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COVER

The cover photograph shows the location of the assemblage oi .. Js, later
dubbed the "antlers", encountered on the Thelon River by members of a
group of six men who were camping for the winter at Warden's Grove. This
location is approximately 500 Km north-easterly from Yellowknife, and
represents the farthest east identification of Cosmos 954 debris. The
photograph shows the obvious crater where the antlers were found; this
crater is not an impact phenomenon but represents melting of the surface
snow and ice by the heat of reaction of lithium hydride (which filled the
control tubes) with melted snow. One can see the effects of spatter from
the "crater" for some distance on all sides, and an elongated stain on the
snow.

The photograph also shows the general nature of the land at the time
when Cosmos 954 re-entered. Where there are trees, or scrub brush as in
this picture, some topographical expression is visible, but otherwise land
and water appear much the same, exhibiting only a wind-textured hard
surface.

The area lies partly in Canada's zone of discontinuous permafrost (mean
air temperature between -4°C and -8°C). It also overlaps the open
woodland zone and the more northern forest-tundra zone. The environment
of the area may be categorized as subarctic/boreal. Whatever the names
and technical terms, the search area in winter is a most inhospitable place.
With few exceptions such as in fast running rivers, all water is covered with
ice feet thick, all ice and land is covered with snow which although not
reaching the depths recorded in higher precipitation areas to the south
nevertheless blankets everything and disguises or masks most summer-
time landmarks, and over all a piercing wind may blow, introducing a chill
factor that may make the equivalent temperature as low as -100°C. Undsr
these conditions mechanical equipment does not always function. At this
particular spot, the first technical search group was forced to spend a night
under survival conditions when their helicopter failed to start.

In winter, the land is stark, or starkly beautiful, depending on viewpoint,
and it offers a real challenge to people from farther south. In the summer
wild rivers and abundant lakes present another challe ^e that is being more
and more taken up by those interested in getting oack to nature, or in
following the incredible footsteps of early explorers of the north. The
summer growing period however, is squeezed into a period of about half
that of the Toronto latitude. Flora and fauna must be tough to survive; their
ecological equilibrium tends however to be susceptible to outside
influences and slow to recover.

This was the locale of the Cosmos 954 search and recovery operations.
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Summary Sommaire

The Russian nuclear-powered satellite, Cosmos 954,
re-entered the earth's atmosphere early on 24 January,
1978, watched first by the tracking instruments of
NORAD and then by the startled eyes of a few residents
of the Northwest Territories. Concern about radioactive
debris, whose presence was quickly verified on the
frozen surfaces of lakes and land, led to a massive air-
borne and ground search and recovery program that
lasted from re-entry date to the middle of October,
1978, interrupted only by the spring break-up period.
The search area extended from Great Slave Lake north-
eastward towards Baker Lake.

Only about 65 kilograms of material were found,
although it is probable that the satellite weighed several
tons. All fragments but one — itself weighing over
18 kg — were radioactive; many showed clear evidence
of melting and erosion. A few were extremely radio-
active and could under certain conditions have caused
serious effects on people, even death. In addition to the
obvious fragments that fell along a well-defined track
nearly 600 km in length, a wide area stretching south-
wards from Great Slave Lake was affected by a scat-
tered shower of minute particles representing the
enriched fuel of the satellite's power source, with a
highly variable density perhaps averaging a few hundred
per square kilometre. Because of their radioactivity and
of public concern about the hazards that might be pre-
sented by contamination of water supplies, or by pick-
up of particles by clothing, for example, intensive
searches were carried out in the Territories and adjacent
Alberta and Saskatchewan, in frequented areas such as
towns, roads, fishing and hunting camps in an effort to
find and remove as much as possible of such material.

Laboratory studies were carried out on particles to
learn their chemical and physical nature, in order to
understand their probable behaviour in the general
environment.

Search and recovery continued until it could be con-
cluded that 1) it was most unlikely that highly radio-
active fragments had been missed; 2) all obvious large
fragments had been located and removed; 3) the risk to
people from particles remaining in unfrequented areas
was not great because of the particles' tiny size, their
general insolubility, and their scattered distribution.
Residual radiological risks were also fading rapidly rela-
tive to the natural radiation background.

La rentree spectaculaire dans l'atmosphere du satel-
lite nucleaire sovietique Cosmos 954, au-dessus des
Territoires du Nord-Ouest, tot le matin du 24 Janvier
1978, a ete vue par quelques-uns des habitants apres
avoir ete reperee d'abord par les systemes de NORAD.
D'importants travaux de depistage et de recouvrement
des debris radioactifs furent entrepris des que leur
presence au sol fut determinee. Ces travaux se sont
poursuivis jusqu'au degel du printemps et par apres,
jusqu'a la mi-octobre a partir du Grand Lac des
Esclaves et dans une direction nord-est vers le lac Baker.

Meme si le poids du satellite etait probablement de
plusieurs tonnes, seulement 65 kilogrammes environ de
materiel furent recuperes. Sauf pour une piece pesant
18 kilogrammes, tous les fragments recuperes etaient
radioactifs; plusieurs avaient du fondre et etaient cor-
rodes. Les plus fortement radioactifs presentaient un
danger pour la sante des personnes et dans certaines cir-
constances, meme la mort. En plus des fragments recu-
peres dans le couloir de rentree du satellite, long de quel-
ques 600 kilometres, des milliers de petites particules
provenant du combustible enrichi du reacteur, furent
dispersees sur une grande surface au sud du Grand Lac
des Esclaves. La distribution de ces particules variait
considerablement mais en moyenne elle etait de quel-
ques centaines par kilometre carre. Vu les risques de
contamination de l'eau d'approvisionnements et d'irra-
diation externe par des particules radioactives logees
dans les vetements, des recherches intensives furent
menees dans le: villes, sur les routes et autres endroits
frequentes tels les camps de peche et de chasse situees
dans les Territoires du Nord-Ouest et les provinces avoi-
sinantes de PAlberta et la Saskatchewan, dans le but
d'en recuperer le plus grand nombre.

Les particules recuperees ont ete etudiees en labora-
toire pour etablir leurs proprietes physiques et chimi-
ques et en determiner les effets possibles sur l'envi-
ronnement.

Le depistage et le recouvrement furent poursuivis
jusqu'a ce que les autorites soient satisfaites d'avoir
repere et recouvre tous les fragments de taille impor-
tante et ceux qui etaient hautement radioactifs. II etait
alors possible de conclure que le risque pour les per-
sonnes dans les regions peu frequentees n'etait pas
grand en raison de la petite taille des particules, de leur
insolubilite et de leur faible concentration. Etant donne
que la radioactivite decroit avec le temps, son niveau se
rapproche rapidement du niveau de la radioactivite
naturelle.
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COSMOS 954

The Occurrence and Nature of Recovered Debris

1. Introduction
Cosmos 954, a Russian nuclear-powered satellite, re-

entered the earth's atmosphere early in the morning of
24 January, 1978. Telescopic camera reports from
Hawaii indicated that the satellite, glowing from the
friction of re-entry, and breaking up, was headed
towards northern Canada over the Queen Charlotte
Islands. Shortly thereafter, visual sightings in the
Yellowknife area, Northwest Territories (NWT), con-
firmed that an unknown quantity of debris continued
towards the ground in a northeasterly direction.

Cosmos 954 was placed in orbit in September 1977; it
showed abnormal behaviour within weeks of its launch-
ing and its eventual re-entry was anticipated within the
next few months. Actual date of re-entry was however
uncertain, and it was not until early January, 1978 that
this was foreseen to occur within the month. The Ameri-
can government notified all nations potentially affected
on 19 January. On 20 January, the Canadian Depart-
ment of National Defence (DND) warned all regional
commanders and Nuclear Accident Support Teams
(NAST) across Canada of the imminent re-entry, possi-
bly over Canadian territory. On 23 January, several
departments whose responsibilities might be touched
upon by re-entry and landing were advised of the situa-
tion. Thus for many of those who became involved the
advance notice was less than twenty-four hours; for
some the information arrived after the event.

The known presence of a nuclear reactor on the satel-
lite immediately raised concern about the nature of
debris that survived to reach the earth's surface. The
USSR had stated that Cosmos 954 was designed to burn
up and disintegrate on re-entry, but in view of the tele-
scopic and visual evidence of "landing" a search opera-
tion was at once instituted and as radioactive material
began to be located a field program got underway that
was to extend, with a pause during spring break-up,
until mid-October, 1978.

Many problems were posed by the descent of Cosmos
954. There are towns along the south side of Great Slave
Lake, but much of the area identified for search is un-
inhabited, and although this was an advantage in the

sense that there were relatively small numbers of people
endangered in that part of the area it was a disadvantage
from the viewpoint of communications and access.
Much of the search area lay in tundra and barrens,
north of the treeline, and, under winter conditions,
obvious landmarks such as rivers tend to be masked by
snow and ice. Temperatures reach -40°C or lower, and
with the wind chill factor perhaps as low as -100°C.
Much of the area is utilized at one time or another of the
year by native people and by other hunters and fisher-
men. Caribou herds migrate across part of the area.
Two wildlife zones, the Thelon Game Sanctuary in the
east and Wood Buffalo National Park in the southwest,
were involved. Great Slave Lake supports an established
commercial fishing industry and a flourishing sport
hunting and fishing business. The defined search area
traversed one of Canada's most promising uranium
prospecting zones, so that in many spots the natural
background radiation was relatively high, introducing
confusion into the search.

All of these aspects meant that search had to be rapid
in order to recover material of potential harm to people
or to the environment and its wildlife population. With
no detailed information on the type of satellite or
reactor the only safe assumption to make, once radio-
active debris had been located, was that it should be
sought on the ground and removed as quickly as possi-
ble to a controlled holding area. A number of govern-
ment agencies were quickly involved because of jurisdic-
tional responsibilities or of special capabilities. Func-
tional coordination of all these bodies was required, and
was provided by assigning to DND the lead role in the
search, and responsibility for the total logistics of the
undertaking. The Atomic Energy Control Board
(AECB) was given the responsibility for recovery, hand-
ling and disposition of debris located, that is, for
matters related to the health and safety of people and
the environment. This joint operation, commonly refer-
red to as "Operation Morning Light" at the time, but in
this report as Phase I, was maintained until spring
break-up forced a hiatus in the search on 20 April, 1978.

Following the spring break-up period, the summer or

1



Phase II operations were carried out under contract by
James F. MacLaren Ltd. (1)* under the AECB lead,
closing down in mid-October, 1978.

This report covers the two Phases, focusing chiefly on
matters i elated to health and safety of people and the
environment.

