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1. INTRODUCTION

Hazards from radioactivity arise at every stage of the

fuel cycle (shown schematically in Figure 1 ) . Should New

Zealand embark upon a nuclear power programme, as we have at

present no proven economic deposits of uranium ore, we will

not be involved in those aspects of the nuclear fuel cycle

concerned with uranium mining and milling, conversion of

uranium oxide to uranium hexafluoride for enrichment in the

isotope of uranium, U-235t o r iiiie conversion of the enriched

uranium into fuel elements. We could, should New Zealand

choose a CANDU reactor (which uses natural uranium) set up at

some future stage a fuel fabrication plant. This stage of the

fuel cycle, like those preceding it, involves very little

radiation hazard as the processes involve physical and

chemioal - not nuclear - processes. However, in this report

we have considered the waste management procedures adopted

overseas for these phases of the fuel cycle.

At the reactor stage, no matter what reactor type may be

introduced into New Zealand, waste management plays a very import-

ant part. Low level wastes, intermediate level wastes, and small

amounts of high level wastes have to be handled and the

procedures adopted in handling quite large amounts of

contaminated materials are discussed in this report. Reactor

safety and the biological effects of radiation are discussed (

in DSIR Reports NIP-4 and NIP-9 of this series.

The questions of interim management and long-term storage

of the long-lived highly radioactive waste have drawn both

24- 2*3ft
reassuring comment ' y' and warnings for the safety of future

27)
generations. The morality of producing wastes that will
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be left as a problem for future generations has also been

27)
questioned. ' It has been claimed that 'ho general solution

for the isolation of long-lived radioactive wastes from the

biosphere, for the necessary thousands of years, is yet in

hand. Despite a wide variety of proposals, 'experts1 still

disagree on whether any of them will suffice." ''

Sir John Hill *' Chairman of the U.K.A.E.A., is, however,

reassuring when he states that "nuclear waste and what to do

with it probably raises more emotion than any other aspect

of atomic energy --- I don't think that nuclear waste is

really a problem."

These almost contradictory attitudes in regard to the

safety and reliability of long-term high-level radioactive

waste storage perhaps are a reflection of dilemma in which the

nuclear industry presently finds itself. The generation of

electricity from nuclear power has been expanding to date without

developing firm procedures for the management and long-term

storage of high-level nuclear waste. It is only in recent years that

attention has been paid to this consequence of nuclear power.

The dilemma for the nuclear industry is whether nuclear power

should continue to expand in spite of this lack of a procedure

for dealing with high-level waste in the hope that the present

scientific and technological effort will find a solution to

the problem.

The objectives of radioactive waste management are also

a subject of debate. The Canadian nuclear programme adopted

the twin objectives of managing nuclear waste so that health

hazards are negligible, and that trouble and concern to future

generations will be minimised. They take the attitude that
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"the ideal objectives, zero release of radioactivity and no

responsibility are essentially unattainable because they are

ideal and absolute."* ' Others, however, believe that safe

waste disposal does in fact require this unattainable ideal;* '

unattainable, because of the required degree of perfection in

operation and social and geological stability.

In this report we have attempted to provide information

on present experience in handling high-level waste and the

areas where further research and development is required.

A paper by Cohen which attempts to quantify the hazard

of long-term geological storage, has been considered in detail

in the appendices to this report. By using simple models and

assumptions to calculate average effects, the paper serves

to identify areas where information is teak, but also provide

assurance that the problem is soJvF.blei"̂  ' '

Since this review was started, the United Kingdom Royal

Commission on Environmental Pollution'- ' has been published.

Information relevant to this report, particularly in the field

of the solidification of liquid wastes and their ultimate

disposal, is discussed in sections of this report.



2. MANAGEMENT OF WASTE FROM DIFFERENT *•
STAGES OF THE FUEL CYCLE

2.1 Uranium mining and milling

Uranium ore contains normally 0.1 to 0.2$ uranium, so

processing mills are usually located in mining areas to avoid

transportation of large quantities of what is ultimately waste

material. In the mills, the ore is blended and crushed, then

wet-ground and transferred as a slurry to leaching tanks.

According to the nature of the ore, either a sulphuric acid

or sodium carbonate leach process is utilised. The soluble

uranium is recovered by solvent extraction, or in the case of

the alkaline leach process by precipitation. The uranium

concentrate is calcined and pulverised, forming the final

product of the mill called "yellowcake". It is dispatched in

steel drums to the conversion plant.

Natural uranium is a radioactive material with a long

half-life (4.51 billion-years (109) for U-238), and decays through

a chain of radioactive daughter products. The most hazardous

of these daughter products are*radium-226 and radon-222 gas,

and its daughter products.

In mining*- ' the frequency of lung cancer is increased by

exposure to radon daughter products and chemically active dust

in the air and limits to exposure are provided by health

authorities in countries where uranium is mined.

Radon concentrations encountered in open cast mining are

generally low, but in some cases, a supply of clean air may be

necessary for operators of mining equipment. In under-ground

mining, forced ventilation is essential and in both cases strict

monitoring is required.

The majority^ ' of the ore is not dissolved in the leaching
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stage and is a waste product called 'tailings' which still

contain most of the natural radioactive daughter products

originally in the ore. The tailings are usually pumped as a

slurry into a specially constructed retention system where they

are confined.

Control of tailings is necessary to minimise the dust

nuisance, limit natural leaching and seepage from the retention

system that could lead to ground-water pollution and prevent

access to the tailings by the public.

In the past, adequate care has not been taken to prevent

dispersal of tailings in the environment. Possible future

approaches include returning tailir.gs to fill worked-out mines

or covering the tailings with soil and re-vegetating the whole

area to stabilise it.

The concentration of Ra-226 has averaged about 800 pico-

Curies per gram (about 1 ppb) in uranium ores in USA. '

Because of the long half-life of Ra-226 (1620 years), and

because its decay product radon-222 can diffuse outwards from

(1)mill tailings there is now general agreementKJ' that mill

tailings should not be used either in structural materials or

in back-fill material in connection with building for human

occupancy. There is need for long-terra control and

surveillance of uranium mill tailings.

Radiation from uranium mill tailings does not present a

serious health hazard in open well-ventilated areas or outside.

Radon from typical mill tailings piles both with and without

cover of top-soil has been found to be undetectable above the

general radon background a few hundred metres away.

About 91f000 tonnes of tailings arise per year in providing

the uranium to fuel 1000 MW(e) light water reactors.* '



(k)

Fry has considered the radon inhalation hazards of

uranium mining. Uranium miners in past years were exposed to

excessive concentrations of radon and its daughters. This led

to increased incidence of lung cancer, particularly amongst those who

smoked. The increased incidence could be expressed as 12.6

additional cases of lung cancer per year t><sr million miners

who smoked and were breathing radon-contaminated air at a

concentration of 33 pCi/l for 40 hours per week for a whole year,

provided that short-lived radon decay products remain in

equilibrium with the radon.

D.S.I.R. Report NIP-4 of this series' ' has considered

the hazards arising from radon released from uranium tailings

piles.

In 195^ a relatively brief but intensive search for

uranium carried out mainly in the acid-rock areas of the western

hinterland of the South Island of New Zealand and the south-

eastern part of Stewart Island, failed to disclose any

promising source of uranium or thorium minerials. Prom present

knowledge, it is unlikely that any known sources of supply will

ever justify exploitation for radioactive minerals alone.

As far as one can foresee at present, New Zealand will not

be actively engaged in this first phase of the nuclear fuel

cycle.

2.2 Uranium enrichment and fuel fabrication

The uranium ore concentrates produced at the mills are

further processed and purified and usually enriched in U-235

before being converted to UO2 or metal and fabricated into fuel

elements.
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Natural uranium containing 0.7$ U-235 can be utilised in

heavy water reactors such as CANDU, but light water reactors

require fuel enriched to 2-4$ in U-235.

Gaseous diffusion is tli? UOUSJ Lirocedure to obtain

enrichment. The U.,0o concentrate must first be converted to

the volatile compound uranium hexafluoride (UFg). At the

gaseous diffusion installation, the UFg is pumped through a

series of porous barriers which discriminate against the passage

of the heavier isotope of uranium by a factor of 1.0043 at each

stage. 1700 barrier stages are required to produce a H°jo U-235

(7)enrichment.v '

Hadioactive wastes discharged to the environment from fuel

fabrication plants and conversion and enrichment installations

are very limited. Residual amounts of Ra-226 and Th-230 are

removed from the uranium material in the conversion operation.

The thorium daughters of uranium are separated at the mill, but

Th-23^ with a half-life of 24,1 days, grows back to over 99$

secular equilibrium in 170 days. Small amounts of Th-234 and

its short-lived daughter, Protactinium-2Jk (T± 1.18 min.), are
2

assumed present with uranium in liquid effluents from fuel

fabrication plants.

The collective doses from the airborne releases from fuel

fabrication operations, even assuming a larger local

population, are less than those due to milling operations.

The main environmental hazards arise from the need to

generate and use fluorine and hydrofluoric acid, both of wMch

are poisonous and extremely corrosive. The same is true of uranium

hexafluoride which is a white solid at room temperature and

pressure, but a gas above 56°C.

The whole enrichment process requires a large amount of
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electricity (ior a PWR, about 6$ of the electricity generated,

by the fuel).

While New Zealand will most likely never install a gaseous

diffusion uranium enrichment plant, a new process is in course

of development called the centrifuge process. This equipment

is more expensive to build, but its requirement for electricity

is only one-tenth that of the diffusion process. A commercial-

scale plant is now being built at Capenhurst, England,

Another process, the laser process, exploits the slight

difference in vibration frequency of the two uranium isotopes.

A highly-tuned powerful laser is employed to activate the TJ-235

atoms in a mixture, which can then be separated from the U-238

in several different ways that have not been given much

publicity. This process has not yet been developed on a

commercial scale, but has very great potential for the production

of pure U-235.

In West Germanyv ; a process called the 'Becker Process1

has been developed. In this process, a mixture of UFr and

hydrogen carrier gas is forced at high velocity into the space

between a pair of paring blades, and a semi-circular groove

having a radius of approximately 0.1 mm; a combination of

centrifugal and pressure effects concentrates the heavier

isotope at the wall of the groove, where it passes behind the

second blade. The lighter gas is collected in the space between

the blades.

From the point of view of the diversion of nuclear material

for weapons purposes, a major concern in the development of the

centrifuge and laser processes has been that due to the

relatively compact nature of the process equipment, it can be
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easily concealed. It is possible that equally compact equipment

may be developed through future research for the separation of

the isotopes of uranium. If such should be the case, the major

nuclear powers would no longer•enj oy a monopoly in making

highly enriched uranium.

The manufacture of uranium fuel elements involve normal

metallurgical processes that require no special radiological

precautions other than the control of criticalitv that applies

only to enriched uranium fuel.

All fuel elements have to be made with extreme precision

as they are subjected to intense stresses during irradiation

in a reactor. Usually the uranium oxide is bonded and compressed

into small pellets and inserted into carefully machined thin

stainless steel or zirconium alloy tubes. Fuel elements can be

shipped to the reactor by ordinary transport, although subject

to certain controls.
(2)

The waste management problems at enrichment plantsv ' are

concerned almost entirely with non-radioactive chemical wastes.

The major gaseous and airborne contaminants come from the fossil-

fuelled boilers used to produce the process heat. The liquid

waste stream contains ammonia, chlorides, fluorides and

nitrates generated in process clean-up and auxiliary operations.

They are treated by conventional methods such as neutralisation

with lime to concentrate the wastes for disposal generally by

burial. ' The probability of plutonium recycle in the fuel

for light water reactors will lead to Pu-239 becoming the main

contaminant of concern in the wastes generated by fuel

fabrication facilities due to its high toxicity and long half-

life of 24,000 years.
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2.3 Reactor operations

2.3.1 - General -

The common reactor types include -

1) the pressurised water moderated and cooled reactor

2) the boiling water moderated and cooled reactor (BWR);

3) the gas cooled, graphite moderated reactor (GCR);

4) the water cooled graphite moderated reactor (LVGR);

5) the heavy water moderated reactor (HWR) which may be cooled

by heavy water, light water, or gas;

6) the liquid metal fast breeder reactor (LMFBR).

For this report, we will only consider the waste management

problems associated with the light water reactors (i.e., PWRs and

BWRs), and the CANDU heavy water reactor. These types of

reactors could be considered as possible choices should New

Zealand embark upon a nuclear power programme.

During the operation of the nuclear reactor, radioactive

fission and activation products are formed. These radioactive

materials are for the most part retained within the fuel

elements. Radionuclides which diffuse into or are formed within

the coolant are removed by gaseous and liquid waste processing

systems discussed below.

The radioactive releases from reactors depend on the

reactor type and also on the specific waste processing system

utilised. Radionuclides may reach the environment through

either the gaseous or liquid waste effluent system. The

airborne effluents are fission noble gases (krypton and xenon),

tritium vapour and gas, activation gases such as Argon-41,

carbon-14, nitrogen-16, and sulphur-35f halogens and

particulate matter.
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Liqu±d effluents are tritium,fission products and activated

corrosion products. The reported noble gas release amounts

from BWRs vary from less than 100 to 10,000 Ci/MW(e) y. The

value representing the overall operating experience is about

1,300 Ci/MW(e) y. For the Douglas Point CANDU reactor, the

release in 1970 was 1,500 Ci/MW(e) y. In contrast to the nob3 e

gas fission products which are released in BWR and PWR operation,

several activation gases are formed in gas cooled reactors.

Direct activation of C02 coolant gives rise to nitrogen-16 by

the (n,p) reaction with oxygen-16. Argon-4i arises from the

(n,y) reaction with argon-40 impurity in the coolant and in

shield cooling air. Tritium occurs by ternary fission in

nuclear fuel and also by neutron activation reactions with

lithium and boron isotopes dissolved in or in contact with

primary coolant and with naturally occurring deuterium in

primary coolant.

Liquid waste management systems employ four basic treatment

techniques to reduce levels of rad.i. ̂ activity. These are delay

and decay, filtration, evaporation, and ion exchange.

Delay and decay refers to storage of the waste for long

enough to permit some of the radioactivity to decay. This

technique has its main value in respect to radionuclide of

short half-life.

The waste management techniques in use for gaseous wastes

are delay and decay, filtration and low temperature absorption

on charcoal. Gases are then filtered and released through

stacks to the atmosphere. Filters collect radioactive solid

particles formed when a gaseous parent nuclide decays to a

particulate radioactive daughter or becomes attached to particles,

and when particles in air are carried by the air stream through
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the reactor core. Specially treated charcoal filter beds may

be used to remove iodine.

In general, the radioactive waste management problems

associated with reactor operation are relatively minor compared

with those associated with the reprocessing of nuclear fuel.

In practice, releases of radioactivity from commercial power

reactors have been well within the set legal limits. During

reactor operation, ' large amounts of radioactivity are

produced by three processes - fission in the fuel, absorption

of neutrons in the fuel to form the transuranium elements

(neptunium, plutonium, americium, curium), and neutron

activation of the coolant and structural components of the

reactor. The fission products and .̂'ansuranium elements are

retained within the fuel elements by the fuel cladding.

Some fission products may be released into the coolant if

the fuel cladding is perforated but, even in these circumstances,

the majority of the fission products are retained in the fuel

pellets.

Small quantities of gaseous, liquid and solid wastes are

produced. Gaseous activation products and small amounts of

volatile fission products which may leak from the fuel, e.g.,

iodine, krypton, and xenon isotopes, are passed through

charcoal adsorbers which remove iodine, then filtered and

discharged to the atmosphere.

Activation products and fission products from uranium

contamination on the surface of the cladding or leaks from the

fuel are recovered from the recirculating reactor coolant by

filtration and ion-exchange equipment.
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Liquid wastes are treated by evaporation, ion-exchange or

chemical methods to produce purified water for recycle or

discharge to the environment,while the bulk of the radioactivity

is confined in a sludge or concentrated solution.

A variety of low and medium activity solid wastes, including

ion-exchange resins, sludges from treatment of waste solutions

and general waste material such as contaminated equipment and

clothing, have also to be treated before storage or disposal.

Low activity wastes are usually buried in relatively shallow

trenches at selected sites at or near nuclear facilities after

evaluation of the local geology and hydrology, as indicated by

low rates of migration of radioactivity.

Depending on the activity level or desire to minimise the

extent of surveillance required, releases of radioactivity to

the environment may be further reduced by incorporating low and

medium activity wastes in concrete or bitumen before burial.

In some countries, medium activity wastes are stored in concrete

silos for retrieval, if necessary.

Figure 2 shows schematically the processes involved in the

remaining part of the nuclear fuel cycle we have yet to consider.

As the nuclear reactor stage of. this cycle is of the most

immediate importance to our understanding of problems associated

with the generation of nuclear power, we will consider various

reactor types in some detail.
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2.3.2 Boiling water reactors

Boiling water reactors (BWRs) are one of the two types

of light water reactors which are operated and marketed on a

wide scale today.

Figure 3 shows a schematic diagram of a typical boiling

water reactor. In a BWR, water is circulated through the core

of the reactor, where it is converted under pressure into steam.

This high-temperature steam is used to drive a turbine to generate

electricity, and is then cooled in a condenser and re-circulated

through the core. Water is used to cool the condenser.

Steam

• • i \ \ •••••.••••.-•:

•Fuel

Reactor

Generator

Pump

Schematic diagram of a typical boilinq-woter reactor

Fin. 3. (From ref. 10)



More than 99% of the radioacti-ve gaseous effluents from

BWRs are removed continuously with relatively large volumes

of air through the condenser air ejector. Additions to the

gaseous emissions come via the condenser gland seal, primary

containment air, gases from the radiochemical laboratory at the

plant, the radvaste (radioactive waste) treatment area, laundry,

decontamination operations and various tank vents. The gaseous

waste contains primarily the activation product N13, isotopes

of the noble-gas fission products krypton and xenon and tritium.

About 9094 of the N-13 decays to a non-radioactive isotope in

the time it takes for the gaseous waste to be transferred

through the plant to the stack and from there to the site

boundary. Consequently, it is of minimal concern in off-site

areas. Isotopes of krypton and xenon - many of them very short-

lived - and some radioactive particulates appear in the gaseous

waste (as well as by entrainment and decay of noble-gas

precursors); and isotopes of some of the more volatile elements,

such as iodines, will be carried over as vapour.

A typical operating BWR "off-gas" system is shown in

Figure /
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Non-condensible gases are drawn from the main condenser

through steam jet air ejectors and condensers into a delay

line, where they are retained for 30 minutes or more. After

this delay time, the gases pass through an absolute partioulate

filter and are discharged through the stack.

Off-gases from the turbine gland seals are processed

similarly. Because these are mainly shcrt-lived activaticr

gases, and the volume flow rate is very large, only a 2min delay

is commonly allowed for before they are discharged through the

stack.

Provision can be made in the design of BVRs to greatly

delay the discharge of short-livad noble gases by the use of

activated charcoal beds to delay the noble gases long enough

to permit additional radioactive decay. This has little influence

on Kr-85 with a half-life of 10 years, but the latter1s contribution

to radiation doses in the vicinity of the plant is negligible.

Like all other fission products, the Kr-85 formed

in the fuel elements is retained until they are processed fcr

recovery of plutonium and uranium.

A radiological surveillance study'' ' was performed in the

United States at an operating BWR power station. The average

fission product noble gas release was 12,500 p.Ci/sec. , while

the plant was operating. Tritium could also be detected, and

the only non-noble gas fission product found was 1-131.

A typical BWR liquid radwaste processing system is shown

in Figure 5. °^
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The unique feature of this system is in the segregation

of wastes according to their chemical and physical properties.

Influent is collected and processed as high-

purity (equipment drains), low purity (floor-drains), chemical

or laundry wastes. Contents of the equipment drains are

filtered and demineralised and can then be either used again in

the plant or measured and discharged. Plant floor drains,

chemical wastes, and laundry wastes, are filtered and

discharged from the plant. Since the laundry wastes tend to

foul filtering media they are processed separately through

their own filter.

The major sources of solid radioactive wastes at BFRs

is sludge which accumulates on filters and demineraliser

resins. These wastes are first centrifuged to remove excess

water then solidified with concrete in 55-gallon steel drums

(0.3 m ). The drums are normally stored for 3-6 months before

being shipped off-aite for permanent burial. About 100-175

drums are shipped each year from a typical BWR installation.

