary condi
tions for pressure and temperature were converted by a method of 
weighted residuals .into a form suitable for finite element applica
tion. The ̂ details c-f the:code development and users instructions are 
provided by Gartling and Hickox [5,G]. 

The MARIAH code has been used to study the heat transfer from 
waste canisters emplaced in seabed sediment. As a reference problem, 
the waste' is assumed to be emplaced inj undisturbed sediment such that 
the center of the canister is 30 m deep in a 60 m thick layer of sed
iment. A 1.5 KFU (3) geothermal heat flux was applied to the imper
meable lower boundary. The outer boundary at 60 m radius is also im
permeable and is assumed insulated. This distance is greater than 
the thermal penetratioroin the problem time, about 100 years. The 
top boundary is "at a constant pressure of 600 bars corresponding to a 
depth of about 6000 m. ;A constant temperature of 1.5 C equal to the 
water tempprature,is imposed on thei 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 
geometry along with the boundary conditions is shown in Figure 1. 

The canister ppv/er output is a function of time due to the waste 
decay. The normalized power histories for two types of waste for 
which calculations were made are given in Figure 2. Shown are ther
mal decay curves for a typical reprocessed high level waste {IILW) and 
spent fuel (SF). The HLW is assumed to result from a uranium only 
reprocessing cycle in order to leave the Pu in the waste for the long 
term heating arid'huclide migration problem. The IILW is emplaced 10 
years after reprocessing with reprocessing 160 days out of core. The 
SF is assumed to be a spent reactor fuel assembly emplaced 10 years 
and 160 days out of core. Isotope inventories for the decay calcula
tion were determined by use of the ORIGEN [8] code. 

Material properties used in the analysis are given in Table I. 
For sediment, the thermal properties are input for the solid and fluid 
components and the effective properties computed from Equations 4 and 
5. The applicability of this approach was confirmed by comparison 
with the data of Krumhansl and Hadley [4], Pore fluid properties are 
for pure water. Appropriate ranges of sediment porosity and perme
ability were obtained from the data reported by Silva [2,3,9]. 

The MARIAII code was used with the foregoing input to determine 
the maximum sediment/canister temperature as a function of initial 
waste thermal power. The results are summarized by the curve in Fig
ure 3. 

73) Heat flux unit: 1 HFU = 1 x 10~ 6 cal/cm 2s. 



" One of the'program design goa]s is to develop a canister that 
will contain the waste Cor several thermal haIr^-lives. From studies 
of physical and thormochomical changes in sedihicnt and corror.ion ef
fects of seawater, sediment, and brines, Krumhansl [A\ and Braithwaitc 
[10] recommend limiting the maximum canister temperature to about 
200°C to 250°C to meet Lliis goal. For this temperature range, Figure 
3 given a maximum canister, power of about 1.5 kW. The curve is ap
plicable for both liLW and 5F. 

Temperature histories at seven locations, radially outward from 
the canister are given in Figure 4a for 1.5 kW, IILW. Comparable SF 
temperature curves arc shown in Figure Ah for a canistcrcd single 
Pressurised Water Reactor, -fuel ̂ assembly with 0.58 kW initial power. 
The surface temperatures'peak quite rapidly (in about 1 to 2 years) 
and then fall off with a half-maximum about equal to the initial waste 
thermal half-life of about 30 years for HLW and 40 years for SF. 'i'he 
peak temperatures are about 220°C for HLW and a relatively benign 
48°C for the canistercd SF assembly. 

The convectivo velocity histories for four location:; correspond
ing to temperature locations in Figure A arc .shown for W.W in Figure 
5. Since the convection in thermally driven, the velocity curves 
have essentially the same character as the temperature curves; peak 
at about 1 to 2-c;:ears and decay with a half-maximum about equal, to 
the waste ha] f-li fe... For HI.W, the convectivc velocity decreased from 
a maximum.of 0.02 in/year to about 'the name 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 convectivo velocity is about 
the same as the velocity'due to molecular diffusion. It inay bo in
ferred .from the velocity history that the total convective contri
bution to the displacement of the water molecules is small, loss than 
1 metre.' 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 small. The relatively small effect of convection on the energy 
transport was demonstrated by Ilickox- |11] who showed ana.' y l:i cal ly that 
for Uayleigh numbers less tlrm about 0.1, the temperature field is 
dominated by conduction. In the present case, the Rayloigh number is 
in the range ]0~3 to l O - 4 , depending on temperature. 

Isotherm patterns for the 1.5 kW, 1I1.W at .1 and 10 years are shown 
in Figure C It is noted that the maximum extent of the 100°C iso
therm, the temperature below which it now appears that significant 
hydrothormal alteration of the sediment will not occur, is less than 
about 0,8 metro from the canister. It is also apparent, from Figure 
4a, that any significant thermal effects will be negligible in about 
100 years, i.e., the canister surface temperature is about 25 nC at 
that time. 