The search and recovery operations and the ensuing
analytical work produced a great volume of photo-
graphic records and detailed chemical and metallurgical
analyses. A report such as this cannot include all the
data but will offer typical information enabling the
reader to learn the variety of material found, the extent
of the search, the hazards presented by the debris, the
precautions taken to minimize these hazards and the
obvious lessons learned (APPENDIX H). The full ana-
lytical and descriptive records of all finds are on file in
the AECB offices, and it is expected that they will be
available for examination by interested persons. This
may be delayed until certain international legal ques-
tions concerning the re-entry and the ensuing search
have been considered and satisfactorily resolved.

The report also presents summaries of work carried
out by others, with references when possible to pub-
lished records.

Appendices provide details and background informa-
tion that will be of interest to a spectrum of readers.

2. The Search Area and Search
Organization

The general area in which debris might be expected if
it survived the fall was rather clearly defined as a result
of NORAD's computer predictions of the re-entry. The
original area identified extended from near Yellowknife
on Great Slave Lake to Baker Lake, some 800 km to the
northeast. This was divided arbitrarily into eight num-
bered search sectors (Figure 1). As the search pro-
ceeded, and with ballistic calculations incorporating size
and mass data from recovered fragments, the search
area became better defined. Nothing was found in sec-
tors 5 to 8 inclusive, but sectors 9 to 14 were added on
the west and southwest as material was discovered in
that area. Figure 2 (at back of report) shows the location
of the several classes of debris found and will be useful
for reference in connection with Section 7.

The total sectored area of search in the NWT was
about 124,000 square kilometers; additional search was
carried out in selected parts of northern Alberta and
Saskatchewan.

Under DND lead, the Canadian Forces Base at
Namao, near Edmonton, became headquarters for the
search, and Yellowknife became the forward base for
search flights and for handling recovered debris brought
back by recovery crews. The aircraft and other equip-

"Nunibers in parentheses refer 10 APPENDIX I, References

ment called in for the operation have been described
elsewhere (2) but in summary there were 13 Canadian
aircraft in action at the peak of the search effort. These
included C-130 Hercules, CC-138 Twin Otter, and
CC-115 Buffalo propeller craft; and CH-135 Twin
Huey, CH-136 Kiowa, and CH-147 Chinook heli-
copters.

Although most of the main searches were based in
Yellowknife, at various times men and equipment were
also based in Baker Lake; near Warden's Grove on the
Thelon River; and at several of the communities on the
south shore of Great Slave Lake. A location on Cape
Dorset, Baffin Island (in line with the satellite tra-
jectory) where it was suspected for a time that a part of
the satellite had fallen, was also investigated over a ten-
day period. These requirements naturally led to a divi-
sion of equipment and expertise that made staffing and
supply even more difficult.

With the short notice provided, the full Canadian
effort required a few days to be established, but a scien-
tist from the Geological Survey of Canada (GSC) in the
Department of Energy, Mines & Resources (EMR),
experienced in air-borne exploration for uranium, was
on site on 24 January. A team from the AECB was
already in Edmonton when the presence of radioactive
debris was first confirmed. The capability of immediate-
ly undertaking the operation was greatly enhanced by
the availability within a day of an American team expe-
rienced in search and recovery of radioactivt material.
The offer by President Carter of this exp'.rtise was
accepted by Prime Minister Trudeau early on 24
January, and U.S. personnel (to an ultimate maximum
of about 120) moved into Edmonton. These personnel
included the Nuclear Emergency Search Team (NEST),
organized several years previously by the U.S. Depart-
ment of Energy, which had in effect been preparing for
the re-entry of Cosmos 954 for several weeks. The fol-
lowing day the GSC gamma-ray spectrometer for use in
air-borne searching was flown to Edmonton from
Ottawa, and subsequently approximately 30 scientists
and technicians from the AECB, GSC and Atomic
Energy of Canada Ltd. (AECL) worked with the Cana-
dian Forces and the U.S. NEST in the search and recov-
ery operations. DND with flight crews, maintenance
and support crews, NAST, and command staff, peaked
at about 250. Thus the total manpower involved in the
field reached several hundred, and in addition to them a
significant number of staff from the concerned depart-
ments were involved in discussions on planning and co-
ordination in Ottawa. An Interdepartmental Steering
Committee met weekly in Ottawa during Phase I, under
the chairmanship of a senior DND officer. Major field
organizational responsibilities may be summarized as
follows:

DND —On-scene command — responsible for
overall operations.
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AECB — Responsible for safe recovery, transporta-
tion and storage of debris.

EMR —Scientific management of the air-borne
search under DND logistics command,
using detection requirements established by
AECB and other health physics groups.

For costs of the operations, DND assumed all ex-
penses of the logistics — search flights, transport, man
and material movements, establishment of access camps
and fuel dumps — and AECB ail expenses of its own,
plus those of other federal departments (other than
DND) that would become involved in matters of health,
safety and the environment.

The successful completion of the Phase I operation
reflects the immense effort by DND to meet both day to
day exigencies and longer term plans. The fact that there
were no accidents to people under search conditions
underlines the thoroughness of the DND organization.

A brief chronology of the events from 24 January to
14 October, 1978 appears in APPENDIX A.

3. Roles of Other Federal Departments
and Agencies

In addition to the effort of the GSC in supplying spe-
cial equipment and expertise for the air-borne search
and interpretation, other departments played a variety
of roles. GSC staff have already published papers on the
search techniques (3,4), and further reference to these
will be made in this report.

AECL made major contributions to the program in
several ways. All available shielded containers for radio-
active material were provided for shipment of debris.
Health physics and radiation monitoring staff were
loaned to the AECB to augment its own limited
resources. And most particularly, the Whiteshell
Nuclear Research Establishment (WNRE) at Pinawa,
Manitoba put its sophisticated analytical facilities at the
disposal of the search and recovery operations. Even-
tually, essentially all samples recovered, large or small,
were shipped to Pinawa for examination. This obvious-
ly interrupted ongoing programs, but WNRE proved a
most willing helper in this work. This also provided a
secure place for holding the satellite materials pending
legal decisions on their ultimate disposition and for pre-
venting radiation damage to the public or the environ-
ment. WNRE staff will be publishing detailed descrip-
tions of debris (5); this present report will provide some
examples of their work, but not full details. For much
of the time during Phase I, a scientific representative
from Defence Research Establishment, Ottawa, was
also based at Pinawa to ensure proper liaison with the
Edmonton base operations.

The Department of National Health and Welfare
(NHW) contributed through the activities of the Radia-
tion Protection Bureau (RPB). RPB already carries out

air sampling at selected sites across Canada to measure
radioactive fallout from nuclear test explosions; this
was placed on a daily basis (for 24 days) after re-entry,
and a new air sampling site was opened at Hay River
during the search for Cosmos 954 debris. In addition
RPB supplied a personal film dosimetry service for all
involved Canadian personnel, and carried out labora-
tory studies unde; high priority to determine the hazards
to people of minute radioactive particles that were
found sprinkled over Great Slave Lake and the land to
the south; RPB will be publishing a paper on the full
results (6). Reference to this work will be made. RPB
also monitored rain and snowfall, drinking water sup-
plies in communities, and caribou meat from autumn
hunting, for possible radioactive contamination.
Personnel from the Department of Indian and Northern
Affairs (INA) were involved because of their broad
responsibilities north of 60° latitude, with respect both
to the people and to the resources of the Territories.

Department of Fisheries and the Environment (DFE)
staff considered aspects of environmental damage and
undertook a program to monitor fish from Great Slave
Lake for radioactivity.

An ice expert from National Research Council
(NRC), Building Research Division, visited Cape Dorset
to examine the reported occurrence that might have
been related to the satellite but that was found to be a
natural ice phenomenon (7).

The Ministry of the Solicitor General was involved
because of the assistance available from the Royal
Canadian Mounted Police (RCMP) in control of activi-
ties in the Territories, in communications, ana in main-
taining a supply of portable radiation-detecting instru-
ments for travellers in the area. External Affairs (EA)
was involved from the start as a res-ilt of the interna-
tional implications of the event, and ihe intent ultimate-
ly to present a claim against the USSR for recovery of
some or all of the large amounts of money spent on the
search. Justice has advised on the legal requirements of
"rules cf evidence", under which all recovered material
was handled, shipped and stored, and on the documen-
tary requirements for the claim.

4. Acknowledgements
The search and recovery operations obviously

depended upon the well-timed cooperation of a number
of different federal agencies. In addition to a general
acknowledgement of all the effort implied by the
previous section, the AECB would like to recognize here
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assistance; the Saskatchewan Department of the Envi-
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of the Northwest Territories in Yellowknife, particular-
ly Mr. Dan Billing, Chief of Emergency Measures. Mr.
Billing was always very helpful in general contacts and
arrangements, and in arranging and coordinating public
meetings in Northwest Territories towns.

There has already been reference to the participation
of experienced U.S. personnel. In particular, the AECB
acknowledges the valuable technical advice and support
of health, nuclear and other physicists from Lawrence
Livermore Laboratory, Los Alamos Scientific Labora-
tory, EG & G Incorporated, and the U.S. Department
of Energy. Their previous specialized experience in
nuclear radiation search and measurement was a salient
feature of the speed with which search for debris got
under way.

Finally, the interim storage of recovered debris at
Namao, and its transportation to Winnipeg for pickup
by WNRE personnel, put an extra load on the air crews
of DND and the AECB expresses its thanks for an awk-
ward service consistently performed without incident.

5. Radioactivity and the Implications of
the Presence of a Nuclear Reactor

Radioactivity, to those unfamiliar with its parameters
and behaviour, may be confusing, misunderstood, even
frightening. Since the Cosmos 954 search and recovery
operations relate almost entirely to possible radiation
hazards, this section of the report has been prepared to
provide the reader with some useful background infor-
mation, and further basic information is given in
APPENDIX B.

5.1 Radioactivity

"Radioactivity" is a term used to describe the emis-
sions which accompany the spontaneous disintegration
of an atom; materials that undergo such spontaneous
disintegration are said to be radioactive.

The units used for reference and description of radia-
tion in this report are given in Table 1. Although this
report has generally used metric units for length, weight
and volume it has been decided to use the older, existing
units for radiation, since they may be more familiar to
general readers.