The constituent* of radioactive liquid wastes from a BWR

are activated corrosion products and fission products. The

fission product levels are attributed to traces of uranium that

may be found in the outside surface of tha fuel cladding and

the leakage from fuel elements through cladding defects.
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The average concentration of all detected soluble and

insoluble radionuclides in the waste prior to dilution was found

in the study to be approximately 0.002 (iCi/ml. The radionuclides

at the highest concentration were H-3, Co-58, Sr-89, Sr-90,

1-131, Cs-134, Cs-137, Ba-140, and Ce-144. The average

contribution to the total unidentified activity in the water

used for radioactive waste dilution was 0.189 x 10~' (iCi/ml

over a year period. Exposure to the surrounding population

through consumption of food and water was not measurable at this

level of radioactive discharge.

2.3.3 Pressurised water reactors

The second type of light water reactor in common use

is tlie pressurised water reactor (PWIl), which operates under

pressure high enough to ensure that the water passing through

the reactor does not boil. This water passes through a steam

generator to make steam to drive the turbine (Figure 6).^ '

The water in the primary coolant system does not mix with steam

used to drive the turbine.
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Since the primary coolant in PWRs does not boil, most of

the gases are contained within tlie primary coolant system.

Gases which do leave the primary coolant system are collected

and transferred to storage tanks. The general composition of

the gaseous wastes produced in a PWR is somewhat different from

that produced in a BWR. Since PWR gases remain in the plant

for a longer time before discharge, the shorter half-life

isotopes are much less abundant in the gaseous wastes of a PVR

than in that of a BWR.

A typical PWR gaseous radwaste system is shown in

Figure 7.
( 1 O )
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r
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Fig. 7. (From ref. 10)
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The waste gases from various sources are collected

and discharged by a waste-gas compressor into one

of several decay tanks. When a tank reaches a set pressure

and activity level, it is isolated and a second tank is placed

in service. Gas is held for decay for from 1-2 months before

being discharged through a filter to the environment. Since

these gaseous wastes are small in quantity and contain minimal

activity, dispersal from an elevated stack is not necessary.

A typical P¥R liquid radwaste system is shown in Figure 8

for dirty liquid wastes.

(10)

Equipment
Drains

Floor
Drains

Sump

Tank

Chemical

Drain

Tank

Laundry

Tank

Waste
Delay
Tank

Filter

Concentrates
Drumming
Station

Waste

Evaporator

Condensate
Storage
Tanks

Typical PWR liquid radioactive waste system
— dirty wastes

Discharge
Canal

Fig. 8. (From ref. 10)



22.

Dirty wastes from various sources are collected in separate

tanks and when ready for processing are discharged to the waste

hold-up tank. This tank serves primarily as a batching tank

for the waste evaporator. The distillate from the evaporation

process is condensed and stored in a condensate storage tank

before discharge from the plant. The concentrates are collected

and stored for processing through the solid radvaste system.

A typical PWR radwaste system for clean liquid wastes is

shown in Figure 9 •

Reactor
Coolant
Letdown

Holdup

Tanks

1

Typical PWR liquid radioactive

waste system — clean wastes

Fie. 9. (From rof. 10)
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Clean wastes consist primarily of reactor coolant and are

collected in hold-up tanks. After filtration and demineralisation

of these wastes, the boric acid evaporator serves primarily to

recover boric acid and primary grade water. The boric acid

evaporator condensate, after being filtered and demineralised

can be recycled to the primary coolant make-up tank or measured

and released to the discharge canal.

Solid radioactive waste from a PVR may be processed

differently depending upon the source and the activity.

Evaporator concentrates are solidified with a mixture of cement

and vermiculite in 55-gallon (0.3 m ) steel drums lined with

cement for shielding purposes. More cement is added to

encapsulate the component completely. The drum is then capped.

All processed solid radwaste is stored on-site before being

shipped to a burial ground for final disposal. These shipments

range from 100-175 drums a year.

A radiological survaillance study performed in the US

at an operating PWR power station, showed that the maximum

annual gross beta-gamma level of activity discharged in gaseous

effluent was approximately 22 curies in 1962, and averaged

5.3 Ci/y between 1962 and 1968. During 1974, operating

experience^ ; gave an overall PWR noble gas release of 10 to

20 Ci/MW(e) y. The release was primarily long-lived Xe-133

(5.3 d). Kr-85 (10.7 y) may provide a few percent of the PWR

release activity composition. Other radionuclides found in

the gaseous waste were H-3, C-14, and Xe-132. No gaseous 1-131

was found. Based on measured concentrations in the surge drum

and subsequent dilution, four radionuclides were estimated to

be present at the site boundary^ in concentrations corresponding



to 0.002$, 1.0$, 0.03$, and 0.01$, respectively, of their

individual maximum permissible concentrations. For Sr-90 it was

0.01$.

Liquid wastes from PWRs are similar to those from BWRs,

except that tritium is a much more significant constituent.

This arises mainly from diffusion of the fission-produced

nuclide through stainless steel clad fuel and from extensive

use of boron and lithium in PWR coolants. In 197**i the average

tritium release from PWRs was \.k Ci/MW(e) y, and for BWRs

0.07 Ci/MW(e) Y> Diffusion of fission-product tritium into

the primary coolant can be reduced by changing from stainless

steel cladding to zirconium cladding which reduces leakage from

about 30$ of the fission-product tritium to '\°/o. If it is

necessary to replace the primary coolant during the lifetime

of the reactor, special provisions can be made to handle the

tritium which has built up in the coolant.

2.3«^ Heavy water reactors

The CANDU-reactor is a pressure tube, not a pressure

vessel reactor, in which heavy water is used both as coolant

and as moderator. The heavy water coolant in the pressure tubes

is physically separated from the heavy water moderator. CANDU

reactors operate on natural uranium.

The heavy water moderator is contained in a tank surrounding

the fuel pressure tubes as shown in Figure 10.* ' There is

room in the fuel tubes for the coolant to flow past the fuel

elements, thus removing the heat that is generated in the fuel.

The coolant then gives up its heat in a steam generator, as in

other types of reactor power stations.

With the exception of the rather large inventory of

tritiated water (about 1 Ci/kg) in the primary heat transport
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Stem

Generator

Fan
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Pump

Schematic diagram of a typical heavy-water reactor-

. 10. (From ref. 10)
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system at equilibrium), heavy water reactors are otherwise

similar to PWRs with respect to their potential release of

radioactive materials to the environment. Radioactivity in

wastes results either from the escape of fission products from

failed fuel elements or from the neutron activation of

impurities or corrosion products circulating in the coolant.

Soluble radionuclides such as those of caesium remain in

solution in the coolant and escape from the reactor when the

water leaks or during fuel charging. Less soluble radionuclides

such as those of cobalt tend to be deposited on the surfaces

of piping and normally do not escape with the coolant. Instead

they are released when equipment is decontaminated either in

situ or prior to out-of-service maintenance.

Gaseous radionuclides such as those of the noble gases and

iodines become airborne if they are present in the coolant, if

and when it leaks.

The rates at which fission products escape from the fuel

depend directly on the rate of fuel failure. However, since

it is possible to charge fuel without shut-down in the CANDU-

type reactor, with adequate provision for detecting and locating

failed fuel, it is possible to remove defective elements and

thus to keep to a minimum the amount of fission products that

escape to the coolant.

Activation products include Co-60 and Zn-65, from cobalt-

bearing alloys and corrosion of valve packing which may contain

as much as 50% Zn. Of particular significance to the heavy

water reactors is the economic incentive to reduce heavy water

losses by the use of molecular-sieves which retains from air

streams not only heavy water but also tritiated water, iodine,

and caesium nuclides.
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The need for closed-cycle ventilation to recover D. 0 also

provides incidentally for delay in the release of noble gas

radionuclides. This delay means that radioactive decay

reduces significantly the amounts of the short-lived nuclides

which are released to the atmosphere.

Delays in the liquid systems similarly allow time for

substantial fractions of the short-lived radionuclides to decay

before being released to the environment.

The tritium discharged in airborne effluents from

Pickering*9' in 1973, was 22.4 Ci/MW(e) y, and 15.4 Ci/MW(e) y

in 1974. The tritium discharged in liquid effluents from

Pickering 1, 2, 3, and 4, amounted to 14,6OO curies total

release in 1974, giving 9.04 Ci/MW(e) y.

CANDU reactors produce some radioactive materials in small

quantities outside the fuel. Most of these are collected in

filters and purification systems of the reactor coolant circuits.

The filters are removed in shielded containers in the reactor

and stored in concrete vaults which are versions of the

canisters designed for spent fuel. Cooling is not needed. The

bulk of the radioactivity in these materials is radioactive

cobalt.

Combustible materials will be reduced in volume by

incineration and other materials compacted. The ash or compacted

wastes are stored in drums or put into inert insoluble material

like bitumen and stored in concrete storage vaults.

2.4 Fuel storage'-*'

Except for the heavy water reactors using natural

uranium fuels, there seems to have been little thought given
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to situations where fuel reprocessing services either may not

be available or are economically unattractive.

While irradiated or spent fuel is not regarded in most

nuclear economics today as a waste, the management of it while

in interim storage is not unlike the management of solidified

high-level waste, to be discussed below. All the

fission products are there, even more plutonium and, in addition,

the gaseous nuclides tritium, iodine, and krypton.

The problems attendant on such storage are not a lack of

technology, but the provision of facilities and practices to

assure continued cooling, adequate monitoring and surveillance

to detect release of activity from the containers, adequate

treatment of effluents, no unauthorised entry or removal and

that faulty or failed containers can be replaced or over-

packed.

(12)Nuclear power stationsx ' can be designed with sufficient

pool capacity to store all the spent fuel produced over their

expected 30-year life. The zircaloy sheathing on CANDU fuel is

highly corrosive resistant in both air and water up to at least

300 C. There is no reason to believe that the sheath alone

should not prove safe containment for a minimum of 100 years.

In Canada, a passive dry storage method has been selected

for development and testing. The fuel bundles will be sealed

in steel containers at the reactor site and transported to a

central storage area where they will be placed in steel canisters.

Each canister may hold up to 200 fuel bundles of about five tonnes,

and after being filled they would be welded shut and surrounded

by concrete shielding. Heat is removed by natural convection.

Canada forecasts 130 GW of nuclear power by the year 2000.

All the used fuel accumulated by the year 2000 (about 4-million

fuel bundles, weighing about 100,000 tonnes) could be
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accommodated in 10 pools of about 4,000 m each.

Shipment of irradiated fuel is discussed in report NIP-6

(13)of this series.v ' It takes place in massive steel flasks

typically 50 tonnes which are designed to withstand both a

severe impact and fire.

2.5 Disposal of low level solid waste

The Royal Commission on Environmental Pollution Report,'1 *'

discussed at some length problems associated with the disposal

of low-level solid wastes as practiced in the present time in

Britain. Very small amounts of radioactivity (microcuries) can

be deposited in municipal and other refuse tips. At tips where

"special precautions" are applied, amounts up to one~millicurie

can be disposed of in sealed containers. The only geological

disposal site in Britain is a shaft on the AEC site at Dounreay.

At each of the Magnox and AGR sites, the CEGB expect that

some 2,400 ra of radioactive solid waste will be accumulated

over the 25-year life of the station. At the end of this time

the activity will amount to about 80 kCi, decaying to half this

level in 10 years.

Half the total volume containing the major part of the

radioactivity comprises metallic components that have been removed

from the reactor core such as fuel stringer materials, control

rods, and neutron flux measuring instruments.

These are kept in concrete vaults within the reactor

biological shield. The utilities are permitted to keep wastes

on their sites except for a limited quantity of material from

cooling ponds which are contaminated with plutonium. The

Commission piinted out that there was a lack of clarity about

where responsibility rests for determining the best strategy

for dealing with these wastes.

In New Zealand, the Radiation Protection Regulations 1973
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Section 13, discusses disposal of waste products. The Director-

General of Health, according to the Act, will be responsible

for defining the conditions under which any reactor radioactive

wastes will be disposed of in this country.

2.6 Fuel reprocessing

2.6.1 - General -

Should New Zealand embark upon a nuclear power programme

we may never have to establish in New Zealand a fuel reprocessing

plant with, its accompanying difficulties of the safe storage

of hi.,£).<.—level radioactive liquid wastes and their ultimate

conversion to solids followed by both interim and long-term

storage or disposal of these highly radioactive wastes. We

would also not be faced with the handling and safeguarding of

the extremely valuable, highly radioactive and potential

nuclear weapons material, plutonium.

This last section of the nuclear fuel cycle, the reprocessing

of the irradiated fuel, is associated with the management of 99?»

of all the waste radioactivity arising from nuclear power

generation. The main objective of fuel reprocessing is the safe

and efficient removal of plutonium and uranium in sufficient

purity to re-use in the fuel cycle.v '

New Zealand may only be required to store the radioactive

fuel elements easily and quite safely in e pool of vater, as

discussed in section k, to allow sufficient time for decay of

heat and radioactivity until they can be shipped in heavily

shielded shipping casks for reprocessing overseas as would be

the case for BWR and PWR reactor fuel because of their initial

enrichment in U-235-
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In the case of CANDU natural uranium fuel elements, the

irradiated fuel would only be reprocessed, should it prove

economic to recover the plutonium to enrich the fuel of thermal

reactors or to burn in fast-breeder reactors, should these

reactors ultimately be developed for operation in the

nuclear power industry. The reprocessing of this fuel would

again be done overseas although we could be faced with the

problem of interim or long-term storage of the fuel elements

or interim storage and long-term disposal of the high-level

radioactive wastes, should they be returned to New Zealand from

the reprocessing country.

It should be noted that the recent U.K. Royal Commission

on Environmental Pollution^ ' stated that "when foreign fuel

is reprocessed in this country, environmental interests would

not be served by the returning of the resulting wastes to the

country of origin".

While we may be fortunate enough not to have to undertake

the reprocessing of nuclear fuel in New Zealand, we should be

aware of the processes and problems involved.

Another reason for fuel reprocessing is an environmental

one, for it facilitates management of the radioactive wastes

which can be concentrated into relatively small volumes for

more convenient storage.

2.6.2 Reprocessing operations

All the processes used in the world's major

reprocessing facilities are based upon dissolving the fuel in

acid, followed by a series of solvent extractions and sometimes

ion-exchange operations which first remove the fission products,

secondly separate the plutonium and uranium, and thirdly, purify

these two products.^ '
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The fuel elements to be processed are transferred to a

highly shielded disassembly cell and the individual fuel rods

are sheared into 5 cm lengths to expose the fuel. The fuel is

then leached with nitric acid.

A solvent extraction process is next used to separate the

uranium and plutonium from the fission and corrosion products.

Most reprocessing facilities use some organic complexing agent

such as tributyl-phosphate to extract both the uranium and the

plutonium into the organic phase. The uranium and plutonium

can be separately back-extracted from the organic solvent with

nitric acid. The product nitrates are further purified and

converted to oxides suitable for re-fabrication into fuel

elements.

The following tablev ' lists the major reprocessing plants

of the world. Uranium metal and uranium dioxide fuel are

reprocessed at Windscale (United Kingdom), and La Hague (France),

The remaining plants reprocess only dioxide fuel.

Table 1- Global reprocessing capacity

Reprocessing plant Country Commissioned Capacity
_ _ _ _ _ ^ ton/v

Windscale (BNF Ltd) UK 1952 2,500

Dounreay UK, AEA UK

NFS (Nuclear Fuel Services) USA

Barnwell (Allied Gulf Nuclear) USA

W.A.K., Karlsruhe Germany

La Hague (C.E.A.) France

Marcoule (C.E.A.) France

Tokai (Tokai Mura) Japan

Eurex (C.N.E.N.) Italy

Itrex (C.N.E.A.) Italy

* Currently reprocessing UK experimental reactor fuel

** Temporarily closed in 1971 for modifications to increase
capacity to 900 ton/y. Now closed down.l1^)

1958
1966

1977

1971

1967

1958

1975

1971

1971

*

300**

1,500

40

800

1,000

200

25

5
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It is expected that there will be less than one

reprocessing plant per 3OfOOO MW(e) installed nuclear generating

capacity by 1980.' '

At low irradiation, 5OO MWD/t, all the fuel and fission

products dissolve readily in nitric acid but above 10,000 MWD/t

some of the metallic fission products such as ruthenium, rhodium

and technetium agglomerate into fine particles that are

insoluble. Reactor fuel at 100,000 MWD/t can be seen as

gleaming pellets of pure fission-product alloys. These

insolubles must be filtered from the solutions before they are

(17)passed to the extraction plant.x '

The plutonium from the highly irradiated fuel is not the

simple alpha emitter Pu-239. It is a very different mixture

that grows the more troublesome Americium-2'H after not many

months storage.

In the handling of high-level radioactive wastes great

care has to be taken to avoid criticality, which is more likely

to occur when fissile materials are in aqueous solution because

the water acts as a moderator. The shape of the reaction

vessels and the use of strong neutron absorbers such as a boron

steel honeycomb are two methods to avoid criticality. * •*'

At certain acid/solvent ratios, and at elevated

temperatures, a chemical explosive mixture can be created. Such

an accident occurred at Windscale in 1973.

As soon as the fuel elements are cut up, release of inert

and volatile gases and vapours takes place, and waste processing

to prevent large releases of radioactivity to the environ- ent

is a complex task.



2.6.3 Gaseous and volatile wastes

During cutting and leaching of the fuel tritium and

gaseous fission-products, including iodine, krypton, and xenon

isotopes, are released. Of these, radioactive

iodine is the most significant biological hazard. 1-131 decays

to a very low activity before reprocessing. The remaining 1-131

along with 1-129, which has a half-life of 16-million years, is

absorbed in nitric acid and caustic solutions, sometimes

followed by adsorption on beds of silver zeolite.

The waste solutions resulting from treatment of gas

streams containing iodine are treated as high-activity wastes.

The radioactive noble gases krypton and xenon, which are not

retained in the body after inhalation, and tritium, are usually

discharged through tall stacks to obtain sufficient dilution to the

atmosphere. In the future, emissions from large reprocessing

plants will lead to a global build-up of Kr-85 (10.7 y), and

tritium (12.3 y), resulting in radiation doses which will be a

fraction of 1$ of the natural background radiation. * '

Processes for the removal of krypton from "off-gases" are

under development using techniques such as absorption in freon,

adsorption on charcoal and then incorporated in a metal matrix

by spark deposition, and distillation at liquid nitrogen

temperatures. Methods of separating tritium by heating the fuel

before it is dissolved, or by using processes which rely on

differences in the chemical properties of hydrogen and tritium

compounds are also being investigated.'' '

A decontamination factor of 10 is usually assumed in the

reprocessing operation which implies retention for iodine of

99.9$ of that present in the fuel. An 1-129 release of 10 Ci/MW(e)y

would thus be anticipated. Airborne release of 1-129 at the

Windscale and NFS reprocessing plants has been reported
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• to be 2 to 4 x 10 Ci/MW(e) y. ̂9'

Other radionuclides released from the fuel reprocessing

plants include Cs-137i Cs-13^, Hu-106, and Sr-90. For the

airborne effluents the decontamination factors are of the order

7 1010-10 , while in liquid effluents somewhat greater fractions

of the processed amounts of these fission products are released.

For releases to fresh-water streams at Nuclear Fuel Services

(USA), the decontamination factors are 10-10 . Liquid wastes

at NFS passed through a series of three small lagoons prior to

discharge to the stream. This system provides 30-60 days

hold-up of the liquids and in addition removes considerable

amounts of activity by sedimentation. For Windscale, in which

2 3release is to the sea, decontamination factors of 10 -1O are

achievsd in practice.

