7. Disposal

Principles: containment*, dilution, multiple barriers¥*,
ALARA

Disposal options: Where? land, ocean, ice, space; Depth?
surface, medium, great; When? 10y, 100 y, 1000 y; Form?
spent fuel, glass, synthetic rock; Geometry? boreholes,
repository; Container? metal, ceramic

Site requirements: remoteness, release rate, $, reversibility,
radiological safety;

Geological D*: age, stability, shielding, GW, slow;
options*: repository (1, n-levels), boreholes

Alternative D: space, islands, ocean, technological, storage
(N)

Space*: $, risk, Challenger 1986/1, russian satellite 1978;
Ice sheet*: remoteness, self-sinking, $, legal constraint,
isolation;

Ocean**: self-burying, sedimentation zones, boreholes, +:R,
dilution, RS -: $, LDC

Islands: barriers: rock + ocean, little GW, $; continental I:
igneous, metamorphic, sedimentary rocks; oceanic I: basalt;
island arcs: plate boundaries, andesitic volcanism;

rock melting*: radiogenic heat 100 kW/m’, modelling of
magma

transmutation: I-129, Tc-99,$, radiation exposure, more
LLW+LLW

very deep hole*: T

Release processes: caused by water, waste, man, nature



man: inadvertent intrusion, drilling, metallic cone, mining,
records; waste: radiation damage, radiolysis, thermal
(expansion, convection), criticality; nature: slow processes
(sea level change, erosion, tectonic movements, magma
intrusion, diapirism, glaciation), fast processes (earthquakes,
volcanic eruptions, meteorite impact, flooding, hurricanes);
groundwater: nominal case + other causes

Normal case*: near-field + far-filed::: GW intrusion,
degradation of engineered barriers, RI migration; backfill,
swelling, seals, corrosion, radiolysis; container failure, waste
dissolution, colloids; transport path, sorption, precipitation
NFE factors : T, stress field, hydrogeology, chemistry::::
T: heat output*, depth 1 km t =25-50 C, T profile of NF*,
heat transfer calc., T max 100 C (US 250 C), corrosion;
hydrostatic, lithostathic S, 1 km : 1000 atm, interconnection
of fissures, anisotropy, horizontal = 4X vertical + swelling
S max 12000 atm + heat stress - spalling, fracturing, stress
readjustment; local, regional, hydraulic conductivity; pH,
Eh, ionic force, solubilities, thermodynamic calc., computer
codes, speciation, colloids, microorganisms, complexants;
Performance of EB: buffer, backfill, container, waste
matrix::::: ?: water access + chemistry, ion exchange,
properties ( thermal conductivity, plasticity, porosity,
permeability, swelling pressure, redox potential, sorption,
Kd), reactions (MM + K - illite), bentonite clay (Na
montmorillonite) + quartz, P = 1E-13 m/s, buffers pH>7,
FeSiO4; ? IE,. cement grout, powdered basalt, air; ?:



protection 500 -10 000 y, handling, shielding, types (M,
ceramic, M+C), materials (Cu, Ti, SS, Fe), sealing
techniques, corrosion (complexes, electrochemical
techniques, pitting, SCC, Radiation, H2, O2); glass, spent
fuel:: leach testing (static, dynamic, Soxhlet, T, realistic);
kinetics*, slow at 25 C, fast at 200 C;

Composition of high-level borosilicate waste glass.
Container weight = 480 kg; glass weight = 405 kg/container.
Added oxides (%) : SiO, 45, B,0O, 14, AL,O, 5, Na,0 10,
CaO 4, Fe,0, 3, NiO 04, Cr,0, 0.5, P,0, 0.3, ZrO, 1, Li,0
2, ZnO 2.5.; Fission product oxides : 11.1%, Actinide
oxides : 0.9%, Metallic particles 0.7% Actinides
g/container: Am 423, Cm 33, Pu 80, Np 573, U 1920.
Spent fuel: UO2, FP diluted, redox, carbonates, 25 C + 8 y:
MD = 1E-6/d to 1E-9/d, grain boundaries: Cs,], Sr, colloids
Modelling NF: granite, 1.2 km, Fe 25 cm thick, GW: 4200
'y, Tmax 160 C, Material inventory (per waste container)
in the near-field of a reference Swiss high-level waste
repository*

Material Volume (m*) Mass (kg)
Glass 0.15 405
Steel-fabrication container 0.01 75
Fabrication void 0.03 -
Canister 0.9 6500

(a) Bentonite (dry) 32.7 88000

(b) Pore space (water-filled) 20.1 20000
corrosion 1300 y, ph 7-8.5, 1E-7 g/cm®/d 1E-5 of



inventory/y, dissolution in 0.7 V/canister/y

Fission activation product inventory 1000 years after
disposal in the Swiss reference HLW repository.