Radioactive materials fall into two classes — natural-
ly-occurring radioactive materials and man-made mate-
rials. Naturally-occurring radioactive materials are very
widespread and include the uranium, thorium and
radium found in rocks, minerals and soils throughout
the world, and in certain products made from them;
radium is also the source of radon which is a commonly-
occurring radioactive gas. Furthermore, radioactive ele-
ments occur in the atmosphere, and cosmic radiation

continuously arrives from outer space. These sources
together produce a general background against which
all radiation measurements must be made, and the result
is the placing of a lower detection limit on the measure-
ment of radiation from other sources. In North Amer-
ica, the average background reading is about 10 micio-
rem per hour and an inhabitant of North America re-
ceives a radiation dose from all natural sources of about
100 millirem per year. For comparison, a patient under-
going one chest X-ray may receive 20 mrem. In the
search area, where uranium-bearing rocks are common,
natural background readings ranged generally from 5 to
25/J R/h, but in the trajectory area readings ont hun-
dred times the nominal background exposure were en-
countered, i.e. as high as 1 mR/hr at meter height.

Name of
Unil

curie

electron
volt

rem

roentgen
per hour

Abbre-
viation

a

eV

-

R/h

TABLE 1

Radiation Units

Used to Measure

Rate of disintegration
of a source.
1 Ci = 3.7 x 10'"
dis/sec

Radiation energy

Dose from all types
of radiation.

Rate of exposure to
gamma radiation.

Commonly Used
Units

millicurie (mCi) =
1/1,000 curie
microcurie (MCi) =
1/1,000,000 curie

million electron
volts (MeV)

millirem (mrem) =
1 /1,000 rem

milliroentgen per
hour (mR/h) =
l/l,0O0R/h
microroentgen per
hour (MR'h) =
1,/1,000,000 R/h

Man-made radioactive materials have been produced
either directly or indirectly by man; the radioactive
materials associated with Cosmos 954 fall in this cate-
gory, as do the fall-out products from nuclear weapons
tests and the wastes from the nuclear power reactors.

Four types of radiation could have been associated
with Cosmos 954: alpha and beta particles, gamma rays,
and neutrons. These are briefly defined in APPENDIX
B. An outline of tht potential radiation exposure
hazards is given in the next section, and further details
appear in the APPENDIX.

5.2 Potential Radiation Exposure Hazards

When it became obvious that radioactive material had
survived re-entry and might pose a threat to the health
of inhabitants and wildlife, the potential radiation
hazards to those coming close to fragments were recog-
nized, as outlined in the following sections.



(a) External exposure of a significant part of the
body
Radiation exposure of a significant portion of the
whole body could result from highly radioactive,
large items. The magnitude of the dose would
obviously depend upon the activity of the item,
the distance from it, and the period of exposure at
that distance. Smaller fragments would be unlike-
ly to irradiate the whole body, but high exposure
of parts of the body such as hands and feet would
be possible upon close approach, or if a fragment
were carried around in a pocket.

(b) Contact or near-contact exposure of skin
Such an exposure would result from picking up a
radioactive fragment by hand, or by lodging of a
particle in any part of the clothing. In such a case,
the dose rate to the nearest parts of the body from
even quite low activity sources could become sig-
nificant. If exposure is prolonged over hours or
days, the dose to the nearest tissue would be of
concern.

(c) Inhalation of small particles
Tiny particles capable of entering nose or mouth
might be inhaled, and if so would irradiate the
lungs and perhaps other parts of the body.

(d) Ingest ion of small particles
Ingestion might occur, for instance, during drink-
ing or eating or by transfer from contaminated
hands by cigarettes. If swallowed, radioactive
particles would irradiate the gastrointestinal tract
and perhaps other body organs.

These then were the considerations around which
search criteria were required to be developed by health
physicists. Their application is described in Section 6.2.

Instructions were issued to the population in the
region to avoid and to report suspicious objects, in the
light of the above hazards.

135-140. The activation products encountered will
depend on the composition of the materials close to the
reactor core. In the case of Cosmos 954, stainless steel
seems to have been used as structural material, and the
most frequently encountered activation products have
atomic mass numbers between 50 and 60 (that of iron is
about 56).

The quantity of fission products formed in a nuclear
reactor is proportional to the number of fissions that
have occurred (and thus to the total energy generated).

The formation of activation products is also a func-
tion of the reactor power but is strongly dependent on
the placement of the parent material relative to the
reactor core as well.

The average rate at which the radioactive source, or
radionuclide, decays is called the activity of the source.
As more and more of the atoms disintegrate, there will
be fewer left to disintegrate in the future, and the time
required for half the atoms to disintegrate is called the
half-life. Each radionuclide has its own half-life, but
half-lives of different radionuclides range from frac-
tions of a second to billions of years. Table 2 gives half-
lives of the radionuclides encountered in Cosmos 954
debris.

As noted, radiation is emitted when an atom disinte-
grates spontaneously; usually, the radiation has a par-
ticular energy or group of energies. The distribution of
these energies can be plotted to show the intensity at
each energy; an example showing the energy distribu-
tion of the radiation from cesium-137 is given in Figure
3. Such a distribution is called the energy spectrum and
is unique for a particular radionuclide so that the spec-
trum can be used to identify those radionuclides that are
present — the spectrum is ?« distinctive as a finger print.
This unique characteristic was used extensively in both
the detection and the analysis of Cosmos 954 debris.

5.3 Reactor Aspects

During the operation of a nuclear reactor, a large
number of radioactive isotopes (radionuclides) are pro-
duced fay two different processes. When a neutron col-
lides with and is absorbed by a fissile nucleus, such as
that of uranium-235, the nucleus fissions (splits apart)
into two lighter nuclei. The products of this splitting are
referred to as fission products; some of these are stable
isotopes but most are radioactive. When a neutron is
absorbed by the nuclei of other, non-fissile materials in
or around the reactor core as structural parts, these
nuclei may become "activated", i.e. transformed into
radioactive nuclei. The products of this second process
are known as activation products.

Fission products from uranium-235 fuels commonly
have atomic mass numbers centred around 90-95 and

0 40 80 120 160 200 240 260 320 360

Channel Number
(Energy)

FIGURE 3 Sodium iodide energy spectrum for cesium-137



TABLE 2

Fission and Aclivalion Products in Cosmos 9S4 Debris and Iheir Half-' .res'

(Chemical symbols given in parenlheses)

Fission Activation

Isotope

Strontium-89(Sr)
Strontium-90
Zirconium-95(Zr)2

Niobium-95(Nb)2

Molybdenum-99(Mo)
Cesium-137(Cs)
Barium-UO(Ba)
Lanthanum-140(La)
Cerium-141(Ce)
Cerium-144
Ruthenium-103(Ru)2

Ruthenium-1062

Tellurium-132(Te)
Iodine-131(I)
Neodymium-147(Nd)

Half-Life

50.5
29
64
35
66
30. n
12.8
40.2
32.5

284.4
39.4

368
78

days
years
days
days
hours

1 years
days
hours
days
days
days
days

hours
8.04 days

11 days

Isotope

Chromium-51(Cr)
Manganese-54(Mn)
Cobalt-58 (Co)
Cobalt-60
Iron-59(Fe)
Tantalum-182(Ta)
jcandium-46(Sc)
Antimony- 124(Sb)
Plutonium-239(Pu)
Tritium

Half-Life

27.7 days
312.5 days

70.8 days
5.27 years

44.6 days
115 days
83.8 days
60.2 days

24000 years
12.33 years

' The presence of residual uranium isotopes should also be recognbed. ;hough they play no significant role in this
matter; uranium-235(U), 70 million years, and uranium-238, 4.5 billio . years.

2 Major fission products in Cosmos 954 debris.

5.4 Criticality

The neutrons produced by the fissioning of a
uranium-235 nucleus have one of two essential fates;
they may initiate additional fissions of other ura-
nium-235 nuclei, or they may be lost (through absorp-
tion by non-fissile materials, or by escape from the sys-
tem). With a large enough mass of fissile material,
and/or with a configuration that curbs the loss of neu-
trons, the loss rate may be low enough to maintain a
supply of neutrons for propagating the fission event,
i.e. a chain reaction is produced. In such a state the as-
sembly is referred to as "critical". Very high radiation
fields would exist in the vicinity of such a "critical
mass".

An immediate concern after the fall of Cosmos 954
was that a sufficiently large part of the core (if not all)
might have survived re-entry and have achieved critical-
ity, restarting the chain reaction. If, for instance, most
of the core had landed intact and was able to melt
enough ice and snow to become submerged in water, the
mass might again have become critical. This is because
the presence of water in effect cuts down the loss of
neutrons. A mass of as little as 22 kg of highly enriciied,
undiluted uranium could become critical under these
conditions. However, the results of the search quickly
confirmed that the core had disintegrated so that criti-
cality was no longer viewed as a likely hazard.

6. Air-Borne and Ground Searching

6.1 What To Look For?

A soon as the presence of debris on the ground had

been confirmed, efforts were made to obtain from the
USSR sufficient description of the satellite, and particu-
larly of its power reactor, in order that the nature of
potential hazards to people and the environment could
be assessed. Without some guidance, search would be
blind and perhaps misdirected.

The USSR quickly advised Canada that the reactor
core contained uranium enriched in uranium-235, and
later added that there had been a beryllium reflector.
The core material was said by the USSR to be of non-
explcsive nature, formation of a critical mass being ex-
cluded. The reactor was also said to be designed so that
on burn-up the active core would be dispersed into
minute particles which would exclude the creation of
radioactivity sources exceeding levels recommended by
the International Commission on Radiological Protec-
tion. The USSR also stated that in their experts' opi-
nions, the radiation levels resulting from any fallen
material would be "practically" safe for people.

This information was useful in a general sense, but
did not provide the total mass of material, nor the
nature of the core, matters of prim; concern when plan-
ning the extent of search and preparing for poteniial
hazards that might be met. Some of the information
arrived after the search operations had been in progress
for some weeks. This meant that the sort of information
desired had to be developed, as best as possible, as
material was found and identified, and that certain
assumptions were necessitated in regard to size of satel-
lite and power of satellite. These assumptions will
appear in the following sections of the report.

Although the USSR advice indicated that potential
hazards were minor, the early finding of highly radio-
active fragments dictated the necessity of a much more



thorough search than might have been suggested by that
advice.

As will he brought out later, the USSR subsequently
provided some confirmatory comments on the numbers
of certain types of fragments, after they had been
found. Otherwise the interpretative processes required
for hazard estimation have rested on the assumptions
referred to above.

6.2 Objectives and Criteria
The basic objective of the search was to minimize the

radiation exposure of people living in the area in accor-
dance with the piinciples of radiation protection in gen-
eral, and with the "as low as reasonably achievable"
("ALARA") principle recommended by the Interna-
tional Commission on Radiological Protection (ICRP;
see APPENDIX B). A second objective was to minimize
the radiation exposure of wildlife and generally to pro-
tect against ecological damage.