In the following table are listed the activities of

fission products and transuranic isotopes generated in uranium

fuelled thermal reactors.
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Table 2- Radionuclide content of LWR ^ '

(Burn-up 33,000 MWD(t)/ton, decay = 150 d)

Ci/ton Ci/MW(e)y1' Ci/ton

Jn
8 5Kr
8 9Sr
90Sr

90y

91y

95Zr
95Nb
9 5 mNb

1 0 3Ru
106Ru
103nlRh
1 0 6Rh
1 1 O mAg
1 2 5Sb
1 2 5 mTe
127mTe

1 2 7Te
129n,Te

1 2 9Te
129-,-

131-j

692

1 1200

9600O

76600

76600

159000

276OOO

518000

5860

89100

410000

89100

410000

261

8130

3280

6180

6110

6690

4290

0.

2.

23

375
3220

2570

2570

5330

9250

17360

196

2986

137^0

2990

13740

8.7

272

110

207

205

224

144

038 0.0013

17 0.073

134

137

137m

140.

i4o

141

144

143

144.

147

151

154

155

160,

239

238

239

240

241

241

242

Cs

Cs

Ba

Ba

La

Ce

Ce

Pr

Pr

Pm

Sm

Eu

Eu

Tb

Np

Pu

Pu

Pu

Pu

Am

Cm

213000

106000

996OO

430

495
567OO

776OOO

694
77OOOO

99^00

1150

6820

6370

300

17.^

2810

330

478
115000

200

15000

7140

3556

3340

14.4

16.6

1900

25810

23.3

25810

3330

38.5

229

214

10. 1

0.6

94
11

16

3850

6.7
503

1) Reactor thermal efficiency = O.33

2.6.4 Aqueous wastes

The aqueous nitrate wastes containing most of the

fission products are generally concentrated by evaporation and

stored in underground tanks, and will eventually be solidifie- .

The fission products are mainly (3-emitters, and comprise a large

number of elements.

There are also formed the transuranic elements, most of

which are oc-emitters like Pu-239; but being of shorter half-life

they are extremely radiotoxic if taken into the body (curium is six
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times as toxic as plutonium per unit of activity), and therefore

the actinides need to be very strictly controlled.

The table below lists the more important transuranic

radionuclides.

Table 3- The more important isotopes of Plutonium.
americium and curium*.

Isotope

Plutonium-238

-239
-240

-241

-242

Americium-241

-242

-242m

-243

Curium-242

-243

-244

Half-life

87 y
24400 y

6600 y

1̂ .3 y

387000 y

433 y
16 hr

152 y

7370 y

163 d

32 y

18 y

'3>

Decay

a

a

a.S.F*

P
a

a

P
I,T**

a

a

a

a

Decay daughters

uranium-234

-235
-236

americium-24i

-238

nep t uiiium- 237

curium-242

americium-242 -
curium-242

neptunium-239 -
plutonium-239

plut onium— 238

-239
-240

* Spontaneous fission

** Isomeric transition to the ground state of the nucleus.

In the early years after reprocessing, most of the activity

arises from the fission products. Most of the fission products

decay to about a thousandth of the original level of activity

in 300 years, and about one-millionth in 600 years/

Initially, the a-activity is associated mainly with curium,

then as curium decays americium dominates, and finally,

plutonium-239 with its half-life of 24,400 years is the radio-

nuclide of pxeatest significance. For plutonium, the red -ction

to 1/1000 takes 250,000 years.

Tables 4 & 5 list the radioactivity of the more important fission

products and transuranium elements in high-activity wastes at
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various times after discharge from a reactor. There are over

200 different species of fission products, but the ones that

have most importance in waste management are those produced in

large quantities in the reactor, have long half-lives and

significant radiotoxicity in the body, particularly Cs-137 and

Table 4- Radioactivity of important long-lived

Isotope

Sr-90

Yt-90*

Zr-93
Nb-93m

Tc-99

Ru-106

Rh-106*

Cs-134

Cs-137
Ba-137m*

Ce-144

Pr-144*

Sm-151

fission products in
liquid wastesU )

(Basis: one year of
1000 MW(e) LWR)

Half-life

29 y

2.6 d

950000 y

12 y

213000 y

369 d

2.2 h

2 y

30 y

2.6 min

284 d

17 min

93 y

At 1 year
(Ci)

2010000

2010000

50

6

380

725OOOO

725OOOO

4680000

279OOOO

2620000

12100000

12100000

32900

high-activitv

operation of a typical

At 10 year
(Ci)

1610000

1610000

50

23

380

14600

14600

223000

2270000

2130000

4000

4000

3 08 00

At 100 year
(Ci)

17^000

174000

50

50

380

-

-

-

281000

263000

15000

At 1000 yr
(Ci)
_ +

-

50

50

380

-

-

-

-

-

12

Indicates short-lived 'daughter1 of the isotope directly
above it in the table

Blanks indicate that radioactivity has decayed to less
than 1/1000 Ci.
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Table 5- Radioactivity of transuranium elements
in high activity liquid waste{1)

(Basis: one year of operation of a typical
1000 MW(e) LWR)

Isotope

Np-237

Np-239

Pu-238

Pu-240

Pu-24i

Am-241

Am-242m

Am-243
Cm-242

Cm-243

Cm-244

Cm-245

Cm-246

Half-life

2140000

2.35
87.8

6540

15

433
152

7370

163
28

17.9
8500

4760

y

d

y

y

y

y

y

y

d

y

y

y

y

At 10 yr
(Ci)

9.1

480

2500

120

8500

4300

230

480

190

80

44ooo

9.1

1.8

At 100 yr At
(Ci)

9.2

480

1300

230

130

4ooo

150

480

130

11

1400

9.0

1.8

1000 yr
(Ci)

9.8

440

5.9
21O

8.A
95O

2.6

44O

2.1

8.4
1.6

At
10000 yr
(Ci)
10

200

84
0.2

3.9

195

3.9
0.4

106 yr
(Ci)

7.3

0.03

Although the fission products pose the greatest radiation

hazard for several centuries, they do not constitute a

significant environmental hazard beyond 1,000 years. The total

radioactivity of the fission products after 1,000 years is less

than the radioactivity of the ore from which they were derived.

The transuranium elements are the major concern after about

800 years because of their long half-lives and greater radio-

toxicity. After 1,000 years, their activity is still about

three times that of the ore from which they were derived.

2.6.5 High activity liquid wastes

One tonne of magnox fuel which will have generated

30-million kWh of electricity produces about 40 litres of high-

level concentrate containing the fission products and actinides.

Oxide fuel is expected to yield somewhat less. The concentrated

liquid is kept in special stainless steel storage tanks (15)
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The quantities of radioactive waste arising per 1000 MW(e)

generating capacity per annum for LWRs which will be the

predominant reactor type at least up to 1990, are shown in the

table below. Since the liquid metal fast-breeder reactor is

likely to be the reactor type to take over the major role after

1990, comparative figures are also given in this table of wastes

arising per 1OOO MW(e) y for the LMFBR.'2'

The problems of managing these high-level wastes are

recognised and new developments concerning methods of handling

are discussed below.



41.

Table 6- Quantities of solid wastes containing
fission products estimated

Solid waste

A. Produced at reactor site

Low-level
cubic metre/y
kilograms/y
number 240-litre drums/y
storage site area used m^/y

B. Produced at reprocessing plant

High-level vitrified
cubic metre/y
kilograms/y
canisters/y „
repository space required m /y

Cladding hulls
cubic metre/y
kilograms/y
number of 150-litre drums/y
storage area/y

Low-level solids
cubic metre'"
kilograms/y
number of 250-litre drums/y
storage site area used m /y

annual rate

1000 MW(
LTO

56-

» y

110
60000-100000
270-
165-

2.5
5000
60

1100

1.7
7600

15
a

17-

540
330

115
3OOOO-65OOO

80-
93-

540
460

1000 MW(e)y
LMFBR

28- 56
3OOOO-5OOOO

135- 270
83- 165

2.0
4ooo
40

750

5.5
30000

50
a

56- 340
100000-200000

185- 930
185- 930

a - Depends on whether storage is required at commercial
site or federal repository.

Again, a 1000 MW reactor capable of supplying electricity

for a city of one-million people gives rise to about 34 m of

high-activity liquid waste per year. Taking into account the future

growth of the nuclear power industry, the total world production

rate of high-activity liquid waste is likely to be^ '

6000 m3 in 1980

33000 m3 in 1990

95000 m3 in 2000

The experience in storage of large quantities of liquids

over the last 20 years has demonstrated that the method is a

satisfactory approach provided surveillance is maintained, spare

tanks are available in case of unexpected failure, and a policy

of adequate tank replacement is instituted.
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There is now agreement throughout the world, that prolonged

liquid storage must soon give way to a solidification programme

that will increase the integrity of the waste confinement,

make surveillance less vital, and reduce the requirement for

tank replacement.

In the UK alone, the amount of waste uranium stored in

drums and tanks would, if used in fast reactors, provide as much

heat as 50,000-million tons of coal. This is more than the

(17)total UK coal reserves. '

2.6.6 Interim control of high activity liquid wastes

Most of the high activity wastes that have been

produced from reprocessing of nuclear fuels in various countries

are now stored as liquids in underground tanks. The size of

3 3

these tanks varies from about 50 m to 5,000 m .

Stainless steel tanks are used for acid wastes, mild

steel for alkaline wastes. Unless the tanks are cooled, liquid

wastes when first produced will boil from the heat generated by

radioactive decay of the fission products.

One year after discharge from a modern LWR, the heat

generation rate is about 8 kW/m . Heat is removed from the

high acti\-ity storage tanks either by installing internal cooling

coils to keep the temperature below 65°C, or by allowing the

liquid to boil and condensing the steam produced.

Although from the older US weapons wastes storage tanks

10$ of the tanks have leaked,' "' the radioactivity has not

migrated beyond the immediate vicinity of the tanks and no

contamination of ground water has been detected.

A modern storage tank is shown in Figure 11, It is a stress-

relieved, free standing, carbon steel tank, completely enclosed



Leak Detector
for Primary Tank

Instruments to
measure Liquid

Level and Temperature

Well
to monitor
Ground Water

vapour Outlet
to Condenser

Primary Steel Tank

Secondary Steel Tank

Tank Diameter 23 metres
Maximum Liquid Depth 9-2 metres
Capacity 3,800 cubic metres

Inner Tank Thickness
Outer Steel Lining

Not to scale

9-12mm

6 mm

Fig. 11. Modern mild steel tank for storage of alkaline, high
activity, liquid waste (Hanford, USA). (From ref. 1)



in a fully steel-lined concrete vault. The storage system is

designed to withstand natural forces such as severe earthquakes,

without leakage.

To escape to the environment, waste would have to penetrate

three layers of containment, two of steel, and one of concrete.

Monitoring equipment located between the two tanks detects any

leak from the primary containment. *• '

Highly active waste has been stored at Windscale for over

20 years, and amounts to 500 m . The newest design of tank has a

capacity of 150 m in the form of a vertical cylinder of 6 m

in diameter, and 6 m high. The tank is contained in a concrete

cell with 1-g- m-thick walls, partly lined with stainless steel

and in this way forming a secondary containment. A cooling

system ensures the continuous provision of cooling water.* '

Each new tank costs about /'t-million, and takes four years to

build.' -*' UK is expected to have 6000 m of high-level waste

by 2000, requiring 50 tanks, but occupying a land area of less

than a hectare.

2.6.7 High activity waste conditioning

2.6.7.1 - Actinide separation -

The high activity wastes can be treated in various

ways in an attempt to reduce the problems associated with their

(2*0
long-term storage or disposal*. One such option is partitioning

in which the waste is divided into actinides (relatively long-

lived), and fission products (relatively short-lived) fractions.

The activity in the short-lived fractions with half-lives of

no more than tens of years will diminish to that of an average —

grade uranium ore in one-thousand years.
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The actinides on the other hand could be re-cycled and

fissioned in fast breeder reactors. This could have advantages

if proved feasible.

The TJKAEA^ ' say that it would be necessary to irradiate

the actinides for about JO years in order to convert 99.9$ of

the re-cycled actinides into fission products. The special

actinide fuel elements would require periodic removal

from the reactor during this time for reprocessing and this would

additional hazards of occupation exposure to radiation.

There are very severe technical problems in completely sepa-

rating the fiesion products and actinides, and the methods could take

many years to develop and cost many millions of pounds

although improvements in waste treatment, storage, and disposal,

can be expected.v • '

2.6.7.2 - Vitrification -

The British Nuclear Fuel Laboratories plan to vitrify

high-level radioactive wastes using a process developed at

Harwell. It will not be in commercial operation until 1985, and

(15)they plan to work through the back-log of wastes by 1995-

The vitrification process consists of running a measured

amount of high-level liquid waste concentrate into a stainless

steel crucible where it is heated together with glass-making

materials, silica and borax. When the glass has been formed,
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the filling ports are welded ovur and the crucible becomes a

permanent container.

The original FINGAL process at Harwell produced cylinders

300 mm diameter and 3m long. BNFL now favour large annular

blocks which would be better able to dissipate heat in the water-

cooled ponds that would be used to cool them prior to ultimate

disposal and could be produced in a single production line

rather than a number of separate ones. This process called

HARVEST would produce large annul! 1.3 m outside diameter, and

nearly 3 m high, with a mass of around 15 tonnes. Present

Magnox reactors would require about three such annuli per

year.*1*)

At the Karlsruhe Nuclear Research Centre, borosilicate

glass blocks can be produced which contain several thousand

curies of beta and gamma radiating material per kg of glass.

In addition, some 10 Gi of extremely long-lived alpha-radiating

substances are included per kg of glass.

As yet little is known about the effect of a-radiators

distributed uniformly in the glass matrix, so experiments have

been started with glasses into which 2.7 Ci of Cm-2^2 per gram

have been melted. With tills dosage, the energy released after

10 months is about the same as that occurring after 1,000 years

of decay of a-radiators in radioactive waste from nuclear waste

(22)recovery plants.v '

The French at I'.arcoule have developed what is called the

PIVER process. PIVER involves the fusion of waste material vith

glass containing aluminium compounds after the elimination of

nitrogen oxides and various volatile products of fission. The

waste-glass amalgam is cast into blocks of 100 kg each, poured

from Inconel stainless steel pots 25 cm in diameter, and 2.5 m
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tall. The blocks are then stored on the site in concrete-

sheathed vertical tubes 10 m deep. The process is said to

make the waste material as insoluble as is chemically and

physically possible, confine the radiation, and provide good

thermal stability during the early cooling and first 10-15

(23)
years of storage.

The vitrified blocks are planned to eventually be removed from

their storage shafts to a half-buried more isolated site.

2.6.7.3 - Calcination -

At the Eurochemie site, high-level wastes are being

solidified by calcination using the fluidised-bed process

developed in the US. The calcinates obtained by this procedure

are in the form of easily dispersable granules with a relatively
•a

high leach rate. Eurochemie expect to produce some 80 m of

such granules.

The incorporation of the granules into metallic matrices

is also being investigated. This, beside facilitating cooling,

should also result in compact blocks of solidified material

(21 )
which can be easily and safely transported and stored.v '

2.6.7.4 - Nuclear incineration -

Sowerby and Rainey^ ' have made a study of what they

call nuclear incineration, i.e., using nuclear techniques to

convert the active material into nuclei which are either stable

or have a shorter half-life. They show that 24 years

irradiation in a fast reactor reduces the hazards by factors

between 300 to 1,000 in the time range 10-10 years.

2.6.8 - Leachability

Earlier work with glass suggested that problems of water conta-

mination could arise. If a glass cylinder 30 cm in diameter and 183 en
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long were exposed daily to leaching over its entire surface by

a volume of water equal to the volume of glass, and if the

initial level of fission product activity contained in the

cylinder was a few million curies, after 50 years of storage

the activity in leach water would still be well above permissible

(31)levels for drinking water. '

(32)A more recent study by Mandel and Ross* ' considered the

leachability of new improved glasses under the severest limiting

conditions, 100 C, and pure water. The results obtained lend

confidence to the general concept that radioactive wastes can

be fixed with assurance in silicate glass.

2.7 Interim 'engineered1 storage'- '

While many methods for ultimate storage have been proposed,

many nations consider that the best policy for the near term is

interim storage in man-made structures at or near the surface

of the earth.

•Engineered storage', as this approach is called, has the

advantage that continuous surveillance can be maintained and

solid wastes can be more easily cooled at a time when their

heat generation is greatest. It also has the advantage of

providing more time for detailed evaluation of the many options

available for elimination and ultimate disposal of wastes.

All proposals for engineered storage involve first loading

the waste into stainless steel canisters. Ten canisters, each

of 0.3 m diameter and 3m long, would be required for each year

for the waste from a 1000 MW(e) reactor. These canisters would

then be stored either individually in the open in air-cooled

vaults or in water-cooled ponds. The last approach is similar

to that currently used to store irradiated fuel assemblies. All



the necessary technology is available for constructing and

operating a retrievable storage facility for periods of up to

100 years.

In the US, the land requirement for a retrievable surface

storage facility is estimated to be 40 hectares (100 acres) up

to the year 2010. In UK the requirement is 0.7 hectares (2 acres),

by the year 2OOO, if by then three-quarters of their electricity

is generated by nuclear power.

According to new regulation by the USAEC, solidification

has to be made within five years after the liquid waste has been

produced, and this^solidified waste has to be deposited in a

storage area assigned by the U.S. Government within another

five years. '

2.8 High activity wastes - ultimate disposal

The U.K. Royal ConnnissJ.on̂  ' stated that they think

that quite inadequate attention has been given to the solution of the

problem of final disposal of highly active wastes, and they regard the

demonstration of a means of safe disposal of high activity wastes

to be an essential pre-requisite to a big expansion of nuclear

power.

The Commission also considered as fundamentally unsound,

the disposal of high level radioactive wastes by removal from

the earth by rocket into space; subduction into the earth's

mantle between the edges of tectonic plates in the ocean trenches

and deep burial in Antarctic or in the Greenland ice sheets.

The Commission concluded that there were two reasonable

options for the permanent disposal of high level vitrified

waste, namely, geological formations on land and below the ocean

floor in stable areas.
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Assuming the high activity wastes have been solidified

into blocks of glass without actinide separation, we must now

consider ultimate storage of such glass. The wastes will

generate a substantial amount of heat, e.g., the heat from

blocks containing 25$ fission product waste solids falls from

about 60 watts/litre at one year, to 10 watts/litre at seven

years, and one watt/litre a century after the fuel has been

discharged.

2.8.1 Disposal in geological formations on land

A number of countries are already considering permanent disposal

of wastes in geological formations, after vitrification of the

high activity wastes.

ERDA witnesses testified before the Assembly Committee on

Resources, Land Use and Energy that, while the vitrification

technique works in the laboratory it has yet to be scaled up to

a commercial process, and its long-term stability has not yet

been ascertained.

Among the various criteria set down for a geological

site, are<15)

(a) a geological formation that has been stable for

millions of years in the past should, with fair confidence,

continue stable for periods of 100,000 years in the -future.

(b) the host rock must not have fissures or intergranular

pore spaces that would allow the passage of water, and it must

be able to withstand the heat generated in the waste.

(c) the disposal site should clearly be in a seismically

quiet area.

(d) it should be in an area of low or moderate relief

and remote from large bodies of surface water.
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(e) it should be at least 300 m below the surface to allow

for possible erosion of the land surface under present and

possible future climatic regimes.

(f) it should be located in an area distant from the

mobile belts of the earth, tectonically stable and without

( T1>records of volcanic activity in the last few million years. '

(g) it would be prudent to select a disposal area in an

area that has not been affected by any of the Pleistocene

(31)
glaciations. '

It is evident that it would be hard to find a suitable

disposal site on land in New Zealand, on the above criteria.

The three principal types of material which tave been

advocated are rock-salt, which is favoured in West Germany

(where pilot plant trials are already taking place in the salt

mines in Asse in Harz); clays, which are being developed by the

Belgians and Italians, and crystalline rocks which are under

investigation in Canada, France, and Sweden.

The IAEA accepts that geological disposal of high-level

wastes is sound in principle, but that each formation and site

requires individual examination.

A geological formation selected with the above criteria

would offer an extremely low risk of radionuclide release. If

the unpredictable should happen, and containment failed, ground

water would be the most likely medium of activity transport. With

ground water as the medium acting to dissolve and transport the

waste residue, the global risk to mankind would be effectively

(31)limited becausev '

(1) the movement of plutonium and americium through ion-

exchanging geologic materials is a slow process;
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(2) the most likely mode of intake of plutonium and

americium from an aqueous environment is by ingestion and

their potential hazard indexes (PHl) by ingestion are three to

four orders of magnitude lower than their PHIs by inhalation;

(3) for plutonium and americium in contaminated water,

the critical pathway is by direct ingestion of the water,

because their mobility along food chains is very limited and

to date no significant reconcentration mechanisms have been

(31)reported for these nuclides.x '

This aspect of the waste problem is discussed further in

report, DSIR N1P-30.

