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by
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ABSTRACT

In a previous paper by the same author, emphasis was
placed on the role that "pathways analysis" would
play in proving "beyond reasonable doubt" that a
particular method and a particular formation would
be suitable for the safe geologic disposal of nuclear
wastes. Since that paper was released, pertinent
paythways analyses have been published by Bernard Cohen,
de Marsily et al., the American Physical Society's
Special Study Group on Nuclear Fuel Cycles and Waste
Management, and KBS of Sweden.

The present paper reviews and analyses the strengths and
weaknesses of each of these papers and their impli-
cations for the Canadian plan for the geologic disposal
of nuclear waste. The conclusion is that the Canadian
plan is on the right track and that the disposal of
nuclear wastes is not an intractable problem. Indeed
the analyses show that several options, each with large
safety factors, are likely eventually to be identified.
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PROGRESS IN WASTE MANAGEMENT TECHNOLOGY

R.G. HART

In a paper I gave at the CNA meeting last year1 I
outlined our concept for geologic disposal of nuclear wastes
in Canada and I emphasized the role that "pathways analysis '
would have to play in proving "beyond reasonable doubt" that
a particular method and a particular type of formation was
suitable. You will recall that pathways analysis is a
quantitative assessment of the effectiveness of the various
barriers to release of radioactive material and the effect,
if any, of any releases from the repository on people. In
the past year four pertinent pathways analyses have been
published in the open literature. In this paper I want to
review those with you, indicate their strengths and weak-
nesses and put them in context with the Canadian program.

The first pathways analysis I want to discuss is
that of Bernard Cohen, published in the June 1977 issue of
Scientific American2. Cohen first calculates the total num-
ber of fatal cancers that could be produced by the ingestion
of all of the wastes from the production of 400,000 MW.a of
electricity as a function of decay time. He then assumes
that these wastes are randomly dispersed throughout the top
600 m of the United States land mass and that they will be
leached out and ingested by humans at the same rate as the
radium in that same land mass. By analogy to radium he cal-
culates the fraction of the wastes that would be ingested by
humans and thus arrives at the total number of fatal cancers
that could be produced by the disposal of these wastes.

Cohen uses two methods of calculating the ingestion
of radium. In the first method he uses the average concen-
tration of radium in United States rivers and the average
annual water flow in these rivers to determine the total
annual radium release from the rocks and soils. This turns
out to be 300 g per year. He then ratios this to the total
amount of radium in the top 600 m of the United States land
mass, which is well known, and arrives at an escape probability
of 2.5 x 10 e per year. This means that each atom of radium has
1 chance in 40 million of escaping each year. About 1 part in
10,000 of United States river flow is ingested as drinking water
but various purification processes remove some of the radium so
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the ingestion of radium from rivers is about 1.5 parts in
100,000. Multiplying these two numbers gives an annual transfer
probability from rocks to human beings of about 4 chances in 10
trillion. Cohen states that this method has at least two
flaws: it ignores transfer through food chains, a factor which
increases transfer, and it assumes that all the radium ingested
is taken up by the body, a factor that decreases transfer.
Thus to check his estimates he used « second method which
avoided these difficulties. He obtained measurements of ingested
radium from analyses of cadavers and compared the number of
fatal cancers caused annually by that uptake (12) with the
cancer-causing potential of radium in the top 600 m of the
United States land mass (30 trillion) . This method gave him an
annual transfer probability from rocks to human beings of 2.5
chances in 10 trillion, in close agreement with his other method.

I've attempted to show the essence of Cohen's paper
in Table 1.

TABLE 1

RESULTS OF COHEN'S PATHWAYS ANALYSIS

Quantity Transfer Probability Resulting Cases of
of Wastes Rocks to Humans* Fatal Cancers