In developing guidelines, it was necessary to take
account of the following important factors:

(a) the need for very stringent standards in areas of
human habitation;

(b) the need for somewhat less stringent standards in
other areas while still ensuring a high degree of
protection; this would include consideration of
the probability of exposure and the possible dura-
tion of such exposures;

(c) the possible exposure pathways as outlined in
Section 5.2;

(d) the detection capabilities of the search instrumen-
tation;

(e) the existence of widespread natural uranium and
thorium mineralization;

(f) the significant quantity of fission products esti-
mated to be involved;

(g) the radioactive decay of the fragments which
gradually reduces the activity levels, so that the
radiological significance of any undetected frag-
ments will be reduced with the passage of time;

(h) the requirement to search by use of fixed-wing
aircraft or helicopters, and by ground surveys,
either on foot or augmented by road vehicles
where conditions were suitable.

At the time that guidelines were originally formu-
lated, limited information was available on the detec-
tion thresholds for each type of survey. It was estimated
that the detection threshold for fixed-wing aircraft sur-
veys was such that fragments with a gamma exposure
rate of about 10-50 R/h on contact, or 10-50 mR/h at 1
meter, could be detected; and for the helicopter surveys,
the detection threshold could be improved to detect
fragments with a gamma exposure rate of about 100 to
200 mR/h in close proximity or 0.1 to 0.2 mR/h at 1
meter. In practice, it was possible to detect fragments at

lower levels in certain circumstances; thus, the almost
negligible background radiation levels over frozen lake
surfaces during winter permitted improved detection by
helicopter surveys in those areas and the absence of
snow during summer permitted lower level flights by
fixed-wing aircraft, which could follow the variations in
the terrain more easily than during winter when visual
flying was more difficult due to the absence of recog-
nisable features.

6.3 Search Procedures
The first coverage of the probable impact zone was

carried out by C-130 Hercules aircraft bearing gamma-
ray detection apparatus. These planes flew a pattern of
lines spaced 1 nautical mile (1.85 km) apart at an alti-
tude of 500 meters above ground level. One Canadian
(GSC) and three U.S. gamma-ray spectrometers were
employed. The first confirmed radioactive debris was
detected by the Canadian instrument on the night of
January 26/27 in Sector 1 (on the ice, 27 km north of
Fort Reliance). This instrument contained a sodium
iodide crystal of 50,350 cm3 volume, and its operation
and sensitivity have been discussed by Bristow (3).

Data were collected during flight on magnetic tape,
which was subsequently analysed by computer to iden-
tify the nature of the radioactivity, and to distinguish
between natural and man-made radiation. As material
was located, this search procedure sufficed to show that
radioactive material was likely to be found only in a
strip about a few kilometers wide, roughly centred in the
originally delineated zone but corrected southwards for
wind drift. Within this redefined area, subsequent
searching was done, with microwave ranging systems to
enable pinpointing of locations, on a more closely
spaced pattern with lines spaced at 500 m and a nominal
height above ground of 250 m. Precise location was a
necessity so that the site of a "hit" could later be
visited, usually by helicopter, to enable the find to be
recovered. Removal was always carried out under the
eyes (and instruments) of experienced health physics or
radiation monitoring staff.

It was a helicopter that first encountered radiation
from the tiny particles (near Snowdrift). The advantages
of being able to fly slowly and much lower than the Her-
cules were quickly recognized, and helicopters were em-
ployed for surveys at altitudes of 15 to 30 meters to:

(a) locate precisely any radioactive fragments
detected by the fixed-wing aircraft surveys;

(b) survey the environs of human communities
situated within the search area;

(c) survey roads and railways within the search area.
Ground (on foot) surveys were conducted in in-

habited areas, including camp sites, using portable
survey instruments capable of detecting radiation levels
of 1 to 3 piR/h above the natural radiation background.
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Where possible, the area to be surveyed was traversed
slowly in a grid pattern. While slowly walking these
grids, the surveyor gently swung the radiation meter
back and forth across his path. This had the effect of in-
creasing the effective area of detection and reducing the
shielding due to ground surface irregularities. The
spacing of the grid lines depended on the potential use
of the area, the expected strength of the sources, back-
ground radiation and the type of area being surveyed. In
areas with strong sources and low background (8 ^R/h),
a spacing of 4 to 6 nieters was considered to suffice. In
areas with high background (20 pRIh) and low level
sources, traverses as closely spaced as 1 meter were
needed to ensure a reasonable level of particle detection.

In each community surveyed, grids were walked in all
public and private areas with the exception of the roads
and inhabited streets surveyed by a vehicle-mounted
detection system. Attention was given to drip-lines, gut-
ters, drains, snow fences, shrub-lines, snow dump sites
and any other areas that appeared to have the potential
for particle accumulation. Special attention was also
paid to "sensitive" areas such as schoolyards, play-
grounds and gardens as well as high traffic public areas,
such as restaurants, municipal buildings, and food
stores. Roofs of public buildings, hospitals and other
areas with the potential for particle accumulation and
exposure of large numbers of people were also surveyed.
Lots that were uninhabited at the time of survey were
searched if they had been cleared, or if their future use
appeared likely.

In addition to coverage of communities and asso-
ciated areas, a large number of other sites were inves-
tigated. These included cabins, hunting and fishing
camps, lodges, mining and prospecting camps and fuel
cache sites — in general terms, any area which might be
frequented by man. A total of 130 remote sites were in-
vestigated. Based on data supplied by IN A a list of sites
for Phase II survey was prepared, and was supple-
mented with information from local government offi-
cials and RCMP, citizens' requests, and the consultant's
inspection of the area. The area of required coverage
was vast, extending over all of the territory south of
Great Slave Lake and into northern Alberta and Saskat-
chewan. In addition, a number of sites situated on the
islands in the east arm of the lake and on the north shore
of McLeod Bay were investigated. A number of lodges
and cabins south of the lake had been visited during the
Phase I operations but repeat surveys were deemed
necessary during the summer months to ensure complete
coverage.

Ground vehicle surveys in Phase II were conducted
with radiation detection equipment installed in vans, a
procedure used on highways, roads and streets. On rail-
roads, the detection equipment was mounted on a spe-
cial track vehicle. Under winter conditions, ploughing
of roads pushed snow and anything it contained to the

passenger side of the route, and in the summer search
instruments were mounted on this side of the vehicle.
The vehicle could, of course, traverse in both directions,
thus covering both sides of the road. The detectors were
linked to an array of electronic equipment including a
visual display which indicated fhe levels of radioactivity
being measured. The detection equipment was initially
calibrated with a standard cesium source and then
checked in the field with "hits" found during the
ground survey of Hay River.

Based on the field tests, a vehicle speed of 15 km/h
was chosen as a satisfactory compromise between sensi-
tivity of detection and speed of operation. The vehicle
speed was later reduced to 8 km/h in the Fort Smith
area and Wood Buffalo National Park as particle size
and radiation strength decreased.

The principal instruments used for ground survey
purposes are listed in APPENDIX C. according to the
application, with the name or type of instrument and
model number, brief information on the detector and
range of readout, and the name of the manufacturer.
Similar to the ground survey instruments, the principal
component of the vehicle detection equipment consisted
of sodium iodide scintillation crystals. However, where-
as the hand-held instruments contained crystals of
approximately 45 cm3 volume, the vehicle crystal
volume was approximately 13,600 cm3. Furthermore,
the vehicle system, like the air-borne system, was
designed to discriminate between natural background
radiation and radiation produced by Cosmos debris.

6.4 The Air-Borne Detection of Radioactive
Debris*

It is a characteristic of fission products of a reactor
that they emit gamma radiation with a higher propor-
tion of low energy gamma-rays than those emitt •' by
naturally occurring radioactive isotopes. Gamma rays
from neutron activation of elements present in steel are
also predominantly low in energy. Figures 4a and 4b
compare a typical natural gamma-ray spectrum and a
fission product spectrum, which illustrate this point.
Table 3 shows the major gamma-rays emitted by fission
and neutron activation products which are most likely
to be observed soon after reactor shut-down. The half-
lives of the various isotopes are also indicated.

Because of the high levels of radioactivity of rocks in
the search area, mainly due to potassium-40 and decay
products in the thorium series, a ratio iechnique was
used to distinguish between natural and artificial
sources of radiation. This ratio technique makes use of
the fact that the radioactive satellite debris is dominated
by low energy gamma-rays. The ratio of all gamma-rays

' Permission of the GSC and the author of reference 4 10 use the lew and illus-
trations of Section 6.4 is gratefully acknowledged. Slight modifications have
been introduced by the editor.



TABLE 3

Some Gamma-Ray Emitting Isotopes
Likely to be Observed Following Reactor Shut-Down

Isotope

Zirconium-95

Niobium-95

Ruthenium-103

Cobalt-58

Manganese-54

Gamma-Ray
Energy (keV)

724,756

765

497

810

835

Half-Life
(days)

64

35

39.4

70.8

312.5

Origin

Fission

Fission and decay
product (daughter
of zirconium-95)

Fission

Activation of
nicke!-58

Activation of
iron-54

detected with energies between 300 and 1400 keV to
those from 1400-2800 keV was found to remain rela-
tively constant for all natural sources of radioactivity
even while passing from water to land (Figure 5a). The
radioactivity over water arises from cosmic radiation,
the radioactivity of the air, the aircraft and its equip-
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ment (radium dials, etc.)- Radioactive satellite debris is
indicated by a significant increase in the low/high
energy ratio (Figure 5b). Additional confirmation is
provided by the increase in total radioactivity.

Bristow (3) describes in more detail the procedures
that were used to detect the radioactive satellite debris.

7. Description of Recovered Debris
7.1 General

Table 4 summarizes the nature of material found in
the search. Simply by analogy with other earth-orbiting
satellites, Cosmos 954 has generally been assumed to
have weighed in the order of 4 or 5 tons; the amount of
material recovered (about 65 kg) is not only a small frac-
tion of the whole but obviously represents for the most
part a few special parts of the satellite. Most of the gen-
eral structural components, presumably of steel, have
not been found, and it is surmised that these compo-
nents have oxidized to a finely-divided powder, or
"burned up" , during re-entry. On the other hand cer-
tain beryllium cylinders have suffered little if at all
during re-entry.

Individual identification of each recovered fragment
is given in APPENDIX D, Summary of Fragments Re-
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FIGURE 4 Typical natural (a) and fission (b) product gamma-
ray spectra.