2.8.2 Disposal in the ocean bed

The U.K. Royal Commission on Environmental Pollution

discussed at some length disposal of high level radioactive

wastes in the ocean bed. This would seem to be an ideal

solution. There are a number of potential advantages to the

disposal of high level wastes into stable areas of the ocean

bed:

(1) there are very extensive areas available and some of

them are of very low biological productivity and with no known

mineral or hydrocarbon resources;

(2) the wastes would be extremely secure from inadvertent

retrieval even in the distant future if all records were lost.

This could be important should it be decided to mix plutonium

with the high level fission products so as to make the plutonium

inaccessible)

(3) some regions of the oceans are known to be among the

most geologically stable areas of the planet, and the ocean bed

under some 4,000 m of water would not be affected by any

conceivable climatic change or variation in sea. level;
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(4) there are many layers of defence, all of which would

have to be significantly breached before there was any danger

to man. These include the glass itself, and its container, any

accretions on the cask surface, the impervious basalt or

sediments in which it was embedded, the slow diffusion of

isotopes through and retention on the overlying sediments by

ion-exchange processes and finally, the very slow tidal currents

in the bottom water;

(5) the only route back would be by way of the ocean,

not through circulating ground water that could become drinking

water.

The operation of a disposal facility in the deep ocean bed

would be a complex operation. If the cylinders were 500 mm

diameter (as from the French plant at Marcoule), then a column

900 m high would accommodate the fission product wastes from the

generation of between *MX> and 500 Twh of electricity (iTWh=10^ kWh),

If the world-installed capacity was 1,200 GV by the year 2000,

it would be necessary to drill 20 new holes a year. In the North

sea, 136 oil wells were begun in 1975* and they were mostly

several thousand metres deep and cost in the region of $1O per

hole. Thus, neither the scale nor the technical difficulty of

an ocean-bed disposal facility seem to raise insuperable

objections.

The Royal Commission advocated that work should be done

on ocean-bed disposal because it would protect the environment

while allowing the British nuclear industry to operate at 1 they

were aware that the operation of a suitable disposal facility,

together with the associated transport and reprocessing operations,

could be an exceedingly good business and one for which a

technological maritime nation should have ambitions.



Appendix III summarises under headings of the various stages
of the fuel cycle, the hazards involved at each stage, the
control measures adopted, and their consequences for a New
Zealand programme.

3. COSTS OF WASTE MANAGEMENT

It is reported that any of the options for disposal of

high level wastes in geologic formation can be implemented without

increasing the cost of electricity by more than about 1$.v ' ' '

In 1974, the AEC estimated that it would cost $3,000-

million (say, * 2,000-million in 1976) to treat, store, and

dispose of all the radioactive waste generated in the course of

producing 60,000 TWh of electrical energy up to the year 2000.

This represents a cost of about 0.0033 pence per kWh, or less

than one percent of the cost of generating electricity in

Magnox reactors. '

(3)Lennemann et al.v ' showed that there are significant

economic incentives for countries with smaller nuclear power

programmes to co-operate in considering regional centres for

fuel reprocessing and handling of radioactive waste.

Besides any economic advantages, there are other good

reasons for international co-operation in using regional centres

for nuclear fuel reprocessing and handling the radioactive

waste. One reason is to reduce the number of sources of

radioactive contamination and the number of facilities

contaminated with radioactivity.

Another reason is that well-located, well-managed, well-

staffed, and well-operated regional centres should significantly

reduce the risk of an accidental release of radionuclides into

the environment or of causing a major radiation exposure to a

population group.

t*. PATHWAY TO MAN

So far in this report we have reviewed background information on

radioactive waste management problems within the various stages of

the nuclear fuel cycle.
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Although, there has been much discussion about the

environmental hazards of radioactive waste disposal, a recent

attempt to quantify these risks has been made by Dr Bernard

L. Cohen of the University of Pittsburg in a series of papers

in which he deals with high-level radioactive waste from

light water reactors. t->->t-> 1 These papers illustrate by

means of detailed diagrams, the nuclear waste problem with

calculations based on a metric tonne of 3.3% enriched U-235

fuel, and on the total waste generated by one year of

^00-million kilowatts (400 GW(e)) of nuclear power generation.

The papers discuss the production of radioactive nuclei

during the operation of a light water reactor and the decay

history of the material is followed. The potential

environmental impacts are calculated as a function of time,

including thermal effects, external gamma radiation, ingestion

and inhalation pathways and neutron emission. These potential

hazards are compared with other man-made hazards and various

ways in which damage may occur are discussed, as are

requirements for surveillance. A comparison is made of the

ingestion and inhalation hazards from nuclear wastes and

uranium mill tailings.

Detailed calculations show that a potential hazard of

the order 5 x 10 cancer doses in one year's waste from

'tOO GW(e) of nuclear power (if all the waste is ingested) can

be reduced to O.k deaths in the first million years after

reprocessing. Such a reduction factor depends, of course,

upon the models and assumptions, but as Cohen pointed out he

was trying to give a feel for the problems rather than

accurate estimates.
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Because these papers give a real feeling for the origin

and magnitude of the risk, a detailed consideration of them is

given in Appendix I to this report. Cohen (pers. comra.

Nov. 5) stated that the latest revision of his paper is

scheduled to appear in the January 1977 Reviews of Modern

Physics.

On account of the controversial nature of the assumptions

and models used in Cohen's paper, a critical assessment of

his findings has been made and is attached as Appendix II to

this report. It was concluded that Cohen's paper

represents a reassuring exposition of the integrity of the

ultimate storage in geological structures. Plausible

models are presented by Cohen to aid in the

computation of risk estimates. Although such models

(McLachlan and Lassey* ' conclude) should not be taken as the

last word, it is reasonable to believe that the resulting

estimates of average consequences should be reliable to within

a factor of 10.

Cohen calculates - often very crudely - only average

effects. He inserts into his models average population

densities, which may be inappropriate to the calculation of

maximum plausible effects. The crudeness of the models and

assumptions are in fact a consequence of the lack of data

which would allow a more realistic calculation. Thus, in

particular, standard deviations of input and output distribution

as well as their means are required for more detailed analyses/ '

By obtaining the presently unknown data for a particular

location, it should be possible to find a burial site

where the hazards to the local population are lower than
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the average value found by Cohen.

Cohen successfully relates the nuclear waste hazard to the

numerous other hazards which our society unquestionably accepts.

We see no reason why a zero risk concept should be tied to

the nuclear waste problem.

Von Hippel and Cohen continue the nuclear debate on the

(37)hazards of waste management in a recent issue of Physics Today. '

(38)
In a further paper, Karl H. PuechiVJ ' aims at gaining

insight rather than absolute accuracy in his quantitative

assessment of the nuclear waste problem. This paper should

be read in conjunction with Appendices I and II to gain

further insight into the technical details of the waste

management problem.

5. THE NEW ZEALAND SITUATION

In earlier sections of this report, the origin of

different wastes has been discussed giving details of the waste

management procedures required for different reactor types.

Following the same outline as used in Section 2, the situation

for New Zealand is as follows:

5. 1 Mining and milling of uranium

Uranium ore reserves (e.g., Buller Gorge) in New

Zealand are very limited and these have not yet been fully

explored. Fairly large reserves of radioactive minerals in

the form of uranothorite, monazite, and euxenite, are known to

occur in our South Island, West Coast, beach sands, but the

extent of these are also largely unknown.

5.2 Uranium enrichment

New Zealand will most likely never install a gaseous

diffusion uranium enrichment plant. However, a new process -
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the centrifuge process - is being developed. The equipment for

this process is more expensive to build, but its requirements

for electricity are only one-tenth that of the diffusion

process. A commercial scale plant is now being built at

Capenhurst, England, and such a plant could, if needed, be

introduced into New Zealand without undue difficulties.

5.3 Fuel fabrication

Should New Zealand choose a CANDU-reactor, we could

buy 'yellowcake' and set up a fuel fabrication plant. This

would involve very little radiation hazard as the processes

involved are physical and chemical - not nuclear processes. It

seems unlikely that New Zealand would ever fabricate enriched

fuels.

5«^ Reactor operations

Whatever New Zealand's choice of a reactor -

(a) gaseous emission would have to be kept within agreed

health regulations;

(b) liquid emissions would have to be chemically treated and

discharged in accordance with approved health regulations;

(c) chemical residues such as sludge and resins and also

radioactive equipment of fairly high activity would need

to be stored in concrete vaults, within the reactor

shield, until such time as they are disposed of in a

manner which must be acceptable to the Director-General

of Health. In Europe this material is dumped at sea;

(d) low level solid wastes such as contaminated clothing,

gloves, rags, etc., and slightly contaminated equipment,

must also be stored temporarily before disposal at an

approved burial site.
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All these operations are being carried out at existing

reactor sites overseas. The operations may be regarded as

conventional radio-chemical engineering, and as such would not

pose any major limitation to a Nev Zealand nuclear power

programme, once disposal sites have been agreed upon.

5.5 Initial spent fuel storage (about 0-5 years)

When spent fuel elements are removed from the reactor

core, they are, for all reactor types, stored under water in a

cooling pond situated in a building adjacent to the reactor

building. Sufficient storage capacity can be built-in to house

the waste fuel for the life of the reactor. This is not a

serious waste management problem.

5.6 Fuel reprocessing

While light water reactor fuel is reprocessed after

about five years to recover plutonium and any unused uranium,

CANDU waste fuel would only be processed if plutonium recovery

is economic or the uranium was needed for use in breeder

reactors.

It seems reasonable to assume for economic reasons that,

spent fuel elements will NOT be reprocessed in New Zealand, so

reprocessing factory radioactive wastes need not be considered.

5.7 Interim and ultimate waste disposal

The requirement for interim storage or ultimate

disposal of high level waste depends critically on the

arrangements made for processing of spent fuel. Even assuming

that reprocessing is not carried out in New Zealand, there could

be circumstances in which the separated high level wastes

(presumably fixed in a stable matrix (e.g., glass)) are

returned to New Zealand. These circumstances are discussed

below.
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(a) Interim storage (~5-3O years):

CANDU fuel could be stored under water in New Zealand for

20-30 years before more secure passive dry storage is arranged.

If LWR fuels are reprocessed overseas, the need for this

type of storage vould depend on the terms of any reprocessing

agreement made with the uranium fuel supplier.

(b) Ultimate storage or disposal:

If an overseas reprocessing agreement requires the return

of the high level wastes in some solid stable form (from LWR

and possibly CANDU fuel), two additional possible storage type

facilities should be considered -

(i) ultimate storage or disposal; or

(ii) 300-year storage of the fission products and the

transuranic elements (either combined or separated),

plus provision for incineration of the transuranics

or else for their separate or combined ultimate

disposal.

In summary then, whatever reactor type New Zealand may

choose, one must assume that we will have to cope with gaseous

releases, liquid waste releases, and solid waste disposal, due

to reactor operations.

Furthermore, while there may never be a need for ultimate

storage or disposal facilities for high level wastes to be

arranged by New Zealand, some situations may require an

ultimate disposal plan based on criteria formulated for the

New Zealand situation- This may present some problems.

6. FUTURE PLANS

ERDA in November 1975, announced that it is preparing a

comprehensive report on alternative methods of managing radio-
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active wastes from the commercial nuclear reactor fuel cycle,

including ultimate storage of this waste.

(21 )The NEAV ' early in 1975 began a detailed investigation

of ways and means to co-ordinate and speed up, in an inter-

national frame-work, the many separate research and development

programmes currently devoted to radioactive waste management

and technology.

The NEA accepted responsibility for development, and the

practical direction of the programme is in the hands of a new

Radioactive Waste Management Committee that held its first

meeting in October 1975. They stated that priority was to be

given to the disposal of waste into geologic formations and

to the "conditioning" of highly active wastes to facilitate

their handling and long-term storage with minimal risk.

The U.K. Royal Commission concluded their section on

radioactive waste management by saying "that radioactive waste

management was a profoundly serious issue central to the

environmental evaluation of a nuclear power programme. There

must be a clear, identifiable policy centre and a means to

ensure that the issues posed by waste management are fully

considered at the outset of a nuclear programme, not dealt

with many years after the decisions on developments that lead

to the wastes have been made, and when options may have been

effectively foreclosed."
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APPENDIX I.

- HIGH-LEVEL RADIOACTIVE WASTES FROM LIGHT-WATER REACTORS

A detailed consideration of the paper by

Dr Bernard L. Cohen^ '

SECTION A - THE REACTOR PHASE

In this section high level radioactive wastes from light

water reactors enriched to 3-3% in U-235 are discussed. To

quantitatively study the problems involved, values aru expressed

in relation to metric tonne (1000 kg) of fuel as well as wastes

generated by one year from the generation of 400 million

kilowatts (4OO GWe) of nuclear power.

Section A - The Reactor Phase

A.1 A metric tonne of fuel produces 30 megawatts of

thermal power and any given fuel rod remains in the

reactor for 1100 days, i.e., it produces 33,000

MW-days of thermal energy.

A.2 In the production of 33,000 MW-days of thermal

energy per tonne of fuel 3»6$. of the original fuel

undergoes fission, and for each 1000 kg of uranium

placed in the reactor 35 kg °? fission products and

9 kg of transuranic elements are produced.

A.3 Figure 1 shows the burn-up and build-up of the

various nuclei in the reactor fuel as a function of

time in the reactor. The units are in gram-atomic

weight/tonne of fuel. The initial fuel contained

140 gm-atoms of U-235 and the spent fuel 34 gm-atoms

so that 106 gm-atoms are consumed. Similarly, the

initial fuel contained 4063 gm-atoms of U-238, and

3960 gm-atoms remain in the spent fuel per tonne of

fuel so 100 gm-atoms are consumed. In Fig. 1 the

numbers of gram-atoms of U-235 and U-238 consumed

have been divided by four to bring them within the
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frame of reference.

A. 4 At the reprocessing plant, 99«5$ of the uranium and

plutonium is extracted. The tritium, krypton and

xenon come off at this stage and are not considered

in this review. The remainder is referred to as

"high level radioactive waste".

A.5 In this study, the fuel is reprocessed five months

after removal from the reactor.



3 0

- 25 r

g 20
o

o» 15
"55

*e
o
5
E
o
.«r 5 -

I I t 1 1 1 I

• / / %

I " i "T i t' i i i

^ — - P&*
,Np237xlO -

„ 240
PIT,,

V^4'An,243x|o"
" > ^ P u 2 4 2

i i i

110 330 550 770 990

Days in Reactor

Figure 1 from Ref. 1

Quantities of various nuclei in reactor fuel as a
function of their time in the reactor. Dashed
curves are multiplied by 10.
(With permission of Dr B.L. Cohen.)



h.

SECTION B - THE WASTE PHASE

In this section we study the quantities of the various

transuranic nuclei in the waste as a function of time after

reprocessing, the half-lives of the parent £jid daughter nuclei

and consider the heat output Lf the high level radioactive

waste from 100 MWe year (approx. 3000 kg of initial fuel)

is cast as a glass in a steel cylinder 3 meters long and 0,6 meter

in diameter. The effect of the waste age at time of burial on

the wall temperature of a single buried waste canister as a

function of time after burial is discussed, as is the effect of

spacing and the canister radius on the maximum canister wall

temperature in the repository. Rock temperature rise as a

function of distance above or below the waste burial plane

are given for various times after burial. The waste is

considered to be buried 600 metres or deeper in a stable

geological structure with spacings of about 10 metres between

canisters.

B. 1 The 9 kg of transuranics per tonne of fuel (A.2)undergo

radioactive decay with half-lives varying from

0.45 year for Cm-242 to 2.1 x 10 years for Np-237.

Half-lives and decay daughters of selected nuclei

are shown in the following Table 1. Figure 2 shows

the decay and growth with time of these nuclides.
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Table 1. Half-lives and decay daughters of selected nuclei
(half-lives less than one year are ignored in
favour of their decay daughters). (From Ref. 1)

Series Nuclide Half-life Daughters Log 10
(y) gm-atoms

4n

4n-1

4n-2

4n-2

4n-3

Cm-244
Pu-240
U-236

Cm-243
Am-143
Pu-239

Pu-242

Am-2 42
Cm-242
Pu-238
U-234
Th-230
Ra-226
Pb-210

Cm-245
Pu-241
Ara-241
Np-237
Th-229

18.1
676O

2.39x10'

32
7650

24000

3.79x1O5

152
0.45
89 ,

2.48x10->
76OOO
1600
22

9320
13
458

2.1x10b

7300

Pu-240
U-236
Th-232

Pu-239
Pu-239
U-235

U-238

Cm-242
Pu-238
U-234
Th-230
Ra-226
Pb-21O
Pb-206

Pu-241
Am-241
Np-237
Th-229
Bi-209

-0. 1
-0.1
-0.1

-0.34
-0.06
-0.1

-0.20

-0.25
-0.25
-0.16
-0.25

_

-0.22
-0. 18
-0.06
0.3
_

B.2 Of the 35 kg of fission products,(A. 2) almost 90$ have

half-lives shorter than four years or longer than
10

4x10 years and hence are not of concern for long-

term waste storage.

B.3 Radioactive waste is to be converted into a stable

and insoluble form within five years and shipped to

a Federal Repository within 10 years. Present

thinking is that it will be cast as a glass in steel

cylinders, 3 m long and 0.6m in diameter, and

buried 600 metres or deeper in a stable geological

structure with spacings of about 10 metres between

canisters.
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B.4 A canister contains the waste from 100 MWe-year so

a 1000 MWe reactor would produce 10 canisters per

year. Figure 3 shows the thermal power released by

the radioactivity in one waste canister. The thermal

power in the canister one year after the fuel has

been removed from the reactor is around 25 kW and

this decreases to 3.4 kW during the first 10 years.
(o)

B.5 As shown in Figure 4, v ' delay in waste burial for 10

years reduces the wall temperature of the canister

from around 2000°C to 200°C.

B.6 As shown in Figure 3, for the first 400 years after

burial the heat is due largely to Sr-90, Cs-137 and

their daughters. During this period the heat

released from a canister decreases by three orders

of magnitude from 25,000 watts to 25 watts.

B.7 The waste canister diameter (0.6m) and the spacings^ '

between canisters in the repository have been

carefully chosen for ease of handling and to achieve

the lowest temperature rise in the canister walls -

Figure 5.

B.8 For a power of 250 kW/hectare corresponding to a

square array with 11.8 metres between rows of

canisters with burial at 10 years the rock temperature

rise as a function of distance above or below the

waste burial plane is shown in Figure 6.* ' The

maximum temperature of 14O°C does not occur until

40 years after burial.

B.9 Because the thermal conductivity of rock salt is

three times higher than ordinary rock, placing the

waste canisters in rock salt results in a reduction



of the canister vail temperature from 145 C to 85 C.

B.10 A single waste canister contains the radioactive

vaste from three tonnes of original fuel, i.e.,

about — of the total vaste produced annually by a
3

1000 MWe reactor. A canister has a volume of 0.2m ,

weight 600 kg, which weight includes about 86 kg of

fission products, 14.4 kg of uranium, 1.44 kg of

neptunium, and about 0.66 kg of plutonium, americum

and curium combined.

B.11 If all U.S. power was nuclear (400 GWe), about 4000

waste canisters would be required per year. If they

were buried in a square matrix with 10 metre spacings

between rows of canisters they would occupy an area

of 0.4 km . A thousand years of waste would occupy
2

400 km or an area of 12 miles square.
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SECTION C - THE POTENTIAL ENVIRONMENTAL IMPACTS -
OF HIGH LEVEL WASTE

In this section is discussed the potential environmental

impact of the radioactive waste due to external gamma and

neutron radiation and internal radiation due to inhalation or

ingestion of these radionuclides.