Arisings
from 0.4 in first million years

400,000 MW(e) 4 in 10 trillion
years 4 in next 100 million years

* by analogy to transfer probability of radium

What are the strengths and weaknesses of Cohen's
pathways analysis? In my view, the strength is that it
carries the analysis through to a meaningful endpoint, i.e.,
the biological effect of waste disposal on human populations.
Its weakness is in the assumption that all waste species will
have the same transfer probability as radium. This is
obviously not correct. However, since radium is more mobile
in the environment than most radionuclides, it may be
reasonable for most species. de Marsily criticizes Cohen on
the basis that the behaviour of dilute material, i.e. radium,
in rocks is not representative of concentrated material,i.e.
wastes, in the repository. This is true but it is not clear
that this will make the analysis unrealistic in terms of
total effects. Cohen implies that it makes it conservative.
I'm sure Cohen recognizes that more detailed work is required
to validate geologic disposal but his analysis certainly
gives a good first indication of what can be expected.
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Now I'd like to discuss the pathways analysis of
dc Marsily et al. \ published in Science, 1977 August 5. This
analysis was much more detailed than that of Cohen and closer
to what we expect will be required for assessing repository
behaviour. They assumed a flow of water rising vertically
through a respository, located 500 m below the surface, which
contained a glass block density of one per 25 m2. Each block
contained the waste from c .is production of ^50 MW.a of elec-
tricity (1.7 tonnes of LWR* fuel). They made two assumptions
with regard to the leaching of materials from the glass; one
that all the radioactive material would be retained in the
glass for 10,000 years and then removed over a period of
5,000 years; the second that the glass remained intact
indefinitely and that leaching is governed by the coefficient
of diffusion of the elemBnts in the glass. In the latter case
it would take 20 to 200 million years for 99 per cent of the
initial load of radioactive materials to be extracted. They
assumed that a simple chromatography-type sorption/desorption
model was valid and used sorption coefficients based on measure-
ments available for "Savannah plant soil" and "typical desert
soils". With those assumptions they calculated, using a finite
difference method, the rate of movement of iodine-129, r.eptunium-
237 and plutonium-239 to the surface as a function of time for
five hypothetical formations with different water flows. It
is important to note that this work was done on hypothetical
formations as a guide to envelopment work. The formations
assessed are not real formations.

The results of de Marsily et al. are shown in Table 2.
The results are expressed as a flux of contaminant at the
surface. The time to reach maximum flux and its concentration
are the pertinent quantities tabulated. The table shows that
neither neptunium nor plutonium is released at concentrations
above drinking water tolerance unless it is assumed that plutonium
is not sorbed. The bulk of the evidence available indicates
that plutonium is strongly sorbed. The analysis indicates that,
under some conditions, iodine-129 exits from the repository
at a concentration above drinking water tolerance. However,it
should be remembered that further dilution will occur in the
environment. Cohen estimated that only 1/66,000 of the released
material would be ingested. The results show an interesting
paradox in that the more confining the geologic formation the
higher the concentration of radioactivity in the emerging water.
This may well be an ar^tifact of the assumptions made.

* LWR - Light Water Reactor
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TABLE 2

RESULTS OF PATHWAYS ANALYSES OF de MARSILY ET AL.

Geo-
logic

Form-
tion

Mean Pore
Velocity
(m/s)

Transnu ssion
Rate

(%)

Ratio to'1)
Maximum

Drinking
Water

Tolerance

Time
When(1>
Maximum

Observed
(Years)

Ratio to^2'
Maximum

Drinking
Water

Tolerance

Time

Maximum
Observed
(Years)

•3 x 1 0 "

io-6

4 x 10~8

2 x 10'9

10" 1 1

5 x 1C~6

io-6

4 x 10"8

2 x 10~9

10" 1 1

5 x lO"6

io-6

4 x 10-8

2 x 10"9

10" n

Iodine-129 (half-life 1.6 x 107 years)

100
100
100
99
93

2

1.4 x 10
7 x 10-?

0.7
5.1
5. 3

5
25

600
10,000

1.7 x 10°

Neptunium-237 (half-life 2.13 x 106 years)

0.58
2.9

28.0
250.0
170.0

99.7
99
91
43
10- 1 6

1.6 x 10"-
7.7 x 10 *
6 x 10"3

1.3 x 1Q-2

3.6 x 10" 1 9

Plutonium-239 sorbed (half-life 2.44 x 10'' yeai 5

8 x 10-6

3 x 10- 2 1

0
0
0

Plutonium-239 not sorbed (half-life 2.44 x 10 years)

7
5

>t

X

0
0
0

1 0 •

io-27
475

1,200
,000
,000

3
1.4

x 10
x 10
0
0
0

(1) All wastes extracted from glass after 15,000 years

(2) Glass remains intact, waste removed by diffusion

10,000
10,000
10,700
20,000

1.4 5 x 10°

3,
87

10
47
380
000
X

,000
,500
,000
,000
106

0.
1.
1.
0.

6.2 x

67
13
1",
5'.
! 0"' '

18,
40,

275,
2,400,

83 x

000
000
000
000
106

460,000
1,150,000

1
2
3
4
5

5

4
2

X

X

X

io-6

io-6

10-8

io-9

IO-11

100
100
99
80

6 x 10"11

4.
2.
2.

1.

7

3
3
0
7

X

X

X

.16
X

io--
io-3

io-2

io-12
11

730

5
25

600
,000
000

1.
6.