FIGURE 5 Example of procedure used to detect radioactive
satellite debris (the high peak in each case).
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covered; this gives sample identity as a "Hit Number"*,
the location, the in-situ radiation field, and some phy-
sical description. This is the "Hit List", with spurious
records and natural occurrences deleted.

Figure 2 (map at back) indicates the locations and
pattern of distribution of fragments.

In spite of the relatively small amount of material
recovered, its safe disposition for shipping purposes put
a great strain on available lead-lined containers. A
description of container types and of the careful proce-
dure followed in moving debris from Edmonton to
WNRE at Pinawa is given in APPENDIX E.

The recovered material divides itself into two rather
distinct classes, as suggested in Table 4, and they will be
treated separately in sections 7.2 and 7.3.

In the following sections of the report, examples of
both types of debris are described with particular refer-
ence to the information provided by WNRE. At WNRE
each item was put through part or all of a complex
analytical examination scheme. It was monitored for
radioactivity, photographed and given a brief descrip-
tion. Simple tests were done to determine its character,
for example density, magnetic susceptibility, and elec-
trical conductivity. Where appropriate, samples were
taken for further analysis and radiochemical measure-
ments. Because of radioactivity, many of these opera-
tions had to be done inside a shielding "hot-cell"
equipped with remote manipulators and a leaded-glass
window.

Samples taken for further study were analyzed by

TABLE 4

Summary Description of Debris Recovered

Material

Large Fragments

4 steel plate fragments

41 beryllium rods (some
with niobium sheaths)

Size, Weight

largest 225 mm x 75 mm x
6.5 mm weighing 272 g.

100 mm x 20 mm diam.
About 51g each

Radiation Level When Found

To 200 R/h on contact

600mR/h to lOOR/h on contact; 30
to 150mR/h at 1 meter

Sector

1, 11, 12

1(17 rods), 2(21 rods),
10(3 rods).

G beryllium cylinders

Tubes, rods, plate (the
"antlers")

Steel tube (the "stovepipe")

Other Chunks, Flakes,
Slivers

250 mm X 100 mm diam.
3.6 kg. each

6 rods about 1 meter long
attached to plate. 20 kg. total

About 500 mm long, 360 mm
diam., 2.5 mm wall. 18.2 kg.

Variable

5 to 15R/h on contact.
40 to 800 mR/h at 1 meter

To 15S/h on contact.
Variable over the debris

Non-radioactive

Most 10 to 30 R/h on contact; one
to 500R/h

2(5 cyl.) and 3(1)

4 (near Warden's Grove on
Thelon River)

I (near Ft. Reliance)

Chiefly 10

Small Particles

About 4000 recovered a) spherical, lmm to less than
0.1 mm diam. Mass 5 mg to less
than 100/jg

b) irregular, or flaky. Some
several mm on a side and very
thin and friable

most in the range 10 to 100 mR/h at
I meter

10,11,12,13,14

The first class — the larger objects — were found in a
narrow zone stretching from roughly the centre of Great
Slave Lake to Artillery Lake; an isolated object was
found on the Thelon River near Warden's Grove. This
is a total distance of well over 500 km.

The second class comprises smaller particles whose
landing was affected by the wind currents in action at
the time. They were thus carried far to the south of the
landing path over an area of 100,000 square km or
more.

" The identification code, often used as a sample number, indicates "Morning
Light" (ML), and the sequential position of the item in the series of fragments
recorded in a sector, e.g. 1(1) is the first item in sector 1, 7(3) is the seventh
item in sector 3, and so on.

gamma spectrometry for radionuclides present, by X-ray
and emission spectrography for their elemental compo-
sition, by electron microscopy and X-ray diffraction for
structure and morphology, by mass spectrometry for
nuclear fuel content and by chemical and other instru-
mental analysis for a variety of other information.

The result was that a great deal became known about
the character, identity, and potential hazard of the
variety of items that survived re-entry. Identification of
alloys used in the satellite was possible (and in some
instances even the method of fabrication became appar-
ent). The solubility in hot and cold water and likely
behaviour of radionuclides in nature was also inves-
tigated.
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The first shipment arrived at WNRE on 5 February,
1978; 15 major shipments in all were received. More
than 4700 analyses were reported, and more than 40
scientists and support staff were involved at one time or
another. A measure of the total is provided by the num-
ber of man-hours recorded for analysis and operations
such as handling and storage; the figure exceeds 9000.

WNRE's final storage actions completed the sequence
of careful identification and control of samples from
their first discovery to their ultimate disposition in stor-
age facilities. This provided the final entry on the travel-
ling form shown in Figure 31, APPENDIX E.

7.2 Large Fragments

7.2.1 Location
Fragments were found in a well-defined band as

shown in Figure 2. Generally the size and weight of frag-
ments increased towards the east end of the trajectory,
consistent with ballistics considerations.

Most of the small beryllium rods were clustered over a
distance of 75 km. The beryllium cylinders also occur-
red as a group over about 60 km. The fragment referred
to as the "antlers" was the largest fragment recovered
and the furthest east on the track. The four recovered
steel plate fragments were widely scattered (over
300 km); one (in sector 12) was the most westerly object
found.

The miscellaneous smaller pieces, mostly from Sector
10, vary greatly in shape and size.

The fragment known as the "stovepipe", the only
non-radioactive debris located, was spotted by eye by
chance in Sector 1 during a flight to another location.

7.2.2 Description of Selected Fragments

Typical fragments of each type are described in detail
in the following sections along with results of analyses
performed on them. For space-saving purposes, use is
made of the chemical symbols for elements, as listed in
Table 2. It should be noted that radiation readings are
meter readings, not corrected for background.

Steel Plate Fragments

The largest steel plate, ML-l(l), is an oblong frag-
ment, about 225 mm by 75 mm by 6.5 mm thick, weigh-
ing 272 g and with a density of 5.3 grams per cubic centi-
metre (see Figures 6 and 7). The object has a convex-
concave surface on which a slag-like material had been
deposited. It appears to be part of a large cylinder with
the axis of the cylinder parallel to the longest dimension
of the plate. The presence of the slag layer and the
appearance of the edges of the plate indicate that exten-
sive melting and resolidification has occurred. It was
determined by emission spectroscopy that the main

plate material is an austenitic stainless steel similar to
American Iron and Steel Institute Type 321. An analysis
of the slag-like material showed that it is an oxidized
form of the same material.

MLJ(J)

FIGURE 6 Convex side of steel plate fragment ML-1(1).

FIGURE 7 Concave side of steel plate fragment ML-1(1).

A few small granules of uranium-rich material were
also embedded in the slag layer. These were later shown
to be similar to recovered fuel particles.

The in-situ radiation field of ML-l(l) was measured
as high as 200R/h near contact. However, the radiation
field was not uniformly distributed over the convex and
concave sides; at near contact it was found to vary from
1 R/h to 200 R/h of beta/gamma radiation over dis-
tances as short as 5 mm.

Gamma spectrometry measurements showed that the
major activity from the main plate material rame from
activation products, while fission products and activa-
tion products in about equal amounts contributed to the
activity of the slag-like material. Quantitative activity
measurements were made on samples taken from differ-
ent areas of the plate: on a piece of main plate material
dissolved in an appropriate solution, on a piece of slag
material similarly dissolved, and on loose granules
which were easily detached from the main plate
(Table 5).

The activation products are those expected with stain-
less steel. Other radionuclides are typical fission prod-
ucts in irradiated fuel and were mostly located between
the main plate metal and the slag-like coating. This area
was found (by beta/gamma autoradiography) to possess
especially high activity.

Another plate-like fragment (ML-1(12)) is shown in
Figure 8. This object was found further west than any
other. It is also stainless steel but does not exhibit the
same degree of overheating as ML-l(l).
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TABI.K 5

Quantitative Activity Measurements on Portions of
HIeel Plate ML-HI)

(Activities in millicuries per gram)

Portion

Date Counted:

Activation Products

Cr-51
Mn-54
Co-58
Co-60
Fe-59

Fission Products

Zr-95
Nb-95
Ru-103
Ba-140
Ba/La-140
Ce-141
Mo-99

•N.D. = no( delected.

Plate Metal
Dissolved

13 Feb. 1978

2.3
1.4
8.4
0.02
0.09

0.11
0.54
0.65
0.51
N.D.
0.06
0.01

Slag
Dissolved

13 Feb. 1978

1.5
0.3
2.7
0.04
0.08

0.54
0.57
0.32
1.5
N.D.
0.78
N.D.

Loose
Granules

15 Feb. 1978

1.52
0.54
N.D.*
N.D.
N.D.

1.4
1.3
1.3
N.D.
4.9
1.2
N.D.

• ML /(IJL) ptfoTo3

FIGURE 8 Steel plate fragment ML-1(12) showing surfaces
less damageo by re-entry.

Judging by the level of activation product activity, the
four plate fragments that were found originated near
the periphery of the reactor core.

Beryllium Rods

As previously mentioned, the largest group of similar
fragments recovered comprises 41 beryllium rods which
all fell in their own portion of the "footprint" of the
satellite (see Figure 2). These were apparently all about
100 mm long and 24 mm in diameter, and weighing
about 50-55 g with a density of about 1.8-1.9 g/cm3.
Rods appear to have been separate, individual slugs and
not the result of break-up of longer bars.

Surfaces were commonly scorched, with evidence of
some material having become molten and then resolidi-
fying. Some were noticeably shortened and rounded,

indicating ablation. Remnants of a shiny corrugated
cladding were observed on many rods, and some pieces
of cladding were also recovered separately. Figure 9
shows a partly burnt rod still in its cladding.

FIGURE 9 One of 41 beryllium rods, still with a niobium
cladding, as it was found lying on the snow on
7 February, 1978.

A metallographic transverse cross-section of one rod
showed that it was solid throughout. The major impuri-
ties were iron, tin and zinc, with total impurities being
less than 1% by weight. A similar analysis on an exam-
ple of the cladding (ML-12(1)) showed it to consist
largely of niobium metal with beryllium and lesser
calcium and iron as major impurities.

In the body of the rods, activity was found mainly to
be due to activation products, with Cr-51 and Sc-46
being most intense, and a small amount of fission prod-
ucts. Surfaces showed mixed activation and fission
products. Quantitative gamma spectra counted around
15 February 1978 from three samples taken from two
different rods gave the following results (Table 6).

Except for Ta-182, an activation product of natural-
ly-occurring Tantalum-181 and often associated with
niobium, all activation products relate to the impurities
detected in the beryllium of the rods. The fission prod-
ucts and Ta-182 are probably contamination from rem-
nants of the cladding still adhering to the Be rods.