Release rate limited by: dissolution solubility

RI T-y I-mol Molly Bgly Moly Bqgly
10-Be 1.6E+6 2.6E-5 5.1E-10 4.2E+0 7.1E-5 5.9E+5
14-C 5.7E+3 1.9E-5 3.7E-10 8.5E+2 high high
41-Ca 1.3E+5 8.7E-5 1.7E-9 1.7E+2 7.1E-3 7.2E+8
59-Ni 8.0E+4 1.1E-2 2.2E-7 3.6E+4 7.1E-5 1.2E+7
79-Se 6.5E+4 9.3E-2 1.8E-6 3.7E+5 7.1E-9 1.4E+3
90-Sr 29 6.1E-10 1.2E-14 5.5E+0 7.1E-5 3.2E+10
93-Zr 1.5E+6 1.1E+1 2.2E-4 1.9E+ 6 7.1E-10 6.3E+0
94-Nb 2.0E+4 3.9E-4 7.6E-9 S5.0E+3 7.1E-9 4.7E+3
99-Tc 2.1E+5 1.1E+1 2.2E-4 14E+7 2.3E-8 1.4E+3
107-Pd 6.5E+6 2.5 49E-5 1.0E+5 7.1E-9 14E+1
126-Sn 1.0E+5 3.6E-1 7.0E-6 9.3E+5 7.1E-10 9.4E+1
129-1 1.6E+7 1.8E-3 3.5E-8 2.9E+1 high high
135-Cs 2.3E+6 3.2 6.2E-5 3.6E+5 high high
137-Cs 30 2.0E-8 3.9E-13 1.7E+2 high high
147-Sm 1E+11 1.5 29E-5 3.5 7.1E-9 8.5E-4
I = Inventory |

P = porosity (0.38), D = density (2760 kg/m")

retardation : R =1+ (1-P)*D*Kd/P =1 + 4500 Kd; 24<R
<23000, conc. > 10 Bg/l Cs-135, Se-79, Pd-107, T¢-99, Sn-
126. |
Limitations: simplification, radiolytic oxidants, colloids,



microorganisms

Far-field: massive physical + chemical buffer, path length,
migration velocity; salt*, clay*, granite*

RI migration: advection, diffusion; water table(m - Dm),
NTS Hm, hydraulic pressure or head* {m} (topography,
~ conductivity (fractures)), Darcy law : Q=K*I*A; porous
media, channelling, effective porosity (clay P = 30%, EP =
5%), variability

Maximum and minimum values for the hydraulic
conductivity (HC), porosity (P), gradient (G), flux (F) and
velocity (V) of various sediments and crystalline rocks, in
typical environments which might be considered for disposal
DOSES.

| Rocktype [ Depth-m | HC.oms | P G F-lym | V-my H

| Clay 0-100 0.1, 0.30.5 0.05,0.2 1.6,640 0.0005,1.28

| cisy <100 IE-3,10 0.3,0.5 0.05,0.2 0.002.64 5E-6,0.1
Shale 0-100 _1,1000 0.2,0.3 0.05,0.2 1.6.6400 0.008,21

| shale <100 0.1,100 005025 | 00502 0.16,640 0.003,2.6
Crystalline | 0-100 1,100 001005 {000101 ] 003320  |000364
Crystalline | <100 0.01,10 0001001 | 000101 | 0.000332 | 0.00033.2
Aquifer 10,1+ 0.05,0.1 00005001 | 1632000 | 0.03,320

Transport models: HC, depth, near surface flow lines* ~100
y, deep lines 1E+4 - 1E+6 y, islands - sea, Herzberg lens
flow ~0; physical dispersion*: dispersion coef., late arrivals,
tortuosity, 2D case - 3 parameters, 3 D - 6 p, isotropy,
percolation theory; diffusive retardation: rock P = 2% EP =
0.1% dead end pores*; chemical retardation*: precipitation,
sorption (cations), Kd, Pu, Tc, Np,



Migration in evaporites: impermeable, diapirism, flooding,
faults |

The distribution of radionuclide ingestion doses over various
pathways for the Swiss Project 1985. The values are given
as a percentage of the total dose from each radionuclide, and
apply to the biosphere transport reference case used in the
assessment.

| RI DW [Milk [Meat | Wheat|RV
U-238 96 1 ] 2 1
Ni-59 86 3 2 5 3
Se-79 30 3 66 1 1
Tc-99 21 54 1 15 8
Pd-107 86 3 2 5 3
Sn-126* |12 5 ] 63 17

37 22 23 - |8 7 I

DW = Drinking water, RV = Root vegetables, * Short-lived
daughters taken into account, 1= less than 0.5%.