The gram atomic weights of the various nuclei given in

Figs 1 and 2 are converted to curies of activity and from curies

to thermal watts. The effects of ga.mma radiation are

proportional to the gamma-ray power, and the gamma-ray power

emitted by the waste from 400 GWe-year of nuclear electricity

is shown in Fig. 8.

The ingestion hazard is expressed as bone cancer doses,

by estimating from the number of curies of the various nuclei

known to be produced ptr tonne of fuel, the cancer doses per

year in the U.S. if all U.S. power was nuclear ( 1 „ 2 x 10

tonnes/year) and all the radioactivity ingested. Similarly,

the inhalation hazard has been calculated assuming that the

material inhaled is insoluble and the lung is the critical

organ.

The neutron hazard arising from spontaneous fission and

(a,n) reactions is also discussed.

C.1 The potential environmental impacts of radioactivity

are those due to -

a. external radiation with gamma-rays

b. external radiation with neutrons

c. internal radiation with inhr>T «+->.-_-*!

d. internal radiation with digestion. ** - ^ * •>



C.2 These effects are governed by the radiation emission

rate which apart from a generally well-known

branching ratio is equal to the disintegration rate,

ordinarily expressed in curies.

C.3 To convert from "gram-atoms" used in Fig. 1 and

Fig. 2 to curies we know

a. that 1 curie = 3*7 x 10 disintegrations per sec.

and b. disintegrations/sec = 0.693N

where N is the number of atoms (= gram-atoms x

6.02 x 10 J) present at any time t.
23

_ . 0.693 x 6.02 x 10 x no. gram-atoms
. . no. of curies = *• ^o"-

3.7 x 10 x T^ in seconds

This conversion is shown at the left side of Fig. 7

for various radioactive nuclides that are important

in the waste. Absolute values in the waste from one

tonne of fuel may be read from the vertical scales

after applying the indicated multipliers at a time

one year after reprocessing except for Ra-226,

Th-229, and Th-230, which are for 1O5 years after

reprocessing. The slopes of the dashed lines is

indicative of the half-lives, with short half-lives

sloping up to the right and long half-lives sloping

down to the right.

C.k The conversion from curies to thermal watts used in

constructing Fig. 7 simply involves multiplying curies

by the energy in MeV of the radiation emitted anc3
- 13converting from MeV to Joules (1 MeV = 1.6 x 10

Joules). This is shown on the right side of Fig. 7-

All long half-life alpha emitters have about the
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same slope. The energy release for Sr-90 and Cs-137

decays is considerably lower, resulting in a lesser

slope.

C.5 The effects of gamma radiation are roughly

proportional to the gamma-ray energy release per

second or just gamma-ray power expressed in watts.

This is obtained by multiplying curies by gamma-ray

energy release per disintegration and converting from

MeV/sec. to Joules/sec. = watts. These conversions

are not shown in Fig. 7 but the results for each

Important nuclide as a function of time after

reprocessing are shown in Fig. 8 (1 MeV = 1.6 x 10~

"7

ergs; and 1 Joule = 10 ergs).

C.6 Fig. 8 shows the gamma-ray power emitted by the waste

from 400 GWe-year of nuclear electricity.

C.7 Cs-137 is completely dominant from 10-400 years after

which neptunium-239 and Sb-126 predominate to

200,000 years.

C.8 Ingestion hazards - Fig. 9. In calculating the risk

of bone cancer per curie of a given radioactive

nuclide ingested one must calculate the dose in rem

to the bone and multiply by the bone cancer risk per

rem (see Table Z)i 'The calculation of dose to the

bone per curie ingested requires -

1) estimation of the fraction ingested getting into

the blood stream;

2) the fractional transfer from the blood stream

to the bone;

3) the half-life for elimination from the bone

(biological half-life);
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4) the relative biological efficiency (RBE) used to

convert rad. to rem. Rad. is energy deposited

(in units of 100 ergs) per gram of body organ

weight.

C.9 For this study in our conversions we use the

definition that the MPC of a jmolide is the

concentration of the nuclide in water which if such

water is ingested at the rate of 2.2 litres per day

(O.8 m -year) would give a dose commitment of 30 rem

to the bone (assuming the bone is the critical organ).

To convert from curies of a given radioactive nuclide

produced per tonne of fuel to cancer doses per year

in the U.S. from that nuclide if all U.S. power was

nuclear (1.2 x 10 tonnes/year) is - cancer doses/year

x Ci x 1 MPC 30 rem/MPC x 6x10~ deaths 1.2x10 tonne
t o n n e X yCi/m

3-w 0.8 m3-w r e m X y e a r

2.7 x - x = 6 x 104

y = 4 x 10~6

4. 1 x 1O cancer doses of Sr-90 by ingestion as shown in

Fig. 9-

The most dangerous materials per ingested curie are

Sr-90 and Ra-226 for the first few hundred years -

see Figs 7 and 9« The ingestion hazards for Am, Pu,

and Th, are relatively low because they are only very

poorly transmitted through the intestine walls into

the blood stream (1O~ , 3 x 10 x 10~ , respectively).

Cs-137 is relatively ineffective as it has a relatively

short biological half-life.
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Table 2. Cancer risk per rem to various organs. Values from
the BEIR-Report, p.171| assuming the absolute risk
model with a 30-year plateau period for a young adult.

Type of cancer Risk/rem (xiO )

breast ^5
lung 39
GI (inc. stomach) 30
bone 6
thyroid 6
any one other . >$ 6

Fig. 9 shows that the ingestion hazard from Sr-90 is

completely dominant for the first few hundred years

after which the isotopes of Am and Pu dominate the

problem until after 20,000 years, Ra-226 grows in as

the daughter of U-234, and Th-230 to dominate.

After a few million years, xhe principal source of

Ra-226 is U-238 decay, but it is still the most

important hazard.

C.10 Inhalation hazard - Fig. 10. For inhalation, the

calculation is similar. It is assumed that the

material inhaled is in insoluble form, and in all

cases the lung is the critical organ.

The MPC in air is based on inhalation at a rate of
3

7300 m of air per year to give a dose of _1jj. rem to

the lung. For Sr-90, if all the nuclear waste from

400 GWe-year was inhaled by people would give

3 x 10 cancer doses.

In general the MPC in air is lower for soluble t in

for insoluble actinides by about an order of magnitude

so it may seem unconservative to consider only

insoluble forms. A factor of 3.3 in this difference
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is made up by the fact that the critical organ for

insolubles is the lung for which the risk/MPC =

39 x 10" /rem x 15 rem/yr = 5.9 x 10~ /yr, whereas

the critical organ for solubles is the bone for

which tliy risk/MPC = 6 x 10~ /rem x 30 rem/yr =

1.8 x 10"Vy-

Fig. 10 shows the inhalation hazard. The fission

products never contribute as much as half of the

total hazard. In the first 100 years, Cm-244, Sr-90,

and Cs-^Tt are all important after which Am and Pu

isotopes determine the hazard until after 100,000

years Th-229 grows in as the daughter of Np-237 and

U-233 to become dominant. After 15 million years,

Th-230 and U-238 decay is the dominant hazard.

C.11 Neutron hamard - Fig. 11. Neutrons arise from

spontaneous fission and (oc,n) reactions induced by

alpha particles emitted from heavy nuclei. As shown

in Fig. 1 1 the spontaneous fission of the curium

isotopes is the dominant source for the first few

hundred thousand years after which (a,n) from Np-237

daughters assume importance until five million years

when spontaneous fission of U-238 takes over.

Summary

One year's nuclear waste from 400 GWs of nuclear

power would contain -

a) 4.1 x 1010 cancer doses of Sr-90 if all the waste

is ingested through drinking water and bone is

the critical organ;

b) 3 x 1010 cancer doses of Sr-90 if all the waste

is inhaled in an insoluble form and the lung is

the critical organ.
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Figure 7 (from Ref. 1)
Conversion between curies and other interesting quantities
for various radioactive isotopes that are important in the
waste. Absolute values in the waste from one tonne of fuel
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indicated multipliers at a time one year after reprocessing
(except for Ra-226, Th-229, and Th-230, which are for 1(P
years after reprocessing).
(With permission of Dr B.L. Cohen)
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Gaama-ray power emitted by the waste from 400 GWe-year of
nuclear electricity. Dashed curves are the contributions
from various individual isotopes, and the solid curve is the
total emitted power which is the sum of these individual
contributions. The dot-dash curves are what would be emitted
by the uranium consumed by-the operation. The scale inside
the right margin shows the deaths per year expected from
gamma-ray induced cancer if all of the waste was spread
randomly (or uniformly) over the surface of the U.S., as a
function of time when this is done.

The scale on the outside of the margin giv«s rem per
hour exposure at a distance of 10 metres from an
unshielded waste canister.(neglecting self-shielding
by the canister material).
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Number of cancer causing doses in the waste from
400 GWe-year of nuclear electricity if the material
was ingested by humans in soluble, digestable form
(see caption for Fig. 8). The scale inside the
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randomly into U.S. rivers. The scale outside the
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INHALATION HAZARD
Basis: 400GWe-yr

w

Years After Removal from Reactor

Figure 10 (from Ref. 1)
Number of cancer causing doses in the vaste from ^00 GVe-
year of nuclear electricity if all of the material was
inhaled by humans as a fine, insoluble particulate (see
caption for Fig. 8). The scale on the right side give the
effects of releasing the material as bomb fallout, and as a
fine particulate dispersed from a point source at ground
level from location in Illinois. The Ac-227 from TJ-235 and
^he Th-230 from U-238 are the principal components of the
dash-dot line for U-235,.plus U-238 burn-up.
(With permission of Dr B.L. Cohen.)
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NEUTRONS/SECOND
Basis : 400 GWe-yr
SF-Spontoneous Fission
Others: (a,n)Reactions

on Oxygen (AH
Moterials Oxides)

10
Years after Reprocessing

Figure 11 (from Ref. 1)
Neutrons per second emitted by the waste from 400 GWe-year
of nuclear electricity (see caption for Fig. 8). SF
indicates spontaneous fission sources, and those not
marked are from (oc,n) reactions induced by alpha particles
emitted by these nuclei striking oxygen nuclei. The scale
on the right gives the neutrons per second from a single
waste canister and the mR per hour at 10 metres from an
unshielded waste canister.
(With permission of Dr B.I,,. Cohen.)



SECTION D - POTENTIAL HAZARDS FROM NUCLEAR WASTES IN
RELATION TO OTHER POTENTIAL HAZARDS

This section considers the potential hazards from nuclear

wastes alongside other industrial hazards and considers the

pathway by which a potential nuclear hazard could become aki

actual hazard to man.

D.1 Potential hazards such as h x 10 cancer death

doses per year of Sr-90 by ingestion or 3 x 10

cancer doses by inhalation are meaningless without

a treatment of the possible pathway to man.

D.2 The chlorine gas produced annually in the U.S. (10'

tonnes)is enough to administer a lethal dose to

4 x 10 people by inhalation and arsenic 10 lethal

doses by ingestion and other gases like phosgene,

ammonia, and HCN are not far behind (Table 3).

Table 3. - Lethal doses produced or consumed per year in
U.S. from Ref.1

Inhalation Ingestion

chlorine - k x 10 barium - 9 x 1010

phosgene - 1.8 x 10 •* copper - 8 x 10

ammonia - 6 x 10 arsenic 1 x 10

hydrogen-cyanide - 6 x 10 nuclear waste lOy 3 x 10
11 7

nuclear waste 10y 1.6 x 10 500y 10
500y 5 x 109

D.3 On this basis, the toxicity of nuclear waste is not

much greater than other common materials wen after

10 years and much less after 500 years.

D.4 To make a pathway to man comparison, it might be

reasonable to assume that if the nuclear waste is

buried at a depth of 600 metres the accessibility
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to the biosphere of waste is no larger than that

from the uranium in the rock and soil in U.S. down

to a depth of 600 metres.

D.5 There are 4 x 10 gm of U-238 in U.S. soil down to

600 metres and 1.3 x 10 gm of Ha-226 in equilibrium

with it. This amount of radium is 3 x 10 cancer

doses by ingestion. i.e., three orders of magnitude

more than tlir ingestion hazard in one year1 s waste

at time of burial.

D.6 The uranium in the top 600 metres of soil contains

14
likewise 4 x 10 cancer doses by inhalation, it

Q

emits 1,3 x 10 watts of gamma-ray power; also K-40
Q

in the same soil emits 2 x 10 watts of gamma-ray

power, so U plus the K-40 in the soil combined emits

50 times as much gamma-ray power as one year's waste

from 400 GWe of power.

D.7 The uranium in the ground emits 10 neutrons per

second from spontaneous fission, about 300 times

more than the nuclear waste at burial.

D.8 Hundreds of years of nuclear waste combined contain

only 40 times more radioactivity than ane year's

waste because the hazard is dominated by Sr-90 with

its 28-year half-life.

D.9 Toxicities of Cu, Cr, Ni, Al, down to 600 metres

likewise have far higher potential hazard. For

example, the copper in the U.S. down to a depth o*'

600 metres is 4 x 10 lethal closes.
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Summary

The "potential" hazards of nuclear waste are not of

unprecedented or even of unusual magnitude - they

are quite modest in comparison with others we are

accustomed to living with.
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SECTION E - A RELATIONSHIP BETWEEN THE PHYSICALLY
CALCULATED WASTE HAZARDS AND CONCEIVABLE
ENVIRONMENTAL HAZARDS

This section sets out to relate the physical calculations

made for deriving the ordinates used on the left side of Figs

8 to 11 to potential environmental hazards.

It will show that the gamma-ray hazard from the waste if

handled in the most careless, easily conceivable manner, could

result in 100,000 deaths at a time 10 years after reprocessing.

If for the ingestion hazard we assume the waste is dumped

randomly into rivers, it could account for a million deaths

10 years after reprocessing and if all the waste was released

as a fine powder from ground level 80,000 deaths by inhalation

is the calculated figure for the waste from one year of 400 GWe

nuclear power generation.

Considering these conceivable but entirely improbable

possibilities, we have scaled down the cancer doses by a factor

5 ft

of 10 for the ingestion hazard and by 10 for the inhalation

hazard from the nuclear waste from one year of 400 GWe of

nuclear power generation.

E.1 Gamma-ray hazard

one of
As an example of/the most careless conceivable methods of

disposal let us consider uniform dispersal on the ground of the waste

throughout the U.S., and compute the hazard for Cs-137 with its

0.66 MeV gamma ray, the most important single nuclide.

For Cs-137 the gamma-ray power is 3.9 x 10 watts per

curie, so one watt spread over the ar'a of the U.S. 8 x 10 km

corresponds to 0.032 mCi/km . Using a dose rate of 0.033 mrem/
2

year to unshielded people per mCi/km of Cs-137 on the ground
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and a factor for shielding by buildings of 0.4 then gives an

average whole body dose of 0.44 x 10~ rem per year.(6)
Q

Multiply by the population of the U.S. 2 x 10 and the cancer

risk factor per man-rem for Cs-137 of 180 x 10 , gives 0.016

deaths per year in U.S. for each watt of gamma-ray power

spread on the ground. The factor 1.6 x 1O~ was used to generate

the scale on the right inside of Fig. 8.

Fig. 8 shows that at, say, 10 years after reprocessing

the deaths per year expected from gamma-ray induced cancer

would be 100,000.

Another scale on the right outside of Fig. 8 is useful

in assessing the problems in handling waste canisters. The

radiation level at 10 metres from a source emitting one watt

of gamma rays is about 1 rem/hour ignoring shielding. This

scale shows that exposure anywhere near a fresh unshielded

canister would result in a lethal dose in an hour or so.

A scale similar to the above is also included in Fig. 11

for the hazard from neutron emission. It is based on the

equivalence of 7«2 neutrons per cm -second to 1 mrem/hour. A

comparison of these scales for Figs 8 and 11 indicates that

the neutrons are never as dangerous as the gamma rays and in

the early years when handling would be most common the gamma

rays are orders of magnitude more dangerous. The neutron

hazard is therefore largely ignored.

E.2 The Ingestion Hazard

As an example of the most careless disposal that can

be conceived, we consider dumping the material randomly into rivers.

The total annual run-off in the U.S. is 1.5 x 10 litres per

year and the total water ingested by the U.S. is 1.6 x 10
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Q

litres/year (2.2 litres per day x 365 x 2 x 10 ). Thus the

probability for human ingestion of a random sample of river

-k
water is about 10

However, some fraction of the material is removed by

flocculation and filtering processes. For example, rivers

contain 0.2 pCi/litre of Ra-226 whereas tap water in U.S. cities

contains typically 0.03 pCi/litre|7'so only (1.5 x 10~ x 10~ )

1.5 x 10 of the radium in rivers is ingested by people. Since

Ra-226 is one of the two most important radionuclides in waste

the other (Sr-90) is chemically similar to it, we multiply the

scale on the left side of Fig. 9 by 1.5 x 10~5 to obtain the

scale shown inside the right margin of Fig. 9 that would reduce

the cancer doses by ingestion from 5 x 10 to 10 at 10 years

after waste reprocessing.

One might think that dispersal as an aerosol and subsequent

settling on vegetation would be the most important potential

ingestion pathway to man - that is, the pathway for Sr-90 from

', OJ

(8)

bomb fallout. However, only 1 x 10 of the Sr-90 from fallout

is ingested by humans.1

We see from Fig. 9 that if the material was randomly

dumped in rivers shortly after reprocessing, almost a million

deaths would result from the wastes generated by one year of

all U.S. nuclear power (̂ 00 GWe) due to ingesting radioactivity

with drinking water, but if the dumping was delayed 500 years

the death toll would be reduced to 150.

E. 3 The Inhalation Hazard

A. From the standpoint of inhalation hazard perhaps

the worst credible handling would be to release all the

material as a fine particulate from ground level. Calculations
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on this sort of release from a point in northern Illinois

(upwind from the populous northeastern U.S.) indicated that

about U x. ~\0~ of the material released is inhaled by people.(9)

One scale on the right side of Fig. 10 is calculated on that

basis.

B. Since A. is somewhat unx-ealistic, since the

material would never exist as a fine powder, let the assumption

be that the material is dispersed in a manner similar to

nuclear bomb fallout. An evaluation can then be made using
(10)

the plutonium data from fallout. A typical integrated level

of Pu-239 in surface air in the temperate zone of the Northern

Hemisphere is k x 10~ Ci-y/m , so the 2 x 10 people breathing

7300 m /y of this air have inhaled the product of these, or
p

a total of 6 x 10 Ci. The total Pu-239 released in bomb

tests is 3 x 10' Ci, so the fraction of the release that has
_7

been inhaled is 2 x 10 . This fraction is used for the other

scale on the right side of Fig. 10.

We see from this scale that almost 80,000 deaths would

result from the waste generated by one year of 400 GWe of

nuclear power due to inhalation of the radioactivity.



31.

F. RELEASE OF BURIED WASTE THROUGH GROUNDVATER -
GENERAL CONSIDERATION

We now consider the likely possibilities of radioactive

waste once buried deep underground getting back up to the

surface to contaminate food and drinking water. It will be

shown that the time scale is of the order of thousands

of years.

F.1 Time delays before deep buried waste can reach
drinking water

The most widely considered mechanism is that the

waste might be contacted by groundwater, leached into

solution, travel through aquifers and eventually reach

the surface waters and get into food and drinking water

supplies.

While it may be assumed that if the radioactive waste
and

is buried deep underground/it will be in the most suitable

geological formation, if ground water should contact the

buried waste, it is not disastrous because there are

several important time delays before the waste can reach

the surface.

a) Even if the waste was submerged in groundwater it

would take a considerable time for the material t<

be leached into solution.

b) Groundwater in deep aquifers travels very slowly and

must travel long distances before reaching the

surface.

c) The radionuclides are held up by ion exchange

processes so they travel many times more slowly than

water.
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F.2 Leaching time constant - 3000 to 30.000 years.

Leaching is characterised by a time constant

where R is the initial radius of the glass, d is the

density, and L is the leach rate constant which for

borosilicate glass is 10* to 10~' gm/cm -day.'' Experience
(12)

indicates that these glass cylinders will not break up

into pieces smaller than 2 cm in radius, and this

experience includes the high radiation fluxes that will

be encountered in the waste. If we take R = 2 cm and

d = 3 gm/cm the time constant is 3000 to 30,000 years.