Two pieces of cladding were analysed: ML-12(1) and
a piece detached from ML-11(1). The quantitative
analysis of ML-12(1) gave the following results (as of 20
February 1978) (Table 7).

The major gamma activity is due to Ta-182. Most of
the remaining activity is from fission products deposited
on the surface of the cladding.
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TABLE 6

Radionuclides in Beryllium Rods

(Activities in microcuries per gram1

Sample Sc-46 Cr-51 Mn-54 Fe-59 Co-58 Co-60 Te-132 La-140 Ta-182

ML-5(1)
(metal)

ML-ll(l)
(metal)

ML-ll(l)
(Surface plus
metal)

2.1

1.0

10.0

7.7

3.8

4.3

0.4

0.4

1.0

0.3

0.2

0.1

0.4

0.5

0.0

0.2 0.001 0.03 0.08

0.2 ND* present* present

0.2 ND ND present

•ND = not detected; "present" = detected but too low to measure

TABLE 7

Radionuclides in Niobium Cladding ML-12U)

(Activities in microcuries per gram)

Mn-54

5.4

Zr-95

27

Nb-95

73

Ru-103

46

Te-132

43

1-131

24

Ba/La-140

27

Ce-141

Present

Ta-182

81

TABLE 8

Radionuclides in Melted Snow Recovered With Beryllium Rods

(Activities in millicuries per litre)

Sample

ML-6(1)
ML-24(1)
ML-6(2)
ML-7(2)
ML-8(2)

1-131

2.7
0.C2
0.07
0.46
0.35

Cs-137

0.57
0.01
0.003
0.78
0.05

Ba/La-140

3.5
0.35
0.09
5.1
0.57

Ru-103

0.03
N.D.
N.D.
N.D.
N.D.

Ce-141

N D.
0.003
0.01
0.02
0.03

Zr-95

N.D.
N.D.
N.D.
N.D.
0.03

Major gamma activity on the piece from ML-ll(l)
was from Ta-182 but Co-58 was also present; among the
fission products detected Ru-103 was most intense and
at lower levels were Ba/La-140 and Ce-141.

During Phase I, it was commonly the case that snow
and ice adhered to recovered debris, and were enclosed
in the container used for transport. In several instances
the resulting water was analysed to estimate contamina-
tion around debris. With respect to beryllium rods the
accompanying water was found to carry mostly fission
products, some of them of the volatile type. Table 8
illustrates the nature of such contamination (counting
date 20 February, 1978).

The role of these beryllium rods in the reactor is not
known. However, they were possibly part of the reflec-
tor which the USSR stated had existed.

Beryllium Cylinders

Six large and apparently identical beryllium cylinders
were recovered, from a cluster of sites. They are about
100 mm in diameter and 250 mm long, and weigh about
3.5 kg. Each end has six short identations equally
spaced around the circumference and the indentations
on opposite ends are lined up. In addition, one end has a

circumferential groove (Figure 10).
A chip taken from one edge showed the material to be

beryllium, with about 100 ppm of aluminum as the
major impurity. Both longitudinal and transverse sec-
tions were cut from one cylinder, confirming that they
were solid (the tapered end on some had suggested a
capping)*. Emission spectroscopy results on sections
also confirmed that they were homogeneous in compo-
sition.

Gamma spectra recorded for surfaces of three of the
cylinders showed the activity to consist of mixed acti-
vation and fission products where the surface was dirty,
but only activation products from clean surfaces. Some
of the fission products detected were Zr/Nb-95,
Ba/La-140, Ce-141 and Cs-134, but their activity level
was always lower than that from the activation prod-
ucts, mainly Ta-182, Sc-46, Co-60, Co-58, Mn-54 and
Fe-59.

" This procedure also confirmed that unless such operations are carried out
under the most stringent control, contamination by beryllium dust results, and
may become rather wide-spread before it is recognized. The clean-up proce-
dure once the dust has spread is a major undertaking.
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FIGURE 10 One of six beryllium cylinders, ML-29(2). Note the
generally unaltered appearance of the surface.

The exact role of these large beryllium cylinders in
Cosmos 954 is unknown, although again they were pos-
sibly associated with the reflector. The excellent con-
dition in which the cylinders were recovered contrasts
with the extensive damage received by the smaller rods
and suggests that they were more protected daring re-
entry.

"Antlers"

The largest satellite fragment (actually in two pieces)
found was the complex structure shown in Figures 11

and 12 and nicknamed the "antlers". This was the
material fortuitously discovered by two of a group of six
men wintering on the Thelon River.

The structure consists of six legs or tubes, three still
attached to a circular base plate and three others which
apparently broke loose on impact. When attached, the
700 mm legs were held about 125 mm apart by four
rows of cross-braces. Much of the exterior . urface was
covered by a white powder which was determined by
powder X-ray diffraction to be hydrated lithium hydro-
xide, LiOH.H20. Darker deposits on the antlers were
analysed as lithium hydride, LiH. The cross-braces
were found to contain both LiH and LiOH.H20. Sam-
ples from the base plate and from the legs were analyzed
by emission spectroscopy and found to be made of
stainless steel with a composition similar to that of other
fragments.

To ensure that the legs of the "antlers" did not con-
tain hazardous materials, and, if possible, to aid in defi-
nition of the "source term", legs were cut open. Cross-
sections (Figure 13) revealed that each leg (about
33 mm. diameter) carried an inner tube (about 25 mm
diameter), the annulus between being filled with a black
powder (either boron silicon carbide or boron carbide,
or both). The inner tube in turn held a jointed arm that
was independently movable, and of which tubular sec-
tions held either the black powder or lithium hydride.

The size of the "crater" associated with the "antlers"
and its distance down the trajectory were both anoma-
lous. However, both may be explained by the large
amounts of lithium hydroxide found. It has been calcu-
lated that the assemblage could have contained as much
fs 50 kg of lithium hydride which would have reacted,
after impact, with melted ice in a very vigorous (exo-
thermic) chemical reaction, spattering the products over
a large area and producing the "crater"*. Furthermore,
the distance that the "antlers" travelled down the tra-
jectory is a result of the extra mass of lithium hydroxide
present while in flight.

The complex structure of the whole assembly seems
consistent with a reactor control function. The boron-
rich link on the movable rods suggests that these were
reactor control or shut-off rods. The large amount of
lithium hydride would have provided a neutron shield
for the satellite's electronic components.

' When the "antlers" were first found, their nature and the size of the "crater"
suggested the possibility that part or all of the reactor core might be present as
well, under the ice. A neutron-detecting device on an extension cable was
therefore flown to the site and inserted through holes drilled through the ice. It
was discovered that the river was relatively shallow in that spot, and a
thorough search failed to locate any foreign material or radiation. Subse-
quently, as will be explained in a succeeding section, the discovery of the sma'l
panicles of fuel showed that ihe core had disintegrated far to ihe west and at
some elevation above land.

DFE Water Survey personnel sampled the river water above and below the
"crater", and analysis by the University of Alberta laboratory in Edmonton
failed to show the presence of radionuclides. With removal of the "antlers"
and all possible smaller debris in the area, the potential for contamination of
the water was largely eliminated.
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FIGURE 11 The "angers" as discovered in ice and snow on the Theion Rwer, photographed 29 January 1976.

FIGURE 12 The "antlers" photographed at Whiteshell Nuclear
Research Establishment. The white coating is
hydrated lithium hydroxide.

"Stovepipe"

The "stovepipe" is shown, as found, in Figure 14. It
is simply a large empty pipe about 500 mm long (varies
from 420 to 510 mm due to uneven erosion during re-
entry) by 360 mm diameter with a wall thickness of 2 to
3 millimetres. One end is jagged and shows evidence of
extensive melting, the other end is terminated by a ma-
chined flange or rim. The rim also appears to have been
partially melted during re-entry, and then resolidified.
Other fragmented and charred debris was recovered
nearby and when reconstructed (Figure 15 page 18)
appeared to form a fibrous seal over the rimmed end.

Apart from the non-metallic (probably thermosetting
plastic) material assumed to have capped the flanged
end of the pipe, the metal is apparently a mild steel; one
area exhibited a fully developed martensitic structure. A
factory marking on the pipe is shown in Figure 16, page
18, with one apparently Cyrillic letter (ya) shown.

This fragment was not radioactive and must therefore

UA»LEG "A

MUl<) PHOTO

FIGURE 13 Cross-sections of one of the legs of the "ant-
lers", resulting Irom studies to ensure that they
did not contain unexpected hazardous materials.

have belonged to a part of the satellite not closely asso-
ciated with the reactor. Because it presents no hazard to
people this fragment was placed on exhibition in the
National Museum of Science and Technology in
Ottawa, Ontario, in October 1978.

Other Chunks, Flakes, Slivers

One curious fragment nicknamed the "moose hoof",
is shown in Figure 17 page 19. It is basically a truncated
solid cylinder of about 100 mm in diameter and 60 mm
along its maximum length, bisected by a 45° plane. It is
cut by a groove about 20 mm wide and about 50 mm
deep. It was heavily covered with a black flaky deposit.

Emission spectroscopy results on the metal indicated
only the presence of beryllium (consistent with a density
measurement).

Gamma radiation was 6 R/h, near contact. Two por-
tions were subjected to gamma spectroscopy. The first
sample consisted of a piece of the black flaky deposit, in
which activity was mainly due to the usual activation
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FIGURE 14 The "stovepipe" surrounded by smaller and more fragile debris on the frozen surface of Great Slave Lake.

products of steel, and to fission products (Ce-141,
Ru-103, Ru-106, La-140, and Zr/Nb-95) at lower levels.
In the second sample, of clean metal, the activity was
mainly due to fission products, Ce-141, Ru-103,
Zr/Nb-95, Ba/La-140, Ce-144, and some steel activa-
tion products at lower levels.

Other fragments were generally very small and of irre-
gular shape. Judging from the radiation fields measured
and the type of fission products detected they must have
been in or near the reactor core. One such fragment
(ML-3(10)) is shown in Figure 18 page 19. This presented
the highest activity of any such fragment recovered: a
gamma field of 500 R/h near contact was measured. A
detached flake was quantitatively analysed by gamma
spectroscopy with the following results (as of March 1,
1978).

TABLE 9

Radionuclides Accompanying Flake From M 1.-3(10)

(Activities in microcuries per gram)

Co-58
Zr-95
Nb-95
Ru-103
Ba/La-140
Ce-141
Nd-147

0.3
30.
11.6
11.4
5.4

300.
54.