Nuclide Migration Calculations 
To assess the suitability of the seabed sediment as a nuclear 

waste containment medium, it is necessary to determine the tine re
quired for nuclides that may to released from the canister to reach 
the sediment surface and to know the quantity and rate of nuclide in
jection into the seawater. To this end, a radionuc]ide migration 
code, I0NMIG,. is being developed. Details of the code development 
arc discussed by Russo [12|. The two-dimensional planar or axisym
metric code solves a species transport equation including convection, 
molecular diffusion, axial and transverse dispersion, concentration-
dependent sorption, and radioactive 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 dcsci'ibable by 
an empirically determined equilibrium coefficient which may be a 
function of concentration. The velocity and temperature fields are 
input from the MAR1AII calculations. The near-field hydrothcrmal 



effects are not treated in that spegies are j^njected outside of the 
thermally altered none as volumetric source terms. 

The equations describing the migration of^contaminant ions in a 
porous saturated bocV are of; the form: 

9 ( C . K, ) 

F ^ " + V ' <?iV) ̂ £ <AikVCi> + £ A k i K k e C k + S i ' < 7> 

•/ 3 C. = the ion species concent ra t ion (;kg/m ) 

E - the poros i ty of the nediuiti 

K. = the species equi l ibr ium c o e f f i c i e n t for spec i e s i = 
1 fl +; ( ( 1 - O/E.Jpaedimen^Kdl'i, where ltd i s the e q u i l i b r i 

um d i s t r i b u t i o n cocffic'ient^ 
/ • ' 

A... — the r ad ioac t ive decay / ra te from spec ies i to spec i e s J: 

S. •- a source term for continuous or s top function a d d i t i o n 
of ions corresponding to the leach r a t e 

v — the t o t a l ion v e l o c i t y which i s assumed to be of the 
form: , 

/ D 3C.\ v / D 3C.\ ' 

(» " =1 * * ) * ' ( v " <£ ^ 
u = convective velocity in the x-direction 
v = convective velocity in tlie y-direction 

D = diffusion + dispersion coefficient 

D x = D o + ( < I J U I + a t ' v ' > 

D y = D Q + (aLJy| * aju]) 
D = molcculcir diffusion coefficient 
a = dispersion coefficient in the flow direction 
a - dispersion coefficient transverse to the flow 

The equilibrium distribution coefficient, Kc|, is a function of species 
concentration (4) and is assumed to bo of the form: 

k 2 k 4 
K d ~ 1 + kjC T 1 I- k3C • ( 0 ) 

Equation 7 was formulated in finite clifference form for solution. 
The computational domain is a negion necessarily of the same 

configuration shown in Figure 1 since temperature and velocity from 
the MARIAH calculations are used in IONMIG. The boundary conditions 
used for the IONMIG calculations are underlined in Figure 1, The 
side and bottom boundaries are impermeable to the nuclides. At the 
ocean-sediment interface it is assumed that nuclides' are removed as 

(4) Provisions for K d and Df as functions of temperature are currently being incorporated.^ 



they arc introduced so C^- 0\ The concentrations and sources are 
initially specifiod throughout the^Hcld ,and the code computes the 

, subsequent time variations. '̂ -'' \ 
The IONMIG code has been used to m'̂ kc initial 'breakthrough, con

centration distribution and surface injc'ction estimates for the study 
case of i-'jgurc 1. 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: 239p u — typical 
of the transuranic elements with long half-life and high J'̂ ; -*-?'Cs — 
typical of fission products with' a relatively short half-life and 
moderate K<\, However, concern has been expressed regarding the be
havior of anionic species and so 129]; — a long half-life element 
with low K,3 and 99fc — a fission produc.t with long half-life and low 
Kdr were included for reference purposes. ^29j is present in SF or 
liquid waste but usually, not in solidified I1LW since it volatilizes 
during processing. Owing to the toxcicity, 129j cannot be released 
and must be isolatr-il and disposed of in some manner; most probably in 
• thd same geologic repository that receives the 11I.W. Thus, it poses 
Essentially the sane containment problem as if included with the I'Li,'. 
Tno nuclides considered in the decay chain with each of the four ele
ments are listed in Table II. The initial canister inventories were 
taken from the ORIGIN [8] calculations made for the thermal source 
terms. 