This alone is sufficient to prevent large fractions of

the Sr-9O or Cs-137 from reaching water supplies.

F.3 Rate of water travel through aquifers

A typical speed for water travelling through a deep

aquifer is not more than 0.3 metres per day (0.1 km per

year), more than 1 metre per day is quite exceptional and

velocities as low as 0.03 metres/day are not unusual/ -*'

Water from 600 metres would have to travel typically

100 km before reaching the surface. In typical situations

it would take the water into which the waste is leached

many hundreds, or even thousands of years to reach the

surface.

F.4 Ion-exchange hold-up factors
(1*0

Typical values for ion-exchange hold-up factors

the ratio of the velocity of ions to velocity of water

-2 -T -k
are 10 for Sr, 10 -1 for Cs, 10 for Pu and Am, and
2 x 10"3 for Ra.
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According to ion exchange theory, this hold-up factor is

(1 + — ) ~ , where d is the density of rocks, typically

about 2.5g/mli "• ̂ r *""* "orosity (the fraction of the

volume not occupied by solid material) and K is the

distribution coefficient in ml/gm. Values of K for Sr in

(15)
various rocks are 100-300O for tuff

4-15 for granite

5-12 for limestone and dolomite

50-300 for basalt

12-12,000 for soil.

If reasonable care is taken in choice of location,

effective values of K should be therefore not less than

4 ml/gm for rock and 12 ml/gm for soil.
(16)

The most porous rock is sandstone for which P is typicall/

in the range 5 to 10$; while low porosity rocks like shale

have P in the range 2-3°/o, so an effective P of 0.2 should

be maximal. For soils, typical porosities are 0.3 for

sand, 0.4 for silt and 0.5 for clay (which has high values

of K), SO 0.5 should be maximal.

Thus a minimum hold-up factor for Sr would be (1 +

k x 2.5/O.2)"1 = r^ in rock and (. + 12 x 2.5/O.5)"1 =

-rr in soils.

F.5 Conclusion

We have a four-fold guarantee that no significant

fraction of the waste will reach surface waters in the first

500 years during which the potential hazards are greatest:

a. burial in a water-free area

b. the leaching time

c. the travel time for water

d. the ion-exchange hold-up factor.



For water to reach the surface in less than 500 years,

each of the four guarantees would have to fail. Such failures

are not impossible: cracks in the rocks can allow much faster

water transport and by-pass ion-exchange hold-up factor,

artesian conditions can greatly reduce the travel distance to

the surface. However, cracks are largely peculiar to certain

types of rock like many shales, ouartzite and schists, and can

be explored for in choosing the site. Artesian conditions in

which porous rock is overlaid with impermeable rock and a

pressure head is av* Mable, are not difficult to detect. It

thus seems that secure burial will be achieved. In view of the

1000-year typical transit time for water and the 10 to 10

ion-exchange hold-up factors for Am, Pu, and Ra, which are the

important long-life components of the waste in Fig. 9f it is

highly likely that even if the waste was contacted by groundvater

there would be no significant radioactivity release for millions

of years.

One final guarantee against disaster is the high

detectability of radioactivity. There is routine radioactivity

monitoring in many rivers now and it would be extremely easy

and cheap to maintain such monitoring in the region of the

waste repository.
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SECTION G. RELEASE THROUGH GROUNDWATER - PROBABILITY
ESTIMATES

So far we have reduced the cancer doses by ingestion,

Fig. 9, from the physically calculated number of 5 x 10 to

10 by assuming that the waste is dumped randomly into river

water. In this section it is shown that the upper limit

— 13
estimate for the release probability of the waste is 4 x 10 .

Using this factor there would not be more than 0.4 deaths in

the first million years.

It is also shown that the generation of nuclear power

through its consumption of uranium would save over 300 lives

in the first million years.

G.1 Calculation of an upper-limit estimate for the
release probability of the waste

We assume that the waste is buried at random locations

throughout the U.S. but always at a depth of 600 metres.

We then assume that an atom of waste is no more likely to

be released than an average atom of radium or uranium in

the rock or soil above it. We know that the amount of

uranium and radium in U.S. soil down to a depth of 600

metres as noted in Section D, is

4 x 10 gm uranium

1.3x10 gm radium

The annual run-off in the U.S. is 1.5 x 10 litres, and

-13the radium content in rivers is typically 2 x 10

gin/litre, so about 300 gra of radium is leached per year.

The average probability of leaching is then 300/

10 — R
1.3x 10 = 2 . 3 x 10~ per year; the average life of rock

Q

in the top 600 metres is the inverse of 2.3 x 10~ or

43 million years.
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The Ha./u ratio in rivers is also the equilibrium one, so

the leaching probability for uranium per year is also
p

2.3 x 10" . We therefore take this to be the leaching

probability for the buried waste. The scale on Fig. 9

for deaths per year if dumped in rivers is therefore

multiplied by 2.3 x 10~ to obtain an estimate of the

deaths per year expected in a random burial model. This

corresponds to multiplying the original scale of potential

cancer doses by 3.5 x 10"1-3 (2.3 x 10~8 x 1.5 x 10~5).

G. 2 Estimation from the amount of radium in soil to
the amount of radium In bone

There is some degree of inaccuracy in the procedure

in G.1. In the first place it ignores the pathway through

food (10 times as much Ra is ingested through food as

through water although most of this comes from the top

metre of soil), and in the second place it does not take

into account the digestibility of radium which may vary

from that assumed in estimating the number of cancer doses

in Fig. 9. These difficulties may be by-passed if we go

directly from the amount of radium in the soil to the

amount of radium in human bone as determined from

measurements on corpses.

The average bone dosage from Ra-226 is 10 mrem/year

which combined with the U.S. population and bone cancer
8

risk per rem from Table 2, gives 10 mrem x 2 x 1 0 x o x

10~ x 1O = 12 bone cancer/year from this source. From

Section D, we have seen that the number of bone cancer

doses from Ra-226 in the top 600 metres in the U.S. soil

is 3 x 10 , so the ratio between the actual hazard per
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1 T

year and the total potential hazard is 12/3 x 10 =

It x 10 per year. This is the factor actually used in

obtaining the scale on the right side of Fig. 9, although

it is essentially equal to the factor derived in G.1.

The total number of eventual deaths that may be

expected via the pathway under discussion from one year

of all nuclear power in the model can be obtained by

integrating the curve in Fig. 9 using the scale on the

(outside) right. This integration is of course sensitive

to its upper and lower limits. Figure 12 gives the

integration for the first million years as a function of

its lower limit N-, the number of years before waste first

begins to reach man.

In view of the previous discussion of time delay, it

would be almost impossible for much of the waste to reach

the surface in less tr.an 100 years, so there would not be

more than O.k deaths in the first million years.

G.3 Reduced radioactivity due to uranium consumption
in producing the waste

In assessing effects of the radioactivity in the waste

over very long time periods. - eems reasonable to give

credit for the fact that UTU. which also produces long

term effects from its radioactivity is consumed in

producing the waste. If it is assumed that this original

uranium was as securely buried as the waste, the magnitude

of this credit is shown by the dot-dash line for U-238 in

Fig. 9. In addition, there is such a line for U-234 in

Fig. 9 which merits some explanation.
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For each tonne (1000 kg) of fuel, a total of

23.8 kg of U-?38

24.9 kg of U-235, and

0.143 kg of U-234 are consumed.
234 238

The ratio of U /V destroyed is 110 times their natural

abundance ratio, firstly because U-234 is enriched five

times in the uranium enrichment process (from 5.5 x 10

to 2.8 x 10 ), and secondly, because the U-234 neutron

capture cross-section is rather large - 100 barns. This
(17)

is important because the Ra-226 which contributes so

predominantly to the hazard in Fig. 9 is a daughter of

U-234 (the same is true o° the Th-230 in Fig. 10). The

hazards from Ra-226 averted by consuming the U-234 are not

realised until the time when the Th-230 would have grown

in (the Th-230 and Ra-226 originally in equilibrium with

the U-234 are left at the ore-processing mills and are not

consumed), so the cancer doses destroyed by burn-up of

U-234 are shown in Fig. 9. We see that the Ra-226

destroyed by burning U-234 is an. order of magnitude larger

than that generated by decay of the Cm-242, Am-242, Pu-238,

and U-234, in the waste and that the U-238 destroyed by

burning is about three times larger than that in the waste.

At no time after 10,000 years is the total ingestion

hazard in the waste as large as the ingestion hazard

averted by uranium burn-up. If credit is given for this

burn-up, there can be no justification for continuing th >

integration of the curve in Fig. 9 beyond 10,000 years.

Taking the initial time of the integration to be 500 years,

the integrated number of deaths to 10,000 years comes out
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less than 0.01 for each -'•ear of nuclear power. If we

carry our considerations beyond 10,000 years nuclear power

must be viewed as cleansing the earth of radioactivity, at

least as far as the ingestion hazard is concerned. In the

model it saves three lives in the first million years and

one life per 10 million years thereafter for each year of

all nuclear power.

The above was based on the assumption that the

original uranium ore was as securely buried as the waste.

The fact that all uranium is not so buried is evident from

the natural radon, a uranium daughter, which pervades our

atmosphere. This natural radon administers a dose of

150 mrem/year to the tracheo-broncial tree of the average

person. Coupling this with the lung cancer dose from

Table 2, and the U.S. population gives an estimated death

toll of 1200/year.

One year of all nuclear power would consume

2.9 x 10 gm of U-238 which is 7 x 10~7 of that in the top

600 metres (we assume that the ore being mixed is from

depths uniformly distributed over the top 600 m), so

consuming this U-238 saves 7 x 10 x 1200 = 8.k lives

per million years in the U.S. consuming the extra U-23^

saves about 300 additional lives during the first million

years.

The fact that all the waste is concentrated in a

small area does not affect the average release probability

and since radiation dose effect relationships are assumed

to be linear, the average effects are not altered.

However, the possible fluctuations above the average are

greatly increased. If the average number of fatalities
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is 0.4 per million years, there can still be a release

causing a 1OOO fatality, but its probability must be less

than 0.4/1000 in a million years.

G.4 Advantages of burial in salt formations

The concept most favoured <±t this time is burial in

bedded salt formations. This has been recommended by each

of four studies sponsored by the N.A.S. for the following

reasons:

1) the very existence of these salt beds indicates that

there has b?en no ground water in them for hundreds

of millions of years, so in the absence of evidence

for geological changes no groundwater would be

expected in them for at least many thousands and

probably many millions of years.

2) salt flows plastically under pressure and recrystallises

to heal cracks, so the waste would be essentially

sealed inside a gigantic rock crystal.

3) it has good thermal conductivity.

4) it has high structural strength (similar to concrete).

5) salt formations are generally located in tectonically

stable sedimentary basins.

6) there is an established technology for mining salt.

Salt deposits are widespread in U.S. underlying 500»000

square miles in portions of 23 states, so there is no

shortage of possible burial sites.

G. 5 Disadvantages of burial in salt -formations

There are at least two potential disadvantages in

salt: it is water soluble, and ion-exchange hold-up is
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reduced by about one order of magnitude if the water is
(19)

highly saline. The first is not as important as it may

seem since the amount of water required is very

substantial in relation to what normally flows through

deep underground aquifers. For example, in the site under

consideration in SW New Mexico, if all the water flowing

through aquifers above the salt bed was to be diverted

and flow through it, about 100,000 years would be required

to dissolve the salt enclosing the waste from one year of

all nuclear power.

The minimum path through the salt is its thickness,

600 metres, and the flow rate is 100 litres/day-metre of
(18)

width. The density and solubility of salt is Z.P gm/ml

and 350 gin/litre, respectively, so the salt in a 1 metre

wide, 1 cm thick, cross-sectional area long this path

weighs 6 x 10 cm x 100 cm x 1 cm x 2.2 gm/cm =

1.3 x 10' gm, and requires 1.3 x 1O7/35O = 3.8 x 10 litres

of water to dissolve, which is one year's flow. Hence,

the salt would be cut back an average of 1 cm/year. A

typical dimension for the salt containing the waste from

'tOO GWe is 1 km (area 0.5 km 2), so it would take 10^

years to dissolve.

The most readily conceivable event for this to

occur would be as a result of severe faulting opening a

vertical crack through the salt bed (or in an extreme

situation displacing the burial horizon vertically lv

more than 300 metres to bring it into contact with

circulating ground water). The probability for a

significant fault to intersect the y km2 area occupied by
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one year's waste in the New Mexico site has been

estimated to be about 3 x 10 /year. În most cases,

fractures caused by such a fault would be healed by plastic

flow. The water flow would not greatly impede this

process as it would become a saturated solution near the

entry point and would be incapable of further dissolution of salt

over most of its path. The release probability through

these processes is thus many orders of magnitude less than

—8
the 2.3 x 10~ /year used in Section G for a natural

release rate. The 100,000-year time delay would more than

compensate for the reduced ion-exchange hold-up factors.

Another possible disadvantage of burial in salt

involves human intervention, and will be discussed in

Section I.
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SECTION H. RELEASE OF NUCLEAR WASTE AS AIRBORNE PARTICULATE

We now consider possible mechanisms for the release of

buried waste as airborne particulate. A nuclear bomb explosion,

or the impact of a giant meteorite would not affect waste

buried at a depth of 600 metres. The risk of rock being

brought to the surface by volcanic activity for the repository

planned in the U.S. has a probability three orders of

magnitude smaller even than the risk from meteorite impact.

Secondary effects from the average probability of leaching

resulting in dry material becoming airborne is shown to be

an order of magnitude less than the estimate for the ingestion

hazard (i.e., 0.4 deaths in the first million years).

H. 1 Release of airborne particulate

Since the potential hazards due to inhalation (Fig.

10) are considerably larger and more persistent in time than

those due to ingestion (Fig..9)? it is important to consider

possible mechanisms for release of the buried waste as airborne

particulate.

a) A nuclear bomb explosion - For the largest bombs

yet exploded (50 megaton), the crater depth would be only

3^0 metres and the fracture zone would reach only 500

metres^ ' so the waste buried at 600 metres would not be

affected. There are no known delivery systems for bombs

of this size and no military reason to justify developing

them. Releasing the radioactive waste would clearly not

qualify in this regard, as far greater destruction could

be wrought by using even a much smaller bomb on a city.



b) The impact of a giant meteorite - One leaving a

crater 2 km in diameter would be required to reach a depth

of 600 metres, and the probability of this has been

estimated to be about 2 x 10~1 /km2-yr'18'20^. Since
2

one year's waste would occrpy 0.5 km , the probability

for its release in this aiaimer is about 1 x 10 /km -yr.

Such an event; would have many characteristics of a

nuclear bomb explosion, including a fireball, so the

release would be similar to nuclear fallout.

The average number of fatalities expected from such

a release may be obtained by multiplying the integral over

time of the solid curve in Fig. 10 (read with the scale en

the inside of the right margin) by the probability per year

for such a release. The integral works out to 4 x 10 in

7 8
the first million years and 12 x 10' if extended to 10

_14
years. Multiplying these by 10 gives an average

_7
fatality total of the order of 10 for each year of all

nuclear power, millions of times lower than through the

groundwater-ingestion pathway.

If there are worries about release through meteorite

impact, it should be noted that the maximum number of

fatalities for Fig. 10 is 30,000; whereas a direct impact

on a city could easily kill millions and an impact on

water would form a tsunami that could easily kill hundred?

of thousands.

c) Volcanic activity - Areas where volcanism may be

expected are well known and intrusive dykes give further

evidence on the volcanic potential for any particular area.

For the central plateau of the U.S. where the probability
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is minimal, it is estimated^ ' to be of the order 10" /
2

km -yr. Most of the magma comes up through "pipes" which

break through rock, but a few metres of rock around the

circumference of these pipes may be melted and carried

up. This cross-sectional area is estimated* ' to be -..

-3 2about 10 km , so the risk of particular rock being

brought to the surface is of the order 10~ /yr. This

danger is therefore three orders of magnitude smaller

even than the risk from meteorite impact,

d) Secondary effects from the release into surface

waters resulting in some of the material ending up as £

dry, finely divided powder on the surface which might be

stirred up to become airborne particulate.

Methods have been developed to calculate the re-

suspension of airborne particulate that has been deposited

on the ground. The resuspension coefficient K, defined as

gm/m resuspended in air per gm/m deposited on the

ground, is taken initially to be 10 m~ , and to decrease

with a 50-day half-life until it reaches 10~9 m"1 after

something less than two years, and thereafter to decrease

with about a 10-year half-life as the dust sinks into,

and becomes part of, the soil. In this model, the

exposure integrated to infinity is as though it were at

the initial rate (K = 10~^ m~ ) and extended for 70

(i.e., 50/ln 2) days. For each gram deposited randomly
•10 o

over the U.S. (area = 10 J m ), the average surface

— 13 2deposit is 10" gm/m whence the average concentration

— 18 3
of dust initially suspended in air iO gm/m . In 70

days, the average person inhales 1^00 mJ of air which then
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contains 1.4 x 10~ 3 gm of dust, so the 2 x 10 people

in the U.S. inhale a total of 2.8 x 10 off the material

initially deposited on the ground. Thus the hazard in

spreading material on the ground in readily suspendable

form is essentially the same as releasing it as bomb

fallout (for vhich 2 x 10 is inhaled by people) and may

be read on the scale inside the right margin of Fig. 10.

e) Let us assume that k°/> of the material released to

rivers ends up spread randomly over the surface of the

U.S. as a readily suspendable dust; this is probably an

over-estimate as most of the material would sink into

river bottoms or banks, or be carried out to sea, and

that which does end up on land surfaces would generally

be combined with mud or other sediments which would leave

very little of it in particle sizes less than about 5

microns, the maximum size for suspension in air and

deposition in the lung on inhalationo

With this assumption, the probability for waste to
Q

end up as a suspendable dust is 0.0A- times the 2.3 x 10~ /yr

probability for release into rivers, or 1 x 10 /yr. To

obtain the eventual fatalities resulting, this must be

multiplied by the integral of the curve in Fig. 10 as

read from the scale inside the right margin, which we have

seen is k x 10 in the first million years. The result

is 0.0*» eventual fatalities via this pathway from the

wastes generated by one year of all nuclear power, still

an order of magnitude less than our estimate for the

ingestion pathway. Factors discussed in Sec. G that make

the latter an upper limit would also be applicable here, so

ingestion remains the dominant hazard.
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SECTION I. RELEASE OF NUCLEAR WASTE THROUGH HUMAN INTRUSION

Once the repository is sealed, the vaste would not be an

attractive target for sabotage. It would take many days of

effort with large machinery to remove it and those working on

the project would run grave risks of injury from the radiation.

In this section is considered only release through

inadvertent human intrusion such as drilling for which the

probability is calculated to be 6 x 10~ /yr, or mining for

which it is shown that the probability of the waste being mined

is 10 /yr. The release probability if buried in salt deposits

is discussed.

I. 1 Release through drilling

Drilling for water to a depth of 600 metres would not

be economic and one of the criteria for selecting a repository

is that it be in an area unattractive for oil or other mineral

resources. It therefore seems reasonable to assume that the

probability for a drillhole in the repository would not be

larger than for an average location in the U.S. if the rate of

exploratory drilling was equal to that of current "rank-wildcat"

oil drilling.

Averaged over the U.S. there are 3 x 10 drillholes per

year per km , A 46 cm diameter drillhole removes an area of

7 22 x 10 km so the probability for an atom of waste to be

brought to the surface by drilling is the product of these or

6 x 10~ per year.

Now if we assume that its effects might be equivalent to

those of release into rivers; this release mode would then be

almost three orders of magnitude less probable than the natural
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release to rivers assumed to be 2.3 x 10~ /yr in Sec G.

Another possibility is that it would be spread out over

the ground in a form which allows some fraction of it to become

suspended as airborne particulate but it was shown in Sec. H

that this leads to lesser consequences than release into rivers.

1.2 Release through future mining

If one considers future mining that might take place

in the vaste repository for unspecified minerals, it is difficult

to conceive these operations being more extensive than 5$ of

present coal mining operations. The latter annually involves

2 x 10~ of the rock in the U.S. down to a depth of 1000 metres.'2^'
Q

So the probability of the waste being mined is 2 x 10~ x

0.05 = 10 /yr. If the effect is equivalent to release into

rivers (probability of 2.3 x 10" /yr) it is still 20 times less

important than the natural release.