66.
4 70.

8.5 x

3
0
0
0
ID"10

10

10
10
20

700

,000
,000
,700
,000
,000
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What are the strengths and weaknesses of the
de Marsily pathways analysis? In my view its strength is in
its methodology. It is clearly the type of analysis that has
to be done to demonstrate the validity of any disposal method
and the suitability of any formation. It gives us an indication
that we may have to pay special attention to elements with low
natural sorption potential such as iodine. Its weaknesses are
that it doesn't carry the analysis to a meaningful endpoint,i.e.,
biological effects on people, and that much of the input data
still has to be based on assumption. The assumption of vertical
water flow may be valid for a plain surrounded by mountains in
France but it is not likely to be valid for formations in the
Canadian Shield. The assumption of glass breakdown after
10,000 years is, as stated by de Marsily, arbitrary. The
assuinp-ion of a simple sorption/desorption mechanism leads
directly to the paradox of the more confining formations re-
leasing materials at the highest concentration. Our early re-
sults indicate that this assumption may be overly conservative.
Also, one can't ignore daughter products; some daughter product;;,
for example radium, could be important.

The third pathways analysis I want to discuss is
that of the American Physical Society's Special Study Group on
Nuclear Fuel Cycles and Waste Management'1 published in Reviews
of Modern Physics, January 1978. They modelled material move-
ment in two types of geologic basins assuming that the material
moved at the same rate as the ground water. The basins were
hypothetical but typical of some real basins. The first was a
layered sequence of homogeneous and isotropic units of different
permeabilities. The second was a layered sequence similar to
the first but with a major high permeability zone passing through
the layers. These are illustrated in Figure 1. They state that
their analysis is conservative because it assumes no sorption.

Figures 2, 3 and 4 are typical of the results they
obtain. Figure 2 shows the effect of increasing time on con-
taminant spread in a basin without a vertical high permeability
zone. The top contour is after 200,000 years, the middle con-
tour is after 400,000 years, the lowest contour is after 800,000
years. You can see that after 800,000 years the contaminant is
still contained within the geologic formation. Figure 3 shows
the effect on this distribution of a high permeability zone in
which the water is movir.g downward. You can see that again the
contaminant is contained within the formation. Figure 4 shows
the effect on this distribution of a high permeability zone in
which the water is moving upward. You can see this is the type
of formation to avoid because the contaminant is now not
adequately contained within the geologic formation. The APS
study group concluded that many geologic basins could be found
with appropriate hydrogeology for waste management and that there
was no need to delay deployment of nuclear energy because of the
waste management problem.
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What are the strengths and weaknesses of this
pathways analysis? The strength is that it provides a reasonable
representation of a real, three-dimensional, hydrogeologic
system and thus provides a good basis for further hydrogeologic
:nodeliina. Its weakness in the context of the total problem is
that ;.t makes no attempt to include sorption or any realistic
'i.'achinci model. It also does not attempt to take the analysis
to .:; jieani.inful ondpoint, i.e., exposure to man. The authors
point out that those things are missing and emphasize that exposure
co people 'r.as to be the logical endpoint of any such analysis.

The fourth pathways analysis I want to discuss is
-hat cf :<ns of Sweden'. Vou will recall that in April 1977
':."<•: fwodi.sh Parliament passed a law which stipulated that new
:i;.:ie:r power units could not be put into operation unless the
•.;wr.L:;" vvVis ublfc: to show that the waste problem had been solved.
I'll ."'.: ̂ unse to this pending legislation the Nuclear Fuel Safety
"ro:o:.:t ;KBS) was organized in December 1976 to handle the
Wast;- "Ui.-'tsaemen t Problem. In December 1977 they submitted five
.ecorts to the Swedish Energy Commission covering the Handling
A 'pent Muo!!e;ir Fuel nnd Final Storage of Vitrified High Level
Af;:r>ij:.;t;.-;.: •••/ Wastes. My fourth pathways analysis is taken from
:.'..•;••••• .-e:..or •.:-. After reviewing these reports the Energy
.'c.T::ni s:s.i •"•.!- :-• • .•omnur ndca that tho program of installing over
"1"0." YW'J!:; ! :.ucioar capacity in Sweden by 1990 should proceed.