Additional data used in the calculations are given in Table III. 
Data given by Li and Gregory [13] were used in estimating zha value 
for D 0. For lack of more complete data, D 0 was assumed the same for 
each species. In the absence of complete data, the dispcrsivity co
efficients (OL/ «t) were estimated from soma "in-housc" information. 
Rough estimates of dispcrsivity are acceptable since the velocity is 
very low and decays to zero early in the problem making dispersion 
a negligible effect. The Kf] correlations for the sediment, taken 
from the ongoing work of Erickson fl4] , are given in Tabic III. The 
data are from batch experiments. In the tests, the Pu was in the +<! 
valence state and Cs in the nl state. 

In defining the source tern for the TOMMIG calculations, the 
canister inventory of each clement was assumed to be initially uni
formly distributed within a 5 n long by 2.0 m radius cylinder about 
the canister. The time delay required for the canister to corrode 
and for the material to leach out of the waste form was neglected. 
In addition, effects of the relatively high temperature region near 
the canister are neglected. This is also reasonable since the region 
is relatively small and the time for thermal decay and for heat dis
sipation is negligible relative to the migration time. 

Calculations for l^'Cs'were run out to 3500 years. Little motion 
took place prior to complete decay of the -37cs into 13"?Ba. Since 
the half-life of 1 3 7 C s ii only 30 years, virtually all the -3?Cs 
decayed in place, and essentially none readied the surface. The sane 
behavior is expected of other short-lived species with moderate values 
of Kj such as ^°Sr. 

Si 

For long-lived isotopes having a high KCJ, such as 239p u, the 
situation is similar except the time scales are large. Figure 7 shows 
the distribution at 100,000 years of 239p u over a vortical symmetry 
lane containing the buried canister. Althcvugn 4.1 half-lives of 
39pu have elapsed, the remaining plutonium is almost one-third of 

the original inventory because of the deJay of 2 43Am to 239Np and 
then to 239p u. xn this calculation, the Am and Np were assumed to 
have the same Kj as the plutonium. Data.currently available indicate 
this is a good assumption. The migration rate of plutonium is so 
slow (a few metres per 100,000 years) that even after 10^ years 
breakthrough lias not occurred. At this time, the concentration had 
decayed to 10~10 gm. 



- For nuclides having a long half-life and a very email K^, such 
as J 2 9 I and 9 9 T c r the behavior is quite different. Without the re-
. tarcling action of sorption, these substances break through the sodi--
• ment: in a relatively short time (5000 years). Figure 8 shows the 
release rate of radioactivity associated with the decay of i z y I as n 
function of time. The release rate reaches'a peak of 0.52 jiCi/year 
•t about 15,000 years and then declines to approximately one-fourth 
of that value in 100,000 years. 1 2 9I has a low specific activity, 
decaying to 129xe by beta decay with a half-life of 15.9 million 
'years. Figure 9 shows a similar release rate profile f or "l'c. The 

;peak value of 180 iiCi/ycar is much higher than that for 129i because 
j both the.initial canister inventory and the specific activity of " T C 
iwhich beta decays to "itu with a half-life of 213,000 years, are 
;higher. 

Eased on these calculations, it appears that but a miniscule 
., fraction of those radioisotopes migrating as cations will ever cross 
the sediment-water interface. This is not the case for Tc and T, 
elements which will travel in solution as anions. Care will, there
fore, bo required to reduce their release rate to values that are 
comparable to the catiqnic release rates. 

The release rates of 1~9I and 99-pc can be put somewhat into 
perspective by comparing them to the current IAEA allovahJerj f 1D1 -
Under the special conditions outlined in the IAEA convention, the 
upper limits on activity- release rates from all sources (other thnr. 
natural sources) when releisetl into an ocean }>tsiii with a volume of 
not less than IQl? i»3 shall not exceed 1 0 s Ci/year for &/y emitters 
with half-lives of at least 0.5 year (excluding tritium and emitters 
of unknown half-life}. In the present case, Che peak "'i'c release 
rate is 100 pCi/year. To approach the convention limit would require 
some 5.5 x loH canisters to ia araplacodi This number of canisters 
is many orders of magnitude greater than any present projection. One 
can reason that the 99'fc injection rate is low by present standards 
and the 129j is even lower. 

CONCLUSIONS 
Based on the analysis to date arid the available sediment proper

ty data, we conclude that for the seabed sediment: 
(13 when the canister initial power is limited to 1.5 kv: in 

order to koep the maximum sediment temperature between 2O0°C and 
250°C as presently dictated by physical, thcrnochcmical, and canister 
corrosion considerations, the high temperature region (T > 100°c) 
surrounding the waste canister is of limited extent in both space and 
time (0.8 m radius x 3.6 m long; less than 25 years). 

">.) Total fluid displacement duo to the convective velocity 
induce a by the thermal energy is small <—31) relative to the proposed 
canister burial depths. 