1.3 Release through salt mining

An important exception to 1.2 would be if the waste

was buried in salt. There is enough salt underground in the

U.S. for about 25 million years at current rates of usage, so

the probability for any particular small volume to be mined is

—ft
4 x 10 /yr But the waste in salt is insoluble and hence is

orders of magnitude less dangerous if ingested than soluble

material such as leached waste in natural releases --- for the

two most important nuclei in Fig. 9 the ratio is 20 for Sr-90

and 600 for Ra-226 so release through salt mining is at

least an order of magnitude less important than natural releases.

1.4 Release through salt as food

So far the use of salt as food has not been considered.

The use of salt in food would provide a direct pathway into man
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thereby by-passing the 1.5 x 10 probability for materials in

rivers to be ingested. However, only 1$ of salt mined is used

for food. Moreover it is purified by solution techniques

allowing ample time for insolubles to settle out; this should

eliminate all but perhaps 10 of the waste (nearly all of the

waste should be in large, glassy, highly insoluble lumps) so

it reduces the importance of the salt used for foods relative

to other salt by a factor of 10* (0.01 x lO"-3). Hence the

two are of comparable importance and still an order of magnitude

less important than what we have assumed for natural releases.
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SECTION J. SURVEILLANCE

We now consider the question of what type of surveillance

would be desirable for a waste repository. While the technology

is being developed, of course, close surveillance would be

important, but we consider here the solution after the

technology is established and the repository is sealed.

It will be shown that after 2000 years watching might save

10" lives/yr, and if $10-million is the value one places on a

human life it would not pay to spend more than $10/year

on surveillance. We have shown that in the model,waste causes

0.4 deaths per miJ.lion years. Natural radioactivity causes

approximately 3000 deaths per year, so the waste increases

average exposure by 0.4 x 10 /3000»^'10~ from one year of

nuclear power.

J.1 The value of a random human life

It is important to recognise that in the model we

used in Sec. G to obtain our estimate of 0.4 eventual deaths

from one year of all nuclear power, there was no surveillance

assumed. No one is watching to see that uranium ore is not

getting into streams, and our estimate was based on a comparison

with that process. Any surveillance would then be only to

decrease the fatality toll below our estimate of 0.4.

If we are willing to place a dollar value on a random

human life (average age - 55, since cancers occur 15-^5 years

after exposure), we can use Fig. 9 to estimate the maxi >um

amount it is worth to watch one year's waste. It would be very

difficult to justify a figure higher than $10 million per life

saved - money spent on medical research, medical care, or public
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health could easily save one life for each $10 million spent,

and there are countless examples in which people submit their

own lives to a 10~ risk to save $10, or to a 10 risk to

save $100. If we accept the $10 million figure and use Fig.9

we find that after 2000 years, watching might save 10~ lives/yr

so it would not pay to spend more than $10/yr on the operation.

Similarly, it would not pay to spend more than $100/yr after

^00 years, $30/yr after 600 years, and $l/yr after 500,000 years,

(if a life is worth $10 million, riding in an automobile which

gives an average risk of 2 x 10~ /km, costs 20 cents per

passenger-kin. This is twice the cost of air travel, which is

considerably safer, so if a family drives somewhere to save

airline fare, they are effectively saying that their lives are

not worth $10 million.)

A realistic surveillance programme might consist of

periodic inspections to maintain warning markers and to prevent

deep drilling or mining in the repository area, and periodic

water sample collections from nearby streams and wells for

radioactivity measurements. A programme of this type could

easily maintain surveillance over 1000 years of waste (occupying

an area of 500 km ) with the part-time service of a single

employee.

J.2 Burden of surveillance on future generations

It is often said that watching our wastes will impose

a great burden on our progeny. Surely the burden we have

described is minuscule and indeed it could be dispensed with

entirely. As our distant progeny look back on the late 20th

century, they will never notice the tiny amount (one part in
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10 in our model for each year of all-nuclear power) -

(in our model the waste causes 0.4 deaths per 10 years.

Natural radioactivity causes about 3000 fatalities per year,

so that the waste increases average exposure to our progeny by

0.4 x 10~ /3000 or 10~ from one year of nuclear power) -

by which we will have increased the radioactivity in their

environment. We will rather be remembered as the ones who

consumed all the high-grade mineral ores - all of the copper,

nickel, zinc, tin, lead, mercury, etc., and worse than that,

literally burned up at a rate of millions of tons per day those

once plentiful hydrocarbons - coal, oil, and gas - which are

valuable as feedstocks for producing petrochemicals.

The only thing that might save us in their eyes would be

supplying them with a technology that will allow them to live

in reasonable comfort without these resources - if we fail to

do this, we are indeed deserving of their curses. The key to

such a technology is, clearly, cheap and abundant energy, and

unless great economics can be achieved in harnessing the

radiation from the sun, the only source we have for this is

nuclear energy.



54.

SECTION K. COMPARISON WITH URANIUM MILL TAILINGS

A comparison is made between mill tailings and the same

material in the high-level wastes after all of their shorter

half-life sources (e.g., U-234 with its half-life of 107 yr)

have decayed away and they are in equilibrium with U-238. It

will be shown that the quantity of uranium daughters in the
7

mill tailings is 2000 times that in the wastes after 10 years,

and that the mill tailings even after 250 years has a greater

ingestion hazard than high-level radioactive waste.

K. 1 Uranium daughters in the mill tailings

After being mined, the uranium ore is shipped to an

ore processing mill where it is concentrated to produce "yellow

cake" which is 80$ U_0g. In this operation, the uranium decay

daughters Th-230, Ra-226, Rn-222, etc., are disposed of with

the other rock and soil material in lerge piles referred to as

"mill tailings". A typical pile of this sort, formed from

producing fuel for 106 reactor-years of LWR operation, would

cover about 250 acres. It is of considerable interest to make

a comparison between the hazards in these mill tailings and

those in the waste.

In the isotopic enrichment process the U-235 content is

increased from 0.72% to 3.3%, so that if all of the U-235 was

utilised, 4.6 g of uranium would be required to produce 1 g of

3.3% U-235 fuel rods. Actually, the depleted uranium from the

enrichment facilities still contains about O.3% U-235, so only

the fraction 0.42/0.72, i.e., 58%, is utilised. Thus, overall

4.6/0.58 = 7.9 g of natural uranium are required for 1 g of

3.3% U-235, vizs only 0.13 of all the uranium gets into the

reactor.
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To account for other losses we assume that for every tonne

of fuel, 10 tonne of uranium must pass through ore processing

mills, leaving its daughters in the tailing piles. A

convenient way to calculate the effects of this material is to

make a comparison with the same material in the high-level wastes

after all of their shorter half-life sources (e.g., U-23^

Ti 1O y)have decayed away and they are in equilibrium with

U-238.

Sine* 99.59^ of the U-238 is removed in reprocessing, the

1
200amount in the waste is 0.5%, i.e., •sr̂r of that in the fuel and

therefore „-._„ of that originally mined, so the quantity of
cUUU

uranium daughters in the mill tailings is 2000 times that in
7

the wastes after 10' years.

K.2 Comparison of the ingestion and inhalation hazard
from radioactive waste and mill tailings

From Fig. 9» this represents an initial ingestion

hazard (from Ra-226) of 20OO x 4 x 10 = 8 x 1 0 cancer doses,

and from Fig. 10, it represents an initial Inhalation hazard

(from Th-230) of 2000 x 5 x 10* = 1 x 10° cancer doses. The

potential hazards decay away with the 77,OOOyr half-life of

Th-230 as shown in Fig. 13.

In that figure, they are compared with the hazards from

the waste; we see that for the ingestion hazard which we have

found to be most important for the waste, the mill tailing^

surpass the waste as a hazard after only 250 years. Since the

waste is much more securely buried than the mill tailing?, and

is especially secure against release for the first several

hundred years, it must be clearly evident that the mill tailings

are a far larger potential hazard than the waste.
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The estimates of deaths if the waste is dumped in rivers

or released as fine particulate from Sec. E are included on the

right sides of the graphs in Fig. 13. We see that if 0.1% of

the tailings become suspended as airborne fine particulate over

the next 100,000 years or so, we may expect about three lung

cancers for each year of all nuclear power, and if that amount

is released to rivers we may expect about one bone cancer from

ingestion. It is therefore important that mill tailings be

handled in such a way as to insure against releases greater than

this.

In this discussion, we have been ignoring the effects of

Hn-222 escaping from the tailings pile. This problem has been

pointed out by others and further emphasises the fact that

uranium mill tailings represent a far greater hazard than the

high-level waste.
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the second numbers to the reference in Dr Cohen's paper.



APPENDIX II

NUCLEAR POWER AND THE ENVIRONMENT

Comments on the paper:"High Level Radioactive Waste

from Light Water Reactors, by B.L. Cohen"

INTRODUCTION

The purpose of this supplement is to present an appraisal

of the paper "High Level Radioactive Waste from Light Water

Reactors", by B.L. Cohen (ref. 000300). In particular, we

devote attention to:

(1) Our assessment of the role, aim, and achievements, of

the paper, placing in some perspective its analysis of

a subject which is highly controversial, both socially

and scientifically; and

(2) the foundations, strengths, and shortcomings, of the

models presented and used by Cohen to provide quantitative

estimates of the consequences of both potentially

routine waste disposal, and postulated "maximum plausible

accidents".

We stress that this supplement contains our assessment

of the role of Cohen's paper, and that such an assessment may

not always coincide with Cohen's or the reader's appraisal of

the role of his paper, which we feel is not stated with

sufficient emphasis. Also, many references within Cohen's

bibliography are unpublished reports and therefore unavailable

to us for consultation.

OVERVIEW

In order to assess the significance of Cohen's computations

and conclusions, and the seriousness with which his models

should be taken, it is useful to examine his paper in t'.e light

of the role for which we believe it was intended. Thus, it

is instructive to state clearly the aims which we believe Cohen

would have had in mind when writing such an article.
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Cohen's paper represents an attempt to place in

perspective the difficulties in disposing of the highly

radioactive-end >y-products of the PVRs, used for the

generation of ele-.Tical energy in the U.S. Although waste

disposal does present a very difficult problem, it is Cohen's

belief that such a problem is not insoluble. Cohen's paper

is an attempt to quantify this belief in a manner which,

while comprehensible to the non-specialist with a cursary

scientific training, is also an analysis containing the

answers to many of more important questions which a specialist

might pose. Such a compromise in presentation necessarily

means that some questions of importance remain, un-answered,

but this is not to say that such questions have not been po^ad,

nor that answers have not been found. Rather, Cohen has

preferred to utilise simple, plausible models to illustrate

his contentions, and the more probing questions of the

specialist are answered in more detailed articles elsewhere.

Cohen's models are characterised by their simplicity, without

sacrificing credibility, which gives one confidence in his

quantitative sstiaiRtes,- to wi-fetain p«riiap*k aa*. ewdes*- &•£

magnitude. Such "order of magnitude" estimates ax-e invaluable

as a guide for the isolation of those problem areas which

require closer scrutiny. It is in this spirit, that Cohen's

model calculations should be seen.

A limitation of his models is that they axe x-estric'ted

to the waste products from a PVR and to their burial in the

United States of America. They can be adapted to other types

of reactors and to other countries with comparatively stable,

uniform geology, but the numerical estimates obtained may, of

course, be different from those in Cohen's paper.

Cohen's aim is to compute (a) the effects of the proposed

routine burial of nuclear waste at appropriately selected

sites; and (b) the consequences of "maximum plausible accident"

such as may occur during or after the burial process. A

computation of these consequences requires a knowledge of the

effect of the "radiation dose" on the human body. Such a

dose-effect relationship is not known with precision, but
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Cohen's models incorporate a commonly used relationship, known

as the "linear dose-effect hypothesis". The applicability of

such a hypothesis is restricted to c±rctnnstanees~~in- whichrthe;

radiation dose is low so that the resulting number of fatalities

is very much smaller than the number of persons exposed. Even

for small doses, such a hypothesis is considered to lead to a

pessimistic estimate of the fatality rate.--

ROUGH SCOPING OF HAZARDS

Consider here, Cohen's section Ey. in which he considers

the average consequences of two postulated "maximum plausible

accidents". The first is that radioactive material is

accidentally dispersed over the ground; the second that such

material is dumped accidentally into the river systems from

which drinking water is extracted. We will here consider

these two cases separately, casting each model in a mathematical

framework.

Suppose that Cs-137 (one of the more dangerous radioactive

species) is spread over the ground, covering an area A at a

density of C(r_) curies (Ci) per square kilometer at the site

r_ within the area A. Thus, we allow for the distribution of

material to be uneven over the area A. Suppose p(r) is the

population density (people per km ) at that site. Every Ci of

Cs-137 on the ground produces a dose rate of 0.033 rem/y .to

unshielded people, so that if shielding reduces this by'the

average factor of 0.4 used by Cohen, then the total number of

such doses available at the site r is Kg C(r) rem/y, where

K_ = 0.033 x O.k = 0.013. The proportionality constant

relating dose and effect is K.. = 18O x t>~ cancer inductions

per man-rera, so that the number of cancer inductions per year

per km at the site r is K1p(r_) KgC(r), and the total number

per year is

n = K^g f p(r) C(r) d2r . (3}
2

Here, KjK_ = 2.3 cancer inductions-km /y-Ci. The integral
combines the effects at all the sites r within the area A.



How do we make an estimate of this integral in realistic

situations? Cohen's procedure is to assume that throughout

the area of dispersal the .population-dfinsity-jnay_be—tak«ar—to

be fixed and equal to the average population density of the

U.S. (p. = 25 people per km ). In such a situation, if the

total amount of dispersed material is R Ci (R = I c(r_)d r),

and the total population is P (= I p(r,)d r) within the area A,

then

n = K1K2(P/A)RQ (4)

Thus, for 1 watt of radioactive material (there are 3.9 kilowatts

per Ci of Cs-137)» Cohen obtains the average number of

fatalities in the U.S. per year per watt of Cs-137 distributed

randomly over the U.S., as

n = 2.3 x 25/3.9 x 103

= 0.015 fatalities/y/(watt of Cs-137) (5)

We note that because of the linear dose-effect relationship,

the average consequences of random distribution of radioactive

material are the same as for uniform distribution.

One may question Cohen's model by asking if {k) is a

reliable estimate of (3) - or, perhaps even more pertinently

in view of the "maximum, plausible accident" philosophy, if

(k) is a plausible upper estimate of evaluations of (3)'«

Obviously, it is possible for (3) to b e much greater than (k)i

simply by selecting a Cs-137 distribution corresponding to

dumping all of it onto a densely-populated urban area (e.g.,

Washington D.C., for which p/A is 4700 km" - about 200 times

p.: thus, if 1 watt of Cs-137 was dumped on Washington D.C.,

the number of fatalities would be increased to three per

year!). However, such a scheme is more consistent with an act

of sabotage than with a maximum plausible accident, and Cohen

does not address himself to the not inconsiderable problem

surrounding safeguards from sabotage.

Consider a plausible accident in which a uniform

population density is a poor approximation to reality: viz.
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dispersal takes place over a large area, including some urban

districts, such as might occur if the prevailing meteorological

conditions distributed the—material.—With-this-mechanism_we.

might expect the distribution of material, C(r_) to be close

to uniform over the area A, so that it is not unreasonable to

select Cfr) = R /A, where R is the total number of Ci\—/ o o
dispersed. In this case, the integral in (3) is again

readily evaluated, and once more, the relationship (4) is the

result, where now P/A is the average population density over

the area of dispersal. If a typical area A was approximately

the area of one state of the U.S., then we may note that the

most densely populated such state is New Jersey with an

average of 382 persons per km (15 times p ); N.J. is only a
2

small state (19,000 km ) with a population of 7*4 million.

The larger, more populous states of New York and California

(populations 18.3, 20.6 million), have average population

densities of 1̂ 9 and 52 persons per km - respectively six and

two times p. . Thus, again n of eqn (5) is a plausible

estimate, and a pessimistic upper limit would be at most 10 to

15 times larger.

Cohen's example considered p(r) approximately constant,

the second example considered here has C(r_) approximately

constant; but suppose that one envisages neither being

constant, but with some correlation between them. One may

then express the integral appearing in (3) in. the form.

(r) C(r) d2r = (p C + f V C ) A (6a)

2
where a

P

2ac

1 f C -*>2 2
- J J (Pul) " PJ d r (6*>)

= { j £c(r) - c] 2 d2r (6c)

are the variances in the population and radiation distributions

(o , oc are the standard deviations), and

0 c
P <
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is the correlation coefficient, which always lies in the range

(-1,1). The quantities p, C are the averages, also denoted

P/A and Ro/A above. Thus,, _usjng. (6a) .,. J;be__ number.of.

fatalities of eqn (3) may be re-written

n = K ^ p C A + K^g popacA (7)

The first term is the expression (4), which is now supplemented

by a term taking into account local departures from average

population and radiation densities. In the worst plausible

case, p(r_) and c(r_) are perfectly correlated (i.e., p = 1)

and o and 0 are of comparable magnitude to p and C

respectively. This leads to the second term of (7) being

approximately the same as the first, so that expression (4),

as an estimate of (3), underestimates the latter by a factor

vhich is usually less than about two.

Thus, we conclude that (5) is a reasonable order-of-magnitude

estimate of (3)» being, in the most pessimistic of plausible

cases, a factor of about 10-15 too small. This should be borne

in mind in interpreting the inner right-hand scale of Cohen's

fig. 8.

Consider now Cohen's postulated accident aimed at

computing the ingestion hazard due to accidental dumping of

radioactive waste in the river systems. - "

Cohen's calculation proceeds thus: the total annual run-

off of river water in the U.S. is 1.5 x 1O litres/year, and

the total water consumption by the U.S. population is

1.6 x 10 litres/y (presumed to be taken from out of the

run-off); thus, one litre in 10 of run-off is consumed on the

average, and therefore the probability of ingestion of any
—4small sample of river water selected at random is 10 ; whence

any sample of waste dumped at random in the river system Has
—4a probability of 10 of being ingested; filtration and

flocculation processes remove some such material from the

water, reducing this probability to 1.5 x 10 . This

probability estimate is then used to weight the number of

cancer doses as an ingestion hazard, already computed in fig. 9«



How reliable is Cohen's model in view of it apparently

depending upon the radioactive waste not being dumped

preferentially in a few important rivers - i.e., rivers from

which a relatively large amount of drinking water is drawn?

We may use a mathematical description of Cohen's model to

illustrate and clarify it.

Suppose that N rivers (or tributaries) contribute to the

total water run-off; the flow along the n of these is f

litres/y, and the rate of human consumption from it is

c = a f litres/y. Thus, a is the fraction of the flown n n .. n
from the n river that is ingested. The total run-off and

water ingestion are F, C, respectively, where

F = Sfn = 1.5 x 10 ̂  litres/y,

and C = 2anfn = 1.6 x 1O11 litres/y.
(8)

The numbers are Cohen's. Thus, a = C/F •£} 10~ is the fraction

of the total run-off that is ingested. Cohen uses a as an

estimate of the probability P that a given randomly-selected

sample of water is ingested. Suppose that there is a

probability p that the random sample is selected from the n

river. Cohen's model does not specify a distribution of such

probabilities; we note of course that there is no limit to the

number of possible such distributions. If a sample is

selected from river n (at random, with probability p ), • then

the probability of human ingestion is a . Thus, the total

probability, P, of ingestion from all possible selections of .

rivers is

P = n Pnan ' (9

Now we ask how reliable it is to use a as an estimate of

P, as Cohen has done? Until we know the probability

distribution, p , we cannot answer this precisely. However,

in the spirit of Cohen's philosophy, we should select p

consistently with the concept of a maximum plausible accident.

Bearing this in mind, three distinct, reasonable choices of

probability distributions come to mind:
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(1) Pn is independent of n; i.e., a river is chosen at random,

with each river, no matter how large or small, treated on

an equal footing;

(2) p n is proportional to f"n; i.e., every litre of run-off is

treated on an equal footing, roughly corresponding to

probabilities being proportional to river sizes;

(3) p is proportional to cflj i.e., every litre of consumed

water has an equal chance of being selected by the random

procedure; roughly corresponding to probability

distributions for random dumping being similar to

population distributions.

