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INTRODUCTION 

When I first became concerned with radioactive waste management, in the 
early 1950's, very l i t t le  was really known about the subject. There was a general 
feeling that i t  was a serious "problem. " Articles were appearing in the press and 
talks were being given on the radio su gesting that the wastes generated by the 
proposed nuclear power reactors might %e a serious menace to humanity. The 
prophets pointed with alarm to the enormous quantities of fission products that 
would accumulate steadily over the years in tank farms associated with reactor 
fuel reprocessing plants, and calculations were made of the possible results from 
rupture of the tanks due to corrosion, earthquakes or enemy attack. Responsible 
people suggested seriously that the waste disposal problem might be fatal to the 
development of a nuclear power industry, and this attitude was reinforced by the 
popular outcry that arose from experience with fallout from nuclear weapons test- 
ing. 

The Canadian nuclear power industry was not critically involved in this con- 
troversy because our heavy-water reactors are fuelled with natural uranium, and 
reprocessing of the fuel is not necessary. The spent fuel contains plutonium, a 
potential fuel, but the cost of recoverin i t  was such that i t  was not competitive 
with natural uranium. which is not in s!ort supply i n  Canada. Our spent fuel is 
not dissolved in acid - i t  is stored. still in its zirconium claddin , under water a t  
the reactor site, or placed in sealed concrete-and-steel p i  es %elow ground. if 
the price of uranium rises sufficiently i t  will become prol table  to recover the 
plutonium, and only then shall we have an appreciable amount of waste from this 
source. 

However, during the first five or six years of research and development a t  
Chalk River we did investigate fuel processing methods, and l ike everybody else 
we hrd  stainless steel tanks containing high and medium level wastes. These 
were located quite close to the Ottawa River, and we worried about what would 
happen if they leaked. We did not know to what extent the fission products, such 
as strontium-90, cesium-137 and cerium-144, would be held back by adsorption 
onto the soil, nor did we know the dilution regime of the river. 

NEPHELINE SYENITE GLASS FIXATION 

Before i t  was finally decided not to reprocess power reactor fuel we started 
development of a method for fixation of wastes into glass. By the t ime this tech- 
nique had successfully passed its pilot-plant stage that decision was taken, and a 
commercial-scale plant was never built, but a brief description of the process 
may be of interest. 

Our high-level reprocessing wastes were in solution i n  concentrated n in ic  
acid. Watson and his co-workers (1)  found that if the acid solution was poured 
onto powdered nepheline syenite a gel  was formed which absorbed the liquid. 
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Nepheline syenite is a complex silicate used in the ceramic industry for making 
glazes, and large deposits are found in Ontario. 

The water and nitric acid can be  removed from the gel  by heatin If the 
tempera tux  is then raised to thc melting point a good quality glass is k r m e d  i n  
which the fission prnd~lcts are firmly fixed The quality of the  glasg i s  imprnved 
by addition of l i m e  to the "mix, " and escape of volatile fission products during 
melting is limited by spreading a layer of dry "mix" over the ge l  before the 
melting stage of  the process. Some of the ruthenium and a l i t t le  of the cesium 
are volatilized, but these elements are removed from the off- ases by passing 
them rhrough broken fire-brick containing iron oxide. Exhausref firebtlck filrers 
can  be incorporated into a later batch of glass, from which cesium and ruthenium 
are no longer volatilized. 

Sufficient high-activity glass was produced from the pilot plant to perform a 
drastic and quite realistic test for resistance to leaching. Twenty-five glass bricks 
containing 1100 Curies of old fission products (main1 9 - 9 0  and Cs-137) were 
buried in a swamp in  a five by five vertical rid one apart, with the top row 
well below the lowest level  of the water ta%le: S ec ia l  sampling equipment (2) 
has enabled us to carry out periodical estimates of tKe total amount of radioactive 
material  leached into the ground water and adsorbed on  the soil. This investiga - 
tion is now i n  its seventh year. The glass was deliberately made  to contain a hlgh 
proportion of uranium and corrosion products, which depreciate its quality, and 
the leaching rate as determined in  the laboratory was 10 times as high as that of 
a more nonnal  glass. 