Except for Co-58, all are typical fission products. In
another portion of the same sample analysis showed the
presence of uranium as well. The internal structure of
this fragment suggested that two or more components
(including uranium fuel and steel) had been mixed by
fusion.

7.3 Small Particles

7.3.1 Location

A large number of very small particles, quickly deter-
-Tiined to represent the fuel of the reactor (presumably
as roreseen by the USSR), were recovered during both
the wi.-ter and summertime searches. A single particle is
shown lying in snow, in relation to a Canadian 1-cent
piece, in FiB 're 19. Particles were recovered primarily
from NWT communities south of Great Slave Lake, but
significant numbers were also recoverec". from roads,
railways, cabins, lodges, etc. in the affected zone*; from
areas sampled on the surface of Great Slave Lake and
other lakes (before break-up); and to a much lesser
degree from communities in Northern Alberta and from

• During Phase 1, 42 cabins wid lodges were \isited h> helicopter: al six ol these,
particles were found (nine in all): during Phase 11, 1.10 remote sites (including
many of those done undt'r winter conditions) were visited, producing 5d
particles.
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FIGURE 15 Reconstruction of one end of the "stovepipe'
melting of the rim.

from debris found on the snow nearby. Note the visual evidence of

FIGURE 16 Factory marking on "stovepipe"
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FIGURE 17 The "moose hoof",
(ML-27(2».

a beryllium fragment

uranium prospecting sites in northern Alberta and Sask-
atchewan. These finds, along with the results of air-
borne gamma surveys, have indicated an extensive area
over which such particles were spread (Figure 2).

The area affected by particles is in excess of 100,000
square kilometers. It is known with only some accuracy.
On the western side, none were found west of Hay
River, and the western part of Buffalo Lake was appar-
ently not affected (according to the winter ice-surface
survey). This defines the western side of the area rather
clearly.

Snowdrift represents the eastern limit on Great Slave
Lake. South of Snowdrift there are no roads for access;
there are numerous lakes and rivers, and on these many
cabins and lodges for hunting and fishing purposes.
During both winter and summer periods, many of these
were visited by helicopter and the grounds searched for
debris. The map prepared by James F. MacLaren Ltd.
(1) under the Phase II contract is reproduced as Figure
20, and shows particles found at sites visited between
Great Slave Lake and the 60° parallel.

The southerly extension is less clear. There were sec-
tions of roads, both north and south of Fort Smith, that
produced no particles while adjacent sections yielded
particles. Thus the fall was not evenly distributed every-
where. No particles were found in Fond-du-Lac or
Camsell Portage in Saskatchewan, although prospectors
reported their occurrence west of Camsell Portage on
the northwest side of Lake Athabasca (Spring Point).
None were found in Embarras Portage in Alberta, but a
few were located in Fort Chipewyan and as far south as
latitude 58° on either side of the Saskatchewan-Alberta
border.

Thus it appears that although particles were clearly
carried to the south and southeast the distribution was
not even. Although adjacent to Great Slave Lake all
towns and roads in the zone exhibited particles, there is
evidence from road surveys in which stretches with few
or no particles were encountered that the fallout "fin-
gers out" to the south. Furthermore, with distance from

FIGURE 18 The "hottest" fragment discovered, presenting a
gamma radiation field of 500 R/h near contact.
The possible presence of such fragments
strengthened the thoroughness of the search be-
cause of their potential hazard to life.

the presumed source over Great Slave Lake, the size of
particles decreased (small particles were carried farther)
so that in effect their distribution may be said also to
"fade out" as they become too small to detect.

The southwest limit of the particle area is poorly
known; there was no ready means for searchers to pene-
trate this section. The search was therefore carried no
further in this direction on the basis that a) particle fall
was spotty on the road north of Peace Point; b) Em-
barras Portage was clear of material detectable by the
regular search techniques; c) Fort Chipewyan yielded
few particles and they were small; and their detection
required very close instrument search; d) no populated
places were identified in the indicated area.

The delineation of the particle area in Figure 2 is in-
tended to indicate that there is this general uncertainty
about the southern extension. It may be that actually
there are one or more tongues of fall-out, perhaps a
main one, extending over Fort Chipewyan and the west
side of Lake Athabasca to the Richardson River, where
a few particles were found by prospectors.
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FIGURE 19 The minute size of particles is exemplified by this photograph in which a Canadian one-cent piece provides the contrast with a
single particle to its right.



FIGURE 20 Location of particles found during ground surveys of remote sites in Phase II. Map prepared by James F. MacLaren Ltd.
(reference 1).



APPENDIX D provides a record of particles found in
communities, on highways and on or around various
lakes. Details of ground searches in Phase 11 are given in
the MacLaren report (1).

7.3.2 Characteristics of Particles

Genera/

There were two quite distinct types of particles. The
dominant group consisted of small, high density spheres
and accounted for by far the bulk of the particles recov-
ered overall. These will be referred to as Category 1 par-
ticles and are easy to define. The other group, Category
2, comprises a variety of particles. Many were flaky,
thin, friable, curved or twisted; others were smooth,
round or oval, but low-density in comparison with Cate-
gory 1 particles and somewhat larger in size at the same
location. The flaky ones were easily determined in the
field to be unlike the Category 1 particles, but the den-
sity distinction was only discovered by examination in
the WNRE laboratories.

Of about 4000 particles recovered, approximately
three hundred were individually examined at WNRE
and NHW for one or more characteristics such as shape,
weight, size, density, chemical composition, radio-
nuclide content and solubility. Examples of these meas-
urements are summarized in Tables 10,11,12,13 and 14.
Almost all of these tests were carried out on particles
recovered during the winter; the few analysed from the
summertime recoveries yielded little new information.
The results of these tests were used to help define the
hazards that similar particles presented, the number of
particles in a given area (and their mass and amount of
activity), and the area over which such particles might
have spread.

Chemical Composition
Many recovered particles were analysed by a variety

of techniques to determine their chemical composition,
showing the two categories to differ sharply.

A scanning electron microscope photograph of a
Category 1 particle recovered from Snowdrift is shown
in Figure 21. The photo on the left shows the outer sur-
face of the particle. In the right-hand view the particle is
shown to possess a crystalline outer layer, which has
been analysed as uranium dioxide (UO,) and which is
clearly distinct from the substrate. Figure 22 shows a
cross-section through such a particle along with ele-
mental maps of uranium and molydenum in which the
white areas indicate presence of the element being
mapped. These show a high concentration of uranium
and absence of molybdenum in the outer layer, consis-
tent with its identification as UO,. The metallic core
beneath this layer is apparently made up of a variable
uranium/molybdenum alloy containing 5-15% or more
molybdenum (and possibly some oxygen). Dendriies of
essentially pure molybdenum are visible at the centre of
the particle. Their presence confirms that these panicles
have solidified from a uranium-molybdenum melt, indi-
cating that they have survived a very severe thermal
excursion, which has obscured their original form.

The uranium was found to be enriched to nearly 90°b
in U-235.

Some particles of the second category contain signifi-
cant amounts of uranium (but less than Category I),
alloyed primarily with the components of stainless steel
(nickel, iron, chromium, etc). In addition, significant
amounts of niobium and tantalum have been detected in
some particles. It was found in subsequent examination
of a single spherical low-density particle, i.e. not a Cate-
gory 1 particle, that no oxygen, carbon or nitrogen was
combined with uranium, but that much beryllium was
present.

FIGURE 21 Scanning electron microscope views of a Category 1 particle, (a) shows surface texture; (b) shows that the surface
represents an outer skin, apparently largely uranium dioxide.
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FIGURE 22 (a) is a polished section of a particle showing the core-and-rim structure; (b) shows the distribution of molybdenum
(white), essentially only in the core of the particle, and (c) shows the distribution of uranium (white) These are X-ray
fluorescence element maps.

TABI.K 10

Dimensions and Aclivil) ill I'urlkies Recovered from Various Locations

Location

Snowdrift area

Pine Poinl area

Hay River area

Fort Resolution area

Pilot Lake grid

Rutledge Lake

Tsu Lake

Central Great
SI w e Lake

Buffalo Lake

Fort Smith area

Panicle
Category

1
(high density >

2
(lower density)

1

1

1

- j

1

2

1

-)

1

2

1

2

1

2

1

2

Number of
Panicles

FAaniined

12

•>

2

8

15

64

28

35

3

3

10

9

S

1

10

14

3

1

As erage
Mass (mti)

2.3

2.6

0.145

0.370

0.750

0.22

1.0

0.015

included in above

0.093

0.3

0.04

0.07

1.1

2.1

0.09

range from
.1 to 21mg

0.023

0.035

A\ erage
Radius
(mm)

.380

0.145

0.210

0.350

0.170

0.350

not measured

— no density

0.128

0.4

0.095

0.150

0.286

0.468

0.120

-

0.08

-

A\erage activity
(Curies gram)

—

0.8

0.4

0.1

0.5

0.1

0.7

measurement possible

0.5

0.04

0.5

0.3

0.25

0.002

0.3

0.1

0.05

0.2

Counting date

—

14 March 1978

30 March 1978

30 March 1978

20 March 1978

20 March 1978

9 March 1978

8 May 1978

8 May 1978

8 May 1978

8 May 1978

10 May 1978

10 May 1978

14 April 1978

14 April 1978

2 May 1978

2 May 1978
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TABLE II

Individual Radionudide Activities lor a Sampling of Particles

Location and
counting date

Pine-Point
14 March 78

Hay River Area
30 March 78

Fort Resolution
20 March 78

Pilot Lake
9 May 78

Tsu Lake
8 May 78

Simpson Island
5 May 78

Buffalo Lake
14 April 78

Fort Smith Area
2 May 78

Particle
Identification1

X0199-W3-1

X0046-W2-1
X0046-W2-6

X0161-W1-7
X0161-W2-2
XO161-W3-1O
X0161-W4-1
X0161-W8-1
X0048-W14

X0366-W4

X0304-W7
X0304-W12

X0187-W3
X0187-W4

XO187-W5

W15
W23

Wl
W3

Particle
Category

1

1
2

1
2
1
1
2
2

1
1

1
2

1
2

2

1
2

1
2

Particle
Mass
(mg)

0.148

0.365
0.598

0.188
0.584
0.170
0.193
0.739
1.456

0.019
0.024

0.041
0.089

0.978
2.620

2.082

0.082
0.153

0.026
0.035

Zr-95

170.

150.
35.

250.
2.5

140.
135.
27.
14.

130.
38.

150.
38.