'. n the KBS scheme- the fuel is reprocessed and the
w.i:-.t:..:-- are incorporated into qiass. The glass is contained in a
st.'.ii.: .-,:ss steei can which is then surrounded by lead in an
-.i-itfi tit:->.ium can. This can is then placed in a repository at
i •'.('••: zh ::r 5C0 m in granitic rock and is surrounded by a buffer
.::ci"if .A. 10- b'?ntonite/9 0% quartz sand. KBS have measured water
flows ;10~' to 1.0"11 m/s) and water chemistry in pertinent
forma cic-'-.s, corrosion rates in water of the appropriate composition
.ind sorptirn on appropriate materials. They have input this
information into a series of pathways analyses and have assessed
the resulting exposure to three hypothetical populations: (1)
.-; population that gets all its drinking water from deep wells
near the repository, (2) a population that gets its water from
a small lake near the repository and uses the lake for irrigation,
and (3) a population of coastal dwellers exposed through sea
water, sediment and fish.

The KBS results for the "deep well" exposed population
are shown in Figure 5. Results for the lake-exposed and sea-
exposed populations are lower by factors of 15 and 1500
respectively.
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KBS plot two cases, a most probable case and ar:
upper limit case. In both cases the exposures arc less than
those obtained from natural radioactivity in drinking water
in some areas in Sweden. In my view even the most probable
case is conservative.

What are the strengths and weaknesses of t.iio KBS
pathways analysis? The strength is that it use.-; rea]
measurements on real formations and actual rocks ,;nc soils.
Also they carry the analysis through to a logical ondpoint,
i.e., exposure to people. The weakness is that they evaluate
a system that probably contains more barriers than arc necessary.
I question, for example, the necessity of having a glass block
in a steel can, in a lead can, in a titanium can. 1 expect,
the necessity to prove a solution in a year has forced .•; degree
of conservatism that will prove to be unnecessary. The approach
suggested is feasible and I expect will not add greatly to t.'ie
cost of electricity. Nevertheless I think that further wort; will
show that equal protection can be obtained more economically.

What do these pathways analyses tell us about the
Canadian program? I think they tell us we're on the right
track. "Plutonic rocks" in the Canadian Shield should be at
least as good as the granite gneisses studied in Sweden; indeed,
I expect they will be better. We hope to get the first hard
confirmation of this from our drilling programs at Chalk River
and Whiteshell this summer. They tell us that good experimental
information on water flows, water chemistry, waste corrosion,
waste sorption and an understanding of the mechanism of these
processes is extremely important. We now have close to a
division-sized effort studying these parameters. They tell us
that proof of safe geologic disposal can be obtained through
the use of pathways analysis. We have maintained that this is
the only way of proving, beyond reasonable doubt, that a certain
disposal method is safe and we are emphasizing in our program
the development of sound mathematical models which can accurately
assess the interacting factors. Their endpoint is an assessment
of exposure to people. Finally the analyses strongly indicate
that disposal of nuclear wastes is not an intractable problem.
Indeed the analyses show that several options for geologic
disposal are likely to eventually be verified with very large
safety factors.
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' V r^ ' . i re^ents Iho r r l a t i v e hydfBul jc c o n d u c t i v i t y ,
K - 1 -10 " ' c n / s ; © i s s i t o of con tami nan: ',

(a) a f t e r 200,000 y e a r s

(b) alter 400,000 y e a r s

•,-', '.'—:• ,'.-rV,:fi

(c) after 800,. years

Fiaure 2 Contaminant spread in basin with no vertical high
pcrmoability zone after (a) 200,000 years,
*(b) 400,000'ycars and (c) 800,000 years'*.



10

- O f , '•'•<

?,}o;. v u

.vird f low i n
.•ii'jh r . i ' r m t ' . j h i l i t y z o n e / i f t o r (a ) 2 0 0 , 0 0 0 y o c i r s ,
:b) 4 0 0 , 0 0 0 } -e j r s a n d (c) 8 0 0 , 0 0 0 y e a r s ' * .

f t n r r i , 00D v e a r s

(h) a f t e r i n , 0 0 0 y e a r s

.;r i î j , 000 y e a r s

C o n t a m i n a n t HOI c a d in b a s i n w i t h u p w a r d f l o w i n
h i qh o c î r m e a b i l i t y z o n e a f t e r (a ) 5 , 0 0 0 y e a r s ,
fb) : b , 0 0 0 y e a r s a n d ( c ) 15,000 y e a r s ' 4 .
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Radiation dose »
(rt.'ms/30 years) ^ ICRP limit

for individuals

Natural radiation in Swudun

Drinking water in
Sweden, radium ?2G

Upper limit for well
rwar ftnai repository

Unfavourable conditions

Probable conditions

10 100 lone) io noo IOOOOO i oixi txic Years

Figure 5. Results of KBS "pathways analysis" for "deep well"
exposed population.
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