When the leachin rate of the blocks was investi ated immediately after dis- 
posal in  1960 i t  was Found to b e  about as expected f rom laboratory tests, but by 
1063 this had been rcduccd to  a tenth o f  thc cxpectcd value (3).  By 1066 the  
leaching rate had fallen by a further factor of five. The blocks originally con- 
tained 440 Curies of Suontium-90, and in 1966 the amount being leached per day 
was only 0 .01  microcuries; i. e. one part in  2. 7 x 10 l l .  

In 1358 Watson e t  a1 (4). using very conservatlvs assumptions, calculated 
that  if the leaching ram of the glass was 10-log/sq cm/day, then the total fission 
products arising from reprocessing of fuel from a 4,000 MW power reactor could 
be buried safely direct1 in the ground. The  present leac%ing rate of the low- 
quality gla.3 in our t a t  diisyol, rxloulotod from tho total r a t i v i ~ y  rolsorod to the 
swamp, is actually 9 x 10- Igfsq cm/day. 

EXPERIMENTAL DISPOSALS 

I have described the glass brick investigadon in some detai l  to enable m e  to 
make  the point that the alarm and despondency originally generated by the "waste 
disposal problem" was misplaced. There is no "problem" from the standpoint of 
safety - -  if a problem exists i t  is in the fields of engineering and economics. 
Since the 1950's we have learned a great deal about radioactive waste m a n a g e -  
ment and we know many ways of handlin a l l  our wastes safely (5). Numerous 
processes have been described for fixation of  high level  wastes ( 6 )  and many tech- 
niques have been devised for handling what is perhaps a more difficult matter, the 
treatment of high-volume low level  wastes ( 7 ,  8). 

There seemed to be only one way of decidin how rapidly fission products 
dissolved in nitric acid would move through the s o 8  from a ~ p t u r e d  storage tank 
to the Ottawa River. This was to try i t .  Our waste disposal areas are located on  
similar ground - sand overlying glacial  till  and granite bedrock - and we knew a!- 
ready that  fission products move very slowly through this soil when dissolved in 
water. We had experienced a major accident in  a large research reactor in 1952, 
one result of which had been the accumulation of about one MG of contaminated 
cooling water in the basement. It contained about 10, 000 Curies of mixed fission 
products, including about 1, 000 Curies each  of strontium-00 and cesium-137. 
This water had been pumped into trenches in the waste disposal areas, where i t  
quickly seeped into the ground. Sampling of the soil and ground water had shown 
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that over a period of two years ver nearly al l  the activity remained within two ft 
of the bottom of the trenches anci' almost undetectable traces had reached rhe 
ground water a t  a depth of about 20 ft. Fifteen years later the lateral movement 
1s su l l  l imned  to about 250 ft. 

We realized, of course, that fission roducts dissolved in strong nitric acid 
would movc much more rapidly through &e. soi l .  However, drainage frcm the 
disposal area passes through a swamp and a lake before enterin the Ottawa River 
via a small creek. The river has an average flow of about 10IRlmpeiial  als per 
day (I .  85 x 104 cfs) and i t  was clear that we could make quire a large %isposal 
into the ground quite safety even if we made the pessimistic assumption that the 
whole of the fission products might get  into the river spread over a six month pe-  
riod. 

Two experimental disposals were made. In 1954 1 ,500  gals of waste (11-M 
in HNOQ and 30-M i n  NH4N03) was pumped into a pit containing crushed l ime-  
stone and l ime.  In 1955 11, 000 gals (2.5-M in HNO3) was put into a i t  without 
any neutralizing m e d i u m  The sub-surface movemen. of "tracks" o f t h e  fission 
products have been carefully followed by sampling of soil and ground water (9), 
and we have detailed information on the position, amount and rate of movement 
throughout the tracks of both disposals. 