Summary of element retention in the Oklo fossil reactor
zones: Elements which mostly migrated: Kr, Sr, Mo, Ag,
Cd, I, X, Cs; Elements which were mostly retained : Y, Zr,
Nb, Rh, Pd, In, Sn, Sb, light REE, Po, Th, U, Np, Pu;
Elements which were locally redistributed : Rb,Tc, Ru,
heavy REE _
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The system of safety barriers
for high-level waste
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Figure 4,2 Schematic illustration of the multi-barrier system of waste Eontainmchi;
instance the Swiss concept for disposal of high-level waste. Reproduced by permis.

Nagra, Switzerland g4, 4 Jrsna €]



Buffer material is deposited in

Spraying of buffer layers in lower part of tunnel  Provisional closure of
material inupper ) steel, yields to swelling
part of tunnel Compaction pressure from buffer
material
o

_ 3300 .
! I
o
o *
g Fill of
sand-bentonite
Y
A Jkgik
o=l .
o]
'y}
~N
Y
4 i
§ ’a“ — Canister for spent fuel
- & .
o] = Gap approx. SOmm fitled
L i with bentonite powder
Gop approx. 10mm
e
0 Blocks of highly compacted bentonite
: !

Base pad of bentonite powder

LL_.{.—“’W

Figure 4.3 Altcrnative cmplacement techniques for high-level waste containers in a
dcep repository in hard rock. (a) The Swiss concept for in-tunnel disposal. (b) The
Swedish concept for disposal in shallow boreholes below the tunnel floor. Both
concepts usc a buffer material of highly-compacted bentonite around the waste
containers, emplaced as prcformed blocks (dimensions in mm). Reproduced by
permission of Nagra, Switzerland and SKB, Sweden
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Figure 4.4 Cutaway diagram of thc Swedish concept for ¢
high-level waste repository at a depth of about 500 m in harc
crystalline basement rocks, using the container cmplacemen
technique shown in Figure 4.3(b) (courtesy of SKB)
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Figurc 4.1 Schematic illustration of the deep repository concept
lor long-lived waste disposal (in this casc at a depth of some
500 m in a clay formation) compared to the decp borchole
-isposal concept (in this casc at depths greater than 2000 min a
salt dome)
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Figure 3.3 Old, and now largely
discredited, concepts for disposal of
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Diagram showing the major components of a system for disposing
of radioactive wastein the ocean bed.
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Fig.6.11. Very deep borehole concept for emplacement of high-lewv¢
waste developed by OWWI /6-31/



l— Local hydrogeology —l

7

Near-field hydrology

|

Near-field chemistry o

D

Corrosion | Leaching Chemical
canister Waste matrix speciation

72

Radnonuclnde transport
near-field

.

RGleﬂUCllde transport W
tar-field

\

Radionuclide transport
biosphere

Figurc 4.9 A typical normal-casc model chain for safcty analysis purposcs (f

Nanen 108\ Raonrachirad ha noveiceine af Naara Swit=erland




10*

T 7T 1T 1dl

10
582 W

el LR

10° \ N\

: AN WA-1 (HLW)

10

y
o
c
Q
ol
c
S
-.?.._ WA-4
c
b |
S .
T
=
T
Q
[ =)
Q.
-t
]
o
I

1

[}

]

1

i

' \
[}

1

1

t

[}

i

3 41y i1 TR i 11 11
3

10 40 10* 10° 10¢

=

Time after unloading (years)

Figure 4.5 The decrease in radioactive decay heat output of
different waste types as a function of time, using Swiss waste types
as an example. WA-1 is vitritied high-level waste, with an initial
heat output of several kilowatts per container; WA—4 is a higher
activity intermediate level waste (largely fuel element cladding
debris from reprocessing), with an initial heat output of some
hundreds of watts per container, and WA-2is a lower activity ILW
(precipitates and concentrates) with very low thermal output. The

s

p———

e Y



"UOSUPBPOH J01)T ([ESOUSIP JO dW) 18 INUIN0 JEIY [RHIUl M) [ JO SIOUITIU0D 6l X 61 X061
Jo Aeue 2iqnd v Jog) ‘sosmusoduwio) A1onsodal winwixew Jo Swdy ui ddwmuvapu
Kuw 2A1 j0u soop 1ude w Q7 UTY) d1ow Aur S1oUIRIUOD dY) Suroryd Yy udds 0q uwrd I
£19519AU07) S3B0K 00 ] 1NOQE JOYJB 31200 dimesadwd) Ui dst daeys & udy) yedeur g ury
§52| a1e SJouIE U0l oY) J| ‘Alonsodas MTH dnurad v ul y001-1s0Y oY) U oS anesodwd
wnwWixew oyl uo sddueisip uolhieseddss IdUIRIUOD SNOMEBA JO 1932 4L 9 aindiyg