Consider these three choices in turn, and the calculation of

P which result.

(1) Here p n = J, so that P = ±Zn = J, so that P = Z c^ .

Thus, P is the arithmetic mean of the a - which may give

unreasonably high weight to unimportant (small-flow)

rivers, reflecting the fact that the probability

distribution does the same. Consequently, we expect that

P.>ct, so that a under-estimates P, but probably not

unreasonably so, because the denominator N is large

enough to prevent a small number of terms from dominating

the sum. •
Ecc f

—
Xn

f cc f
(2) Here p = f /z n, so that P = -—— = o.n n n 2J Xn

Thus, a = P exactly here,
c a f

(3) Here p = —*• = -f-f- , so that

2, n n 2 /p = J^Y- = a + a /«Y
n n

where a = E ( o - a ) f / E f represents the variance of then n * n n n
distribution of o's with weight function f . Thus, c

again tends to \mder-estimate P, but we would expect

a < a, so that P g 2a, and so the under-estimation should

not be severe.



In view of assumption (2) or (3) above being the most

reasonable of the three, then we can offer the following

deductions about Cohen's -usage of eras a measure of the

ingestion probability, P. If the o<n are all equal, then a is

an accurate estimate of P, independently of the probability

distribution for random selection of samples. If the

probability of selection from a given river is proportional

to the river flow, then a is an accurate estimate of P

independently of the individual an- Thus, provided both of

these circumstances are approximately true (i.e., the a are

all very similar, and the probability distribution for random

sample selection is roughly proportional to river sizes), then

ye would expect a to be a reasonable estimate of P; however,

since a will tend to under-estimate P, one should not treat

a as an upper limit on the probability.

Thus, again, we see that Cohen's models, even though

rather crude, can provide estimates of casualties which should

be reliable order-of-magnitude estimates. This, of course,

all presumes that a reliable dose-effect relationship has been

used as input to the calculations and that the hypotheses used

as input to the calculations are reliable.

Release of buried waste through groundwater

Here we examine Cohen's sections P, G; we first present a

crude quantification of the concepts presented in section F.

Suppose that the buried pellets of radioactive material

are contacted by groundwater, which leaches the material,

eventually bringing it to the surface. Suppose further, the

worst possible case ensues where leaching commences immediately

after burial. We shall denote by R (t) the amount of radio-

activity (measured in Ci) present in the form of a nuclide

denoted by n at a time t after burial. Such a species decays

with a time constant corresponding to half-lives ranging r̂ora

less than one year to 10 years (though largely grouped into

two major half-life ranges, of less than 30 years and greater

than 105 years). The time constant,1?, is closely related to

the half-life, tj , by T = tj/ln 2 = }.hk tx, and Cohen*s
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Table III tabulates relevant half-lives. Thus, for parent

nuclides pre-existing in the vaste (i.e., excluding daughter

products), . ._.. __

Rn(t) = Rn(0) e-*/*n (10)

The total radioactivity remaining after time t is Z R (t).

If we assume that the leaching rate also follows an exponential

lav, as vould be expected, then the fraction of material

leached after time t from when leaching began is

S(t) = 1 - e-*/T (11)

vhere T is the appropriate time constant given by Cohen as

T = Rd/5L, vhich is in the range 3000 to 30,000 years. The

fractional leaching rate per year is thus dS/dt = S'(t) =
1 —t/T

= e ' , so that the rate at which radioactivity from species

n is being leached, if leaching begins immediately after

burial, is

It takes some considerable time, however, before such

water can make contact with the surface, and the time it takes

depends upon the length of the aquifer, L, the average speed,

F, at which the water flows through the aquifer, and the ion-

exchange hold-up factor H , which depends upon the chemical

properties of the species n. The earliest we can expect "such

leached material at the surface is at a time T = L/FH after

leaching began. Thus, at a time t after burial leached radio-

active material may arrive at the surface, at worst, at a

rate of r(t) curies per year, where

r(t) = I rn(t)

i .O , if t < T

Rn(t) S'(t-Tn), if

Thus, species n does not reach the surface for T years and

for subsequent times t1 we can re-expreas (13) as
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ra(f * Tn) = rn(Tn)

where " " •g— = qp- -+ ̂  —
n n

and where rn(Tn) = ^JTJ.

Thus, the more dangerous of tbe short-lived species would pose

little problem,as seen by taking Sr-90 as an example; with a

most pessimistic delay time of L/F = 30 years, H n = 10 (an

order of magnitude more pessimistic than Cohen* s value of H ) ,

a pessimistic T = 3000 years, T n = ^3 years, we obtain

©n = k3 years

-T /r
a n d rn*Tn> = e T R

n(°) = 3 x 10"
7 Rn(0) per year.

Thus, of the original amount of Sr-90 buried, if leaching

commences immediately after burial, no leached material will

reach the surface for 300 years after which less than 10~ $

of the original radioactivity will surface in the first year,

falling off thereafter by halving every 30 years. More

realistically (taking T = 1 0 years) this percentage would
—99be 10 e/o. Of course, other nuclides, which are daughters

of waste products, do not have a time-dependent abundance of

the form (10) (e.g., see Cohen's fig. 2). However, such.

species also have small hold-up factors (typically H '•" 10

or smaller) and their leaching prospects are more favourable

than that considered above.

One criticism which may be levelled at the quantification

of this scheme is that the temperature dependence of the

physical constants involved may not have been taken into

account. The properties of the pellets of borosilicate glass

are cited by Cohen (including a tribute, based on "experience'^

to the durability of the pellets), without mentioning the

conditions of stress and temperature to which they were

subjected, except that they were subjected to high radiation

fluxes during simulated tests.
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Consider now Cohen* s section G in which he attempts to

compute more carefully the probability of proposed buried

wastes finding their way. into the-river-.system,-and -therefore—

into the vater supply.

Cohen's scheme here is, first, to estimate the

probability of any sample of indigenous Ra ore being leached

by the river systems; then, knowing the total amount of Ra

(measured in cancer doses) present in the U.S. soil down to a

depth of 600 m, one can infer the number of cancer fatalities

presently occurring on the average, per year, as a result of

indigenous Ra finding its way into human bone marrow. By

vay of a pessimistic estimate, if radioactive wastes are

buried equally as securely, or insecurely, as indigenous ores,

then this provides an upper limit on the average probability

of Ra intrusion into the bones and subsequently fatality.

Cohen provides two complementary computations to show that

the total number of cancer doses leached from the U.S. soil

leads to about 12 deaths per year due to bone-marrow cancer -

i.e., approximately 4 x 1O deaths per cancer dose present

in the upper 600 m of soil. The first computation consideres

the Ra content of the soil down to 600 m (3 x 10 cancer

doses) from which an estimated 300 g is leached per year,
••8

yielding a leaching probability of 2.3 x 1O~ per year and
-13thence 3.5 x 10 deaths per year per cancer dose. The

second estimate computes the cancer hazard by making use of

the indigenous Ra content of human bone, from which results

an estimate of 12 bone cancers per year in the U.S., • '
13compared to 3 x 10 cancer doses in the top 600 m of soil.

One can criticise both of these procedures in that they

depend heavily upon an arbitrary cut-off of indigenous Ra at

600 m of depth, and on assumption that the average Ra content

down to this depth is representative of the soils being

leached. On the one hand such assumptions may lead to the

estimated number of deaths being an over-estimate (e.g., if

one took 100 m as the lower limit, since such depths

characterise materials prone to erosion, etc.), but on the

other hand they may also be an under-estimate (for example,

the readily leachable Ra in the upper 100 m or so may have
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already been leached away, reflecting a lower Ha of the water

than would otherwise have been the case). It is the possibility

of an over-estimate that is of more concern, for if, for

example, one compared the 12 estimated bone cancers per annum
13 12

to, say, 1 / 6 x 3 * 10 = 5 x 10 cancer doses in the upper
— 1*3

100 m of soil, one would obtain 24 x 10 J deaths per cancer

dose present, or six times Cohen's estimate (6, because the

600 m is arbitrarily reduced to 100 m, presume to contain

the same Ra concentration).

Despite this criticism, we are led to have credence in

Cohen's estimate to within one or two orders of magnitude.

Even multiplying all of his consequences (e.g., 0.4 deaths

per million years) by ten, still leaves satisfying results,

especially when such numbers are really very pe-ssimistic

upper estimates since buried waste canisters would not be

distributed in the earth as insecurely as are some indigenous

Ra ores.

Cohen raises tlie very interesting point that nuclear

power, 10,000 years after introduction^ should be looked upon

as a cleansing agent, since its by-products are then safer •

than the uranium ores consumed by it, would have been if left

untouched! This provides an interesting, but controversxal,

viewpoint.

One paragraph, of Cohen's treastise is worthy of

elaboration, as it appears to contain an erroneous computation.

His model, for reasons of statistical simplicity, assumes a

randum distribution of burial sites. In fact, such sites will

not be chosen randomly, and there will be relatively few of

them. Because of the linear dose-relationship hypothesis,

such a localisation of sites will not affect the results of a

computation of average effect. It will, however, affect the

probability that such an average effect be realised - or that

any given departure from average be realised. The probability

that, say, the number of fatalities will be 100 times the

average number in any one year, will depend upon the detailed

distribution of burial sites and their geological properties,

not upon their average distributions alone, and is not given



as simply as Cohen suggests (e.g., the probability of 1000

deaths resulting from a release is not as O.4 per million years

divided by 1000). More statistical—information-them-— —.---.^ _

distribution-means alone is required as input to such a

computation.

SURVEILLANCE OF BURIAL SITES

In Section J, Cohen philosophises at length to justify,

not only the maintenance of burial sites with a minimum of

routine surveillance, but also the utilisation of nuclear power

and the consequent necessary development of the technology.

Considering the first of these, Cohen argues that the

average risk of about O.U deaths per year warrants only a few

dollars expenditure per year on surveillance. While this may

be true, a more responsible approach would be to compute the

probability of a large departure from this average fatality

rate, thereby estimating the maximum possible fatality rate

that has more than an acceptably small probability of being

realised. Any dollar value that is to be placed on sur\eillance

costs should be based on such a maximum possible fatality rate,

not on an average fatality rate. This is because the purpose

of surveillance is primarily to counteract large fluctuations

from average effects, and not the effect of the average itself.

Unfortunately, however, the estimation of the probability

of realisation of a specific fatality rate is much more

difficult to obtain than the estimation of the average. This

is because properties of distributions other than the mean

are generally more elusive than the mean alone.

URANIUM MILL TAILINGS

Cohen* s Section K is again helpful in placing the waste

disposal problem in perspective. It is shown that once waste

has been laid aside for 250 years, the mill tailings (i.e., the

9<y/o of uranium ores which pass through the processing plant

but never enter the reactor) are a potentially greater hazard

than the waste itself. This claim perhaps partially refutes
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Cohen's earlier contention that the long-term (greater than

10,000 years) consequences of nuclear waste materirl are more

favourable than the indigenous uranium ores vould have been,

had they remained unmined. Since much of these mixed ores

end up as mill tailings, perhaps nuclear power merely

represents a re-distribution of the hazard due to indigenous

ores.

CONCLUSIONS

Cohen's article represents a re-assuring exposition of

the problem of nuclear waste disposal, successfully relating

it to the numerous other hazards which our society

unquestioningly accepts. He presents plausible models to aid

in the computation of risk estimates. Although such models

should not be taken as the last word, it is reasonable to

believe that the resulting estimates of average consequences'

should be reliable to within a factor of ten.

While Cohen's estimates do provide a useful guide, it

should be borne in mind that such estimates alone are of

limited use. Average consequences do not provide the totality

of necessary information; one must also have some knowledge of

the probability distribution of all possible consequences.

Such calculations of probability distributions have been

attempted (e.g., J.R. Beattie, G.D. Bell and V.E. Edwards,

"Methods for the Evaluation of Risk", United Kingdom Atomic

Energy Authority, ref. AHSB(s) B 159, and the so-called

Rasmussen Report, WASH-1400), but their details are outside

the scope of an article such as Cohen's. Notwithstanding this,

Cohen's model calculations do provide an invaluable service

by introducing the problems of waste disposal to the

scientifically trained, but otherwise uninitiated reader, by

providing estimates of average effects which assist in the

identification of problem areas and by pinpointing the

difficulties which may be encountered upon further pursuing

the topic.

We finish by noting a few other deficiencies of Cohen's

models:
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(1) He consistently neglects temperature dependences of the

physical properties of materials - e.g., thermal

conductivities, plastic flow properties of-salt beds,

water seepage through salt beds, geologic consequences

of long-lived localised heat sources, etc.

(2) He (Cohen) calculates - often very crudely - only average

effects. He inserts into his models average population

densities, which may be inappropriate to the calculation

of maximum plausible effects. Average consequences

should not be construed as the sole evidence required

for an assessment of the suitability of the appropriate

practice. One must also know the probabilities of large

or potentially dangerous departures from the averageo

This requires a knowledge of more than only average

values of the input quantities (average population

densities, average Ra concentrations in soil or water,

etc.). Thus, in particular, standard deviations of input

and output distributions, as well as their means, are

required of more detailed analyses.

(3) Many "averages" are computed from an estimated "probability

per year", which in turn is calculated from global

distribution of radionuclides or from their postulated

global dispersal. However, the mechanisms which are put

forward for inhalation or ingestion of radiotoxic

material render local distributions as being more

appropriate inputs to the model.

(4) Cohen affords no special mention to iodine isotopes.

Probably he envisages that the iodine be removed from

high-level wastes in the reprocessing plant, with

sufficient efficiency that any iodine remaining in the

waste is inconsequential. However, it would be useful

to state such a contention.



APPENDIX I I I . • rv of Radii

Nuclear fuel cycle atagea

1. Uranium mining and
milling

2. Uranium enrichment

3. Fuel fabrication

1\. Reactor

4. 1 Boiling Hater
Reactor

Radioactive Hazards

Radium and its daughter
products, particularly
radon

Very limited radio-
active wastes - residua
amounts radium-226 and
thorium-230

No special radiological
precautions

Gaseous wastes -
activation products
mainly N-13.
Noble gas fission
products (Kr and Xe),
tritium.
radioactive partl-
culates
lodina

Li Quid .wastes -
Activated corrosion
and fission products
from plant equipment
drains.
Froa plant floor )
drains1 and chemical)
waste tank )

Control measures

1. adequate ventilation.
2. covering over or

burial of tailings
piles.

Main environmental hazards
are chemical due to
fluorine and HF

Control of criticalitv
only for highly
enriched fuel

Short-lived decay.

•ass through a delay
ine plus in some

cases an activated
charcoal bed,then
absolute particulate
filter to stack

'iltered, demineralised
and re-used

iltered and discharged

For 1000 MV(e)
per v

91,000 tonnes
tailings

—

30 tonnes of
3.3% U-23S
(LWB fuel).
125 tonnes of
natural U
CANDU-fuel.

aia,500 |iCi/
sec. of noble
gases
released
tritium and
1-131
detected '

0.002 |iCi/ml
in waste
prior to
discharge

Product

Yellowcake
U3°8

Uranium metal
or oxide
(UOp) enriched
2-4$ in U-235

Fuel elements.
Compressed
pellets of UO2
inserted into
stainless
steel or
zirconium
alloy tubes

New Zealand
programme
Nil (unless
economic uranium
ore discovered)

Nil

Nil for enriched
fuel elements.
NZ could import
"yellowcake" and
produce CANDU-
fuel

Keep within
permissible
levels

Keep within
permissible
levels



Appendix H I (eld)

Nuclear fuel cycle stages Radioactive Hazards Control measures For 1000 MV(e) Product New Zealand

k.2 Pressurised Water
Reactor

Solid wastes
Sludge from filters
and demlneraliser
resins

Gaseous wastes
Radioactive gases from
degassing reactor
coolant, ttaitk cover
gases and equipment
vents gases.

Liquid wastes
(a) dirty wastes from
equipment drains,
floor drains, chemical
drain tank, laundry
tank

(b) Clean wastes from
reactor coolant

Solid wastes
From evaporator
concentrates

centrlfuged, solidified
with concrete in 55s
gallon drums (0.3 m-̂ )

Collected in vent header
and compressed into a
decay tank. Held for 1-2
months before discharge
through a filter to
the atmosphere

Held in waste delay tank,
filtered, and evaporated.
Condensate goes to
storage tank before
discharge. Concentrate
to the solid radwaste
system.
Goes to hold-up tank,
filtered, demineralised,
evaporated. Concentrate
boric acid. Condensate-
filtered, demineralised,
re-cycled,or discharged.

Solidified with cement
and vermiculite in 55-
gallon concrete lined
st*el>r drums

100-175 drums
each year

10-20 Ci/MW(e)y
of noble gases
mainly Xe-133
(5.3d), Kr-85
(iO.7y), H-3,
C-1*», Xe-132,
no 1-131

Liquid wastes
similar to
BWRs except
for more
tritium
*1.4 Ci/MW(e)y

100-175 drums
each yee.r

Will have to be
stored on sit*
until trans-
ferred to approved

Keep within
permissible
levels

Keep within
permissible
limits

Will have to be
stored on site
until transferred
to approved area



Appendix III fctdl

Nuclear fuel cycle stages Radioactive hazards

4.3 Heavy Water
Reactor

5 . Fuel (toram

Gaseous wastes
Proa coolant• Mainly
noble gases or iodines

Liauid wastes
Mainly activation
products Co-60 and
Zn-65, and tritium.

Solid wastes
Saiall quantities of
radionuclidea on
filters and purifi-
cation systems of the
reactor coolant
system

When nuclear fuel ia
removed from the
reactor it is highly
radi oac 11ve

Control measures For 1000 MH(e) Product
Her v

Molecular sieves used to
reduce loss of D20 and so
retain H-3, iodine and
caesium nuclidea from air
streams. Closed cycle
ventilation delays the
release of noble gases

Delays in the liquid
system allows short-lived
nuclides to decay

Filters are removed in
shielded containers and
stored in concrete vaults.
Mainly Co-60. Combustible
material incinerated, and
ash with other material is
compacted, stored in
drums, put into bitumen
and stored in concrete
storage vaults

BVR and PWH enriched fuel
will be stored in a deep
pool of water. Pool water
will be circulated
through ion-exchange
resins to remove radio-
nuclides from leaking
fuel elements

CANDU fuel can be atored
indefinitely in reactor
storage pool. Pool water
treated as above.

* 2 0 Ci/MH(e)y
of tritium

~? 9 Ci/MV(e)y
of tritium

i

I

New Zealand

Vill have to
provide suitable
storage facilities
for aolid wastes

Ion-exchange
reains and filters
to be treated a»
for solid waste*

Fuel elements to
be shipped
overseas

If fuel not re-
turned to supplier,
the passive dry
storage method aay
have to be consid-
ered after, say,
2O-30 years



Appendix III (ctd)

Nuclear fuel cycle stages Radioactive hazards Control measures

6. Low level aolld wastes
from reactor equlpaent
and protective
clothing.

During reactor operat-
ions radioactive
•etallic components
•met be handled and
stored. These include
fuel stringer mater-
ials, control rods
and neutron flux
•ensuring instruments

Stored in concrete vaults
In the reactor biological
shield

Tor 1000 MV(e)
per v

Product New Zealand

Decision* m a t at
soaa time be made
as how to store
this material

7« Fuel reprocessing 99$ of the highly
radioactive material
is contained within
the fuel elements
where it remains
relatively safe
until fuel processing
commences

In heavily shielded caves
chemical methods are used
to separate the uranium
and plutonium f:."om the
fission products and
transuranium elements

Uranium and plutonium
will be retained at the
reprocessing plant to
make further reactor
fuel'

34 m3 of high level vast*
(10 canisters 0.3m dia. X
3m long). Fission products
and transuranics may or
may not be separated from*
each other. At present
they will not. This highly
active liquid waste will
be evaporated, mixed with
material to make a glaeay
matric and stored initially
above ground until
ultimate disposal methods
are decided upon.

Reprocessing will
be don* oversea*.
New Zealand may
have to take back
high level wast**
In glaaay matric
form for safe
storage