The results have been reassuring. The 1954 disposal contained 173 nominal 
Curies of mixed fission products, including 60 Ci 3 - 9 0  and 70 Ci Cs-137. The 
much larger 1955 disposal contained 900 nominal Curies of fission products, in- 
cluding 300 Ci 3 - 9 0 ,  250 Ci 0 - 1 3 7  and 120 Ci Ru-106. These are very lar e 
amounts of the elements that would be expected to move most rapid?, throu& !Re 
soil, but they have never presented a "problem" even in the imme late vlclnlt 
of rhe waste disposal area. Some of the ruthenium was in an anionic form whick 
moved at  much the same rate as the ground water (about one ft/day), but ruthen- 
ium decays comparatively rapidly with a half-life of one year and is relatively 
non-toxic. 'The much more toxic strontium and cesium were greatly retarded by 
adsorption on rhe soil. After nine years the tip of the tongue of Sr-90 from the 
1954 disposal was 380 f t  from the disposal pit. and the l imit  of movement of the 
Cs-137 was at  275 ft 

The fission products in the experimental disposals behaved differently from 
those arising from the 1352 reactor accident, which hardly moved at al l  in spite 
of being exposed to leaching by rain. The high specific gravity of the acid solu- 
tions caused rapid descent to the water table, and the low pH ensured that l i t t le  
adsorption took place very near to the bottom of the pit. In spite of the low cation 
exchange capacity of the soil(1 to 2 . 5  meqj l00  g) and its low p I j ( 5 . 4  to 6 . 8 )  the 
acid was more rapidly neutralized than had been expected. After neutralization 
the rate of movement was considerably reduced. 

Another "disposal" of interest occurred as the result of an accident at  a fis- 
sion product waste concentration plant, when the concentrate flashed over into the 
condensate line and some o f  i r  got as far as  the pit used for disposal o f  the nor- 
mally uncontaminated condensate. Up to 1 ,000  Ci of Sr-90 and 300 Ci of Cs-137 
entered the ~ o u n d .  The pi t  was on the shore of a small lake, which was never 
contaminatej .  Drilling showed that the fission products moved away from the 
lake, right through a sand hl l l  on which the plant had been built. This illustrated 
vividly the truism that i t  is sometimes unw,ise to forecast movement of ground 
water b looking a t  surface features. The most interesting result, however. was 
that a detailed Investigation of local  hydrology and chemistry of the soil enabled 
Parsons(l0) to make the following reassuring forecast: "The 3 - 9 0  m i  ration rep- 
resents over 99 per cent of the Sr-90 disposed and i t  h a g  a further 1, 15% ft (354 m )  
to move before the "front" will emer  e in surface water. This is calculated to 
occur in  30 years. However. owing to t i e  natural decay of radiosoontiurn and its 
longitudinal dispersion in the soil there will be no large or sudden release of this 
radionuclide. " 

Parsons' forecast, made in 1963, has been fully confirmed by later samplings 
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of soil and water. This accident and the results of subsequent investigation, give 
a clear picture of the lessonthat we have learned a t  Chalk River about ground dis- 
posal of radionuclides. It cannot be  expressed better than by quoting thelast  para- 
graph of Parsons' paper (10): "The area is theoretically far from ideal  for the dis- 
posal of radioactive liquids. The cation exchan e capacity of the permeable 
sand is low (1 m e ~ / 1 0 0  g): the shallow water table gas numerous seeps inrn neigh- 
boring surface waters and the thickness of the overburden varies widely owin to 
the irregular profile of the bedrock. It is noteworthy that this example of a 1.8000 
Ci dis osal has nevertheless been demonsrrated as safe when the sub-surface path 
availagle for migration was only 600 yards (550 m )  ' '  

CONTAMINATION FROM POWER STATIONS 

It is difficult to imagine how any hazardous amount of radioactive concamin- 
ation can get  out of a nuclear power station into the environment. The fuel cer- 
tainly contains an enormous amount of mixed fission products, but durin normal 
operation the cladding 1s seldom ruptured and the fuel is shipped away f rom the 
plant for reprocessing, or in  the case of Canadian reactors i t  is stored in the intact 
condition. Occasionally fuel elements rupture in the reactor. Canadian reactors 
are normally rcfuollod on-powor and a damagod fuol bundlc can, if ncccasary. bc 
removed promptly. American reactors are more commonly shut down for refuel- 

lin? . 
and the whole core is replaced a t  one time, but experience shows that failed 

fue In the core seldom presents practical problems. The primary coolant is con- 
tinuously decontaminated by ion-exchange and disposal of the regenerants or the 
complete column is a routine operation. Radioactive corrosion products and e f -  
fluent from the active laundry and personnel showers are also easily handled by the 
normal waste management s stem. The liquid effluent from a nuclear power sta - 
tion is frequently discharged? a t  a concentration less than the maximum permissi- 
ble value for drinking water. 