(3) Migration calculations using presently known sediment pro
perties for representative nuclides 137cs, 2 3-9pU/ 129x r a n a 39xc 
indicn|-c that: (a) fission products such as l 3 7Cs and 9 0 S r will^ 
decay in place with no release, (b) long-life nuclides such as 239p u 

diffuse so slowly through the sediment that release is delayed for 
such extremely long times that the release rates arc negligible- and 
(c) nuclides that migrate as anions with a long half-life and a very 
small sorption coefficient such as 129i an& 99>j<c break through the 
sediment in several thousand years, but the release rates and speci
fic activity are very low. 

(4) Nothing has been revealed by thermal, fluid, and mass 
transport analyses performed to data to indicate that the red clay 
sediments cannot be an effective containment barrier for nuclear 
waste. 
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Material Properties for Soahcd Thermal Analysis - MARIAH 

m-day 

Pore Fluifi Mineral 
-* p 2950.0 

p kg/jri 1600.0 

c W-day 
kg-°C 

+3.8889 x 10 l 0 T 3 

„-0.8987 144f.l5T "•"•"" T > 25"C 
148?45 - 27.43T T < v " 5 0 C 

0.8 

5.0 x 1 0 ~ 1 7 

K r r 
2 

m 

Waste Sol i? 

5.0 x 1 0 - 1 6 

P kg/m 3 2275.0 

\ ,̂ 
C w-clay 

kg-°c 
0.010 V •••ir/ ^ . 

X w 
m-°C 

1.21 + 0.0038T 



NUCLIDE DECAY CHAINS AND ZERO TIME CANISTER INVENTORY 
FOR' I FOR IONMIG CALCULATIONS HIGH LEVEL WASTE 1.5 kW 
//I INITIAL THERMAL POWER 

'• R a d i o n u c l i d e I n i t i a l Canis te r Inventory (kq) 

2 3 9 P u 
0 3 . 5 0 - x 1 0 ~ 2 

^ B k " 5 . 3 x = U " 7 

••-

2A3m 0 . 1 2 1 

2 3 9 N p 1 .0 x l f l " 7 

2 4 3 o » ' 6 . 9 2 x 1 0 ~ 5 ' 

Cii-:-» 2 3 5 u 1.0 x 1 0 " 5 

:1 a • r~ 

~'- 129J. 0 . 3 0 5 

129 
Xe „ 

1 .178 x 10 

99 1 .13 ' " 

Ru 
4 . 3 2 x 1 0 " 5 

1 3 7 C s 1 .33 

1 3 7 D a 

ft, 

2 . 0 1 x 1 0 ~ 7 



fTABLE III 

^ • i£!ysis Properties for Nuclide Migration Analysis - I01vi-UG 

2 
m 

year 

G . i >r--

m£ ,•:--' 1 0 0 -
k g : 1.0 + 3 X 10 8C„ 

Pu 

3 
dcs k 9 

1.0 + 1 x 10'C T ,„ 



Ci=0 ' 

^ 1: 

30m., 

Canister Detail 

Sediment 

To Specified 
C i 0 Specified,? 

P - 600 bars 
T - 1 . 5 ° C 

Water/Sediment Interfa: 

Q = Q„f(t> , 

60m R 

S-o-

••.r. ° 3r 

q = 0 

60m 

&*'& '%'?• q g e a = 1.S HFU ! 

For HLW - l>3 .0m R = 0.15m I 
For EF - L = 6.7m R = 0.1 S2m 

PL_. ..... ':_.-i ..-:1:— _ . i .. 
FIGURE 1. Seabed Canister, Model Geometry and Boundary'Conditions | 
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FIGURE 2. Normalised Power Histories for Reference Wastes 
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FIGURE 3. Maximum Sediment Temperature as a Function of Initial Thermal Power 
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FIGURE 4. Temperature at Seven Locations Radially Outward 

from Center of Canister as a Function of Time 
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FIGURE 4. Temperature at Seven Locations Radially Outward 

from Centor of Canister as a Function of Time 
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FIGURE 5. Velocity at Three Locations Radially Outward from Center of Canister 
as a Furxt'on of Time, 1.5KW Initial Thermal Power, HLW 
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FIGURE 6. hothem Patterni Near Canlttar at Two Timai for 1.5KW Initial Thermal Power, HLW 
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CONCENTRATION 

Maximum = 5,4 x 10 kg/m3 
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FIGURE 7. Plutonium Concentration in the Sediment at 100,000 Years 
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FIGURE 8. 129 Release Rate of I from the Sediment Surface 
Covering a Single Canister at 30m Depth ' 
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Figure 9 i Release Rate oJ Tc from the Sediment Surface 

Covering a Single Canister at 30m Depth 