( s409K) auwiny

¢Ol Ol cOL 20t o] L 0L 2.0 .0l -0l
I | | T T 1 : 0
uotjosodas
\ a1y doz
—0b
a'
o -{o9 3
[1.d
o
€
—108 o
w.
- 001 .ou
—021
uolypspdas
o MY | = samod 32018
(61%61x6L) Aowsp21gny 7| otli

-~ 09l



80 ;

60 ﬂ *-——10 years

\/.
~ \{1 100 years
\IOOO years

ol | | l\l\

0 20 40 60 - 80 100
Distance from centre of array (metres)

40}

Temperature rise (°C)

20

Cuboidal array (7x33x 33)
Block power = { kW
Block separation = 20 m
15 -
o V|
S 10—
S
Q
Q.
§
[t
=
10
years
o)

i
| I 1

0 100 200 300 400 50C ‘

Distance from centre of array (metres) !

|

F

Figure 5.2 Temperature profiles through a
complete repository in granite at different times :
after waste disposal (after Bourke and
Hodgkinson, 1977). The calculations are based on
a cuboidal array of waste containers of 7% 33 x 33,
with each block of wastec having a | kW hecat
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Waste form dissolution behaviour
as a function of time
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secondary alteration
minerals

Figure 5.10 Schematic diagram of the near-ficld in the Swiss HLW repository,
after canister failure has occurred, assuming realistic evolution as opposed to the
conservative models discussed in the text (after McKinley, 1985a). Reproduced
by permission of Nagra, Switzerland



igure 6.1 Schematic illustration of typical joint and fracturc patternsin a b
“hard crystalline rocks. Irregular major fractures control the bulk of wi
ovement in the rock (from Nagra, 1985). Reproduced by permission of Na;

witzerland
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Figurc 6.7 Cross-scction of a typical salt dome (Rayburn’s dome in Louisiana, USA),
showing the contorted structurc of originally horizontal evaporite beds within the dome,
and the surrounding sediments upthrust during the risc of the dome. The presence of
Quaternary scdiments on the top of the dome indicates that it has been 9682_ at the
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Figure 6.8 Simplificd, and highly schematic illustration of hydraulic *head’. If pipe:
were sunk into various points in the sandstone aquifer, then water would rise ir
them to the levels indicated in responsc to the head at each point. The hydraulic
gradicent, *A-A’, controls the direction and rate of groundwater flow in the aquifer
water moves down gradient. Pipes 1-3 could represent ordinary water wells
whercas 4-5 demonstrate what arc often looscly referred Lo as *artesian’ conditions
in a confined part of the aquufcr Wells at these points would overflow at the grounc
surface, The headsin the river (R) valley gravels (pipes X-Z) are close to the surface
and in this case the line showing the hydraulic gradient in this aquifer unit alsc
represents the water table, and the closely stippled area above it is the unsaturatec
zone. Nonc of these wells overflows. To the left of pipe 3, the heads in the sandstone
are higher than those in the gravels, and there is consequently a vertical hydraulic
gradient which would allow very slow scepage of groundwater from the sandstone
upwards through the intervening clay, into the gravels. If heads in the upper clay
formation were higher than those in the aquifers, then seepage of clay groundwater:
might occur both upwards and downwards into the gravels and sandstones. The
importance of knowing the heads through such a series of formations in order tc

predict directions and rates of groundwater movement is clear, Head is usually
mcasurcd in metres above sca-level
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Figure 6.18 Schematic representation of the many possible
retardation mechanisms possible as a result of interaction between
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Figure 10.2 Typical compartments used in biosphere transport calculaﬁo:
(after Nagra, 1985). Reproduced by permission of Nagra, Switzerland
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Figure 10.3 Radiation doses calculated in some important safety analyse
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0 Typical results of the Canadian SYVAC probabilistic sal
code, run for a HLW repository in crystalline bascment rocks (fr
985). Maximum doses which result from cach simulation are plof
of 2 histogram. A single simulation takes randomly selected val
¢ for cach parameter involved in the complete release and migral
i{ in the code. The histogram thus shows thc most probs
e of the disposal system. It can be scen that for times up to 10° ye
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