Stack gases are similarly innocuous during normal operation. They are dis- 
charged after passing though roughin filters and absolute filters. In some re- 
actors they may contain tritium or r a s o a c t i v e  argon but neither of these gases is 
highly toxic. tisenbud (11) has polnted out m a t  a well deslgned coal  or 011 fired 
power station dischar es to the atmosphere more toxic radioactivity ( in the form 
of radium in fly-ash) &an an equivalent nuclear planr. 

The critical question in the safety field for nuclear power stations is "What 
will happen if there is a major accident involving liberation of fission products 
from the fuel?" 

This question has to be faced by any review board bearing the responsibility 
for licelwing of construction or operation o f  a nucloor powor plant, which c a n  bc 
very onerous if the proposed utility is to be located in or near to a built up area. 
Such a body must determine that there is reasonable assurance that the operation 
will not endanger the health and safety of the public. 

'The ground rules were developed In a document known as WASH-'ICU (12). 
You do your best to think of the most catastrophic accident that could conceivably 
happen to the  system. You then assume that al l  the protective devices that have 
been designed to cope with the consequences of such a mishap fail to operate. 
YOU then work out, usin the most pessimistic assumptions, the pressure developed 
within the buildin a n j  the amount of radioactive material that will be liberated 
from the d a m a g e f f u e l  into the building. Then you calculate how much of the  
contaminated air in  the building will leak out or go up the stack, taking no credit 
for deposition inside the building or on the way out .  Finally you assume that at  
m e  t lme of the accident rhe most unfavorable weather condldons exlsr. Under 
these specified conditions you calculate rne hazard to people living down-wind 
from the reactor. Umall you have to satisfy the review board that, in this extra - 
ordinary combination o?circumstances. nobody will be hilled. and sometimes 
the bnard reqi~ires to h e  satisfied that no member of the public will even suffer 
detectable harm. I a m  not making this up - this is actually what is done. 
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Nuclear industry seems to be unique in the requirement that no accident, 
however severe, in any plant, however valuable its product may be to society, 
may be permitted to do any serious harm to an member of the public The de- 
signer o an aircraft is not required to show $at when it crashes i t  will not hurt 
anybody inside or outside the machine. The builder of a bridge does not have to 
demonstrate that when i t  falls down the passengers in the train that is crossing i t  
at that moment wil l  In unharmed. Even the shipper of a tank car of phos cne doer 
not have to demonstrate that if his vehicle falls 30 ft onto a concrete J a b ,  or is 
subjected to 30 mins in a standad ASME fire, nobod~  in the vicinity will suffer 
from the effects of gas poisoning. The reasons for t is dlscriminauon against 
nuclear indus are buried deep in human psychology, but the industry has to live 
with them. a x i t  does so with remarkable success and at  very great expense. 

PRINCIPLES OF SAFETY CONTROL MEASURES 

The basic standards for maximum permissible exposure to radiation have been 
defined by the International Commission on Radiological Protection, and are ac- 
cepted in principle by all  regulatory authorities. The key rule is that members 
of the public shall not receive a dose of radiation (exclusive of exposure due to 
medicalirradiation and normal natural bacic round) exceedin 0 .5  rerrls in a year. 
This is one-tenth of the maximum permissi%le annual dose 6r workers in nuclear 
industry. 

In calculating the maximum permissible discharge of radionuclides into pub - 
l ic  waters or into the air, whether during operation or as the result of an accident, 
i t  is important to realize that the significant figure is the amount discharged in 
unit time. NOT the concentration. Unfortunately many regulations have been 
written limiting discharge in terms of concentration, which eas i l ,  leads to absurd 
situations. If you take a million gals of water out of a river an mix Into i t  100 

als of waste, a dilution of l o 4  is achieved. However, when you run the effluent 
%ack into the river the dilution is only effective up to the point where complete 
mixinginto the whole flow of the river is attained. This is so obvious that i t  seems 
naive, yet a great many effluent disposal systems in nuclear industry are based 
upon the idea that something i s  being achieved by dilution. Before such an o p -  
eration can be justified on safety grounds we must know what the mixing re ime 
of the river is, and what the river is used for between the discharge point an% the 
point of complete mixing. 

In considering the maximum errnissible discharge rate for radionuclides into 
any part of the environment the first thing to find out is what the environment is 
used for. For example, if an aqueous effluent is being discharged into a brackish 
estuary i t  is not sensible to use the Maximum Permissible Concentration (MPCw) 
for drinking water. because nobody drinks the water. However. there may be a 
commercial fishery in the nei hborhood, or some valuable oyster beds, or there 
may be bathing beaches near ty. Let us assume that after due consi~leration we 
decide that the criticalsituation is the fishery. By "critical situation" I mean the 
set of circumstances that could give rise to the largest exposure to radiation of an 
idenuflcable group of people (13). 

The following information is required: 

(I) Kind of fish caught, and where they are caught. 

(2)  Amount of fish taken in the area affected by the effluent, and where 
they are landed. 

(3) Who eats the fish mentioned in (2). and how much fish do they eat? 

(4) Do the people mentioned under (3) get all  their fish from the area 
mentioned under (2)? If not, what fraction? 

(5) Do these people ea t  the whole fish, or only the flesh? 
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(6) What is the concentration factor between the water and the fish for 
the particular radionuclides of concern? 

Now we will assume that as a result of our survey we find that the "critical 
group" is the fishermen themselves, who eat  on the average one l b  of fish flesh 
per da , all of i t  taken in the estuary within a mile or two of the reactor site. 
They db not e a t  the bones and offal. Results of  investigation show that the con- 
centration factor for strontium-90 between water and the flesh of these fish is 100. 
From a survey of the estuary we find that under average equilibrium conditions 
effluent from the plant will be mixed into 107 cu yds ('7.6 x 106 m3) of the water 
over the fishing rounds. Final1 we know from ICRP regulations that the intake 
of Sr-90 must not%e more than 1g-4 microcuries per day, 

Now, one lb  (0 .45 k ) of fish flesh must not contain more than 10-4 pCi Sr- 
90. Therefore 0.45 kg oBwater must not contain more than 10-4/100 p c i  = 10- 6 
pCi Sr-90 - 10-fi/450 pCi/rnl. This is about 2 x 10-9 p ~ i / r n l .  Thus we have 
7. 6 x 106 cu m of water at  a maximum permissible concentration of 2 x 10-9 
pCi/ml. Hence the dail output from the lant must not exceed 7. 6 x 106 x 2 x 
106 x 10-9 pCi = 1. 5 x 114 pCi = 15 mCi of st-YO. 

Ex erience shows that the "critical group" has such a large intake compared 
with o i e r  proups, and that the '.critical radionuclide" (which usually turns out to 
be 3 - 9 0 )  is so much more Toxic than other radionuclides that we can make quite 
a simple re ulation. In the above case we mi h t  decide to set a "working limit" 
of 10 rnCiBay o f  51-90. which wo~ild be checfed h radiochemical analysis, and 
say one Curie per day of total long-lived radionuccdes, which would be limited 
by an alarm monitor on the effluent pi  e The latter precaution would, of course. 
o d y  be operative while the normal efRuint outflow war running, 

ACCIDENT CONDITIONS 

Under present conditions a major accident that could lead to environmental 
contamination that would cause significant damage to man is almost inconceiv- 
able. Safety factor has been piled on safety factor in the design, in the assum 
tions made regarding the coune of the accident. and in the consequences to 
expected if activit did penetrate the containment. There have been several re- 
actor accidents andl the environmental contamination has always turned our to be 
remarkably limited. Although radioactive iodine originating in the Windscale 
accident In normern England was detected by sensidve insuumenm in northern 
Italy the practical result in the most heavily contaminated area near the reactor 
was the destruction of locally produced milk for a few days. No member of the 
public was over-exposed to radiation. 

Since accidents are necessarily due to unforeseen circumstances we can never 
be certain of their results. The public must therefore be protected by a well- 
rehearsed emer ency plan, including an evacuation plan, and the operators must 
be trained to &fine very quickly the area which is to be evacuated and the area 
w l ~ e ~ r :  leabunable p~ecautiulu 111ust be takeu. Adequate i~lstuu~lle~ltatiun (including 
means of determining wind speed and direction) must be available in working 
order a t  all times. These are, or should be, precautions applicable to any industry 
that could conceivably give rise to environmental hazards, and if the are allied 
to competent leadership and intelligent operation they should ensure t i a t  nuclear 
enterprises are among the safest of industries. 
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