90.
3.0

2.4

54.
60.

140.
51.

Nb-95

290.

230.
38.

410.
2.7

240.
270.

35.
20.

260.
65.

300.
60.

190.
5.4

4.3

81.
110.

235.
70.

Specific Activity (millicuries per gram)

Ru-103

150.

85.
6.2

190.
0.2

130.
.160.

15.
7.5

95.
22.

100.
60.

75.
1.3

1.2

25.
11.

50.
0.3

Ru-106

N.D.2

10.
N.D.

N.D.
N.D.
N.D.
19.

N.D.
N.D.

19.
5.4

27.
N.D.

15.
0.5

0.3

trace
N.D.

8.1
N.D.

Ce-141

N.D.

N.D.
16.

N.D.
1.6

N.D.
N.D.
13.

5.4

N.D.
N.D.

N.D.
27.

N.D.
0.32

0.30

N.D.
120.

N.D.
23.

Ce-144

N.D.

N.D.
13.

N.D.
1.1

N.D.
N.D.

8.1
N.D.

N.D.
N.D.

N.D.
54.

N.D.
0.5

0.5

N.D.
110.

N.D.
35.

Sr-89

N.M.3

N.M.
41.

N.M.
N.M.
N.M.
N.M.
N.M.
.05

.007
N.M.

N.M.
12.

N.M.
N.M.

.006

N.M.
38.

N.M.
N.M.

Sr-90

N.M.

N.M.
1.3

N.M.
N.M.
N.M.
N.M.
N.M.
.003

.0004
N.M.

N.M.
0.7

N.M.
N.M.

.0003

N.M.
1.2

N.M.
N.M.

Others

N.D.

N.D.
La-140: 5.4
Co-58: 0.3

N.D.
La-140: 0.1
N.D.
N.D.
Co-58:1.1
Co-58:0.8

N.D.
N.D.

N.D.
Co-58:0.2

N.D.
Cr-51:0.J
Co-58:0.5
Fe-59:O.O2
Co-58:0.8

N.D.

N.D.
La-140:0.01

1 The first part of this code is the number of the seal on the shipping container; the last two icrms are Whiteshell codes under which the particles were analysed.
2 N.D. - not detected (looked for, not found)
1 N.M. = not measured, but may or may not be present.

Density

The difference in density between the two categories
was referred to in Section 7.3.2. The U/Mo spheres
have densities in the range 8-18 grams per cubic centi-
meter averaging about 10. Because of their irregular
shape the densities of the category 2 particles were much
more difficult to determine. However, some of the more
spherical ones were measured and showed densities in
the range 2-6 g/cm3 with an average of about 4 g/cm3.
The high density spheres comprise more than 80% of
the particles studied.

Size and Weight

At any one location, the size and weight of the Cate-
gory 1 spheres was remarkably uniform (Figures 23 and
24). The less regular and lower density particles found at
the same location were, in general, larger (Figure 25).
The most flake-like of these were often relatively quite
large, measuring several millimeters on a side, but very
thin. This variation is consistent with the ballistic
behavior of these various shapes and densities.

The size and weight varied markedly with distance
from the trajectory. As the particles formed and fell

from the burning and disintegrating core, presumably at
altitudes of 40-50 kilometers, they were carried south-
ward by the wind. The larger, more streamlined and
denser particles were least affected; the smaller ones
were carried quite long distances from the original flight
path. For Category 1 particles, the diameters range
from a maximum of about 1.0 mm near the trajectory
down to 0.1 mm or less in the most southerly areas; the
corresponding masses range from a few milligrams
down to a small fraction of a milligram. The regularity
of the variation of particle size with distance from the
trajectory is shown in Figure 26. This figure indicates,
by extrapolation, that any particles which proceeded
further south than the indicated boundary would be less
than about 100 micrometers in diameter.

The masses of the Category 2 particles varied over a
somewhat wider range and being so irregular in shape
their sizes are difficult to characterize.

Radionuclide Content

The two categories of particles are also distinctly dif-
ferent in respect of their radionuclide content. As Table
11, shows, Category 1 particles contain only the fission
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FIGURE 23 Silhouettes of Category 1 particles from Fort
Resolution. W1-2, W1-3, etc., are WNRE labora-
tory numbers.
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FIGURE 24 Silhouettes of Category 1 particles from the i
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northeast from Fort Smith and a much longer - -
distance south of Fort Resolution.
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FIGURE 25 Silhouettes of particles of both categories from
the frozen surface of Buffalo Lake.
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FIGURE 26 Mean particle diameter versus distance from re-entry trajectory.
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products Zr-95, Nb-95, Ru-103 and -106 at significant
levels, and traces of Sr-89 and -90. Since all but the
strontium are highly refractory (high melting point and
low vapour pressure) elements, it would seem that the
melting of this material has also driven off the bulk of
the more volatile fission products such as Cs-137,
Ce-141 and -144 and Sr-90.* The specific activity of
these particles was apparently independent of their size
and/or location. On April I, 1978, the average specific
activity was about half a curie per gram. Table 12 illus-
trates the rate of disintegration of radionuclides in such
particles, using Zr-95 and Ru-103 as examples. Sr-90
data are also included for contrast — this isotope has a
half-life of 29 years and the data show its much slower
rate of decay; they also show that rather little Sr-90 was
encountered on the ground. It can be noted that Zr-95
and Ru-103 (along with Nb-95, which is both a fission
product and a daughter of Zr-95) are the source of most
of the gamma radiation in Cosmos particles.

Category 2 particles contained a much wider variety
of radionuclides. In addition to the Category 1 fission
products they contained Ce-141 and -144 in large
amounts, more significant amounts of Sr-89 and -90
and a variety of activation products of stainless steel:
Cr-51, Mn-54, Co-58 and -60 and Fe-59. Ta-182 was
also detected in some samples. Table 11 shows that the
specific activity of these particles was about a factor of 5
less than that of Category 1 particles.

During the summer Phase, field measurements of size
and radioactivity level confirmed the relation between
and the decrease in both parameters as distance south of
the trajectory increased (Table 13). Many tiny particles
in Fort Smith in the summer were indiscernible against
background at 1 meter, so by themselves had very low
readings — less than about 5 f*R/h. APPENDIX D
provides data on many particles, and the following data
illustrate the variation in radioactivity level in over 3000
particles recovered from the main communities during
Phase II. The values are all given in jiR/h at 1 meter,
and the reader should realize that the exposure rate at
1 cm is about 10,000 times larger in each case. Below
background, 200 particles; up to 10 ^iR/h, 989; 11-20,
1226; 21-30, 495; 31-40, 94; 41-50, 19; 51-60, 12; 61-70,
2; 71-80, 2; 81-90, 0; and 91-100 jiR/h, I. There were
also flaky particles at 150 (2 particles) and 225 /iR/h at
1 meter (1 particle).

Solubility

In order to assess the hazard that these particles pre-
sented to humans and the environment, a number of
representative particles were subjected by both WNRE
and RPB to solubility measurements in hot and cold

TABLE 12

Activities of some Fission Products at Different Dates

(millicuries per

Isotopes

Zr-95
(64 d)

Ru-103
(39.4d)

Sr-90
(29 yrs)

24 Jan
'78

400

400

.5

gram of as-recovered particle)

I Apr.
'78

200

120

.5

1 Aug.
•78

55

14

.49

June
'79

8

.6

.49

June
'80

0.17

.001

.47

June
'83

2x10-6

5x10"

.44

Note: Zr-95 and Ru-103 are major contributors in Category I par-
ticles. The data for these two for 1 April, 1978 are averages of
WNRE data on over 100 such particles on or about that date;
figures for other dates are calculated from the appropriate
half-lives. The Sr-90 values come from the average of all meas-
urements on particles of both categories.

TABLE 13

Variation in Diameter and Radioactivity*
of Particles, with Distance South of Trajectory

Location

Snowdrift
Hay River
For: Smith
Fort Chipewyan

Diameter of Particles

1.1 mm
0.7
0.4
0.4

Radioactivity
(jiRlh at 1 meter)

30
19
10

less than background

• As Table 10 shows, the stroniium is present at very much lower levels than the
zirconium-95, etc. Because it is a beta-emitter, stroniium was analysed for by a
different technique. Thus, it was detected at levels at which other gamma-
emitting radionuclides would not be noticed.

*Meter readings — uncorrected for background

water and in simulated stomach acids. Table 14 presents
data from these tests.

These solubility tests have shown that, for the most
part, the particles are of very low solubility. The Cate-
gory 1 particles can be described as virtually insoluble.
A few of the Category 2 particles, however, did display
slight solubility in simulated stomach acids (about 1 %
dissolved in biologically relevant dissolution times). A
single sample was found to be fairly readily soluble (up
to 30%) in hydrochloric acid. This result represents one
large, fragile flake, and may possibly not indicate true
solubility but rather a suspension of fine particulates
broken away from the major piece. Nevertheless, its
biological effect may not be very different from that of
a soluble particle. Fortunately, this type of particle was
not common and could be no more than a few percent
of all particles.

8. Source Term Estimates
The "source term" is defined as the inventory of both

radioactive and toxic materials contained in the satellite
at the time of re-entry. Clearly, to evaluate and deal
with the hazard posed by Cosmos 954, a reasonable
assessment of this inventory is needed. However,
because the launching nation provided little detailed
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TABLE 14

Solubility of Recovered Particles (Selected Data)

Particle
Identification

Particle Measuring Test
Category Laboratories Conditions

Time
(Hours)

Range of Solubilities of Individual
Radionuclides (%)

Ft. Resolution
X0161-W6-2
(Phase 1)

Ft. Resolution
X0161-W8-16
(Phase I)

RPB
Hydrochloric
Acid
pH of 1 @ 22°C 17

154
605

2.3 X
2.9 x
6.6 x

Most Soluble

10"2 (Ru-103)
10'2 (Ru-103)
102 (Ru-103)

Least Soluble

4.0 x lO"4 (Nb-95)
7.0 x 10'4 (Nb-95)
2.3 X 103 (Nb-95)

Ft. Resolution
X0161-W3-11
(Phase I)

Ft. Resolution
X0161-W8-3
(Phase I)

1

1

RPB

RPB

Distilled water
22°C

Distilled water
100°C

23
305.

47
355

5.0 x I0 4 (Nb-95)
2.0 X 103 (Nb-95)

6.0 X 10 ' (Ru-106)
2.0 X 104 (Ru-106)

1.0 X 10 ' (Zr-95)
2.0 X 10"s (Zr-95)

9.0 X 10'6 (Zr-95)
4.0 x 10' (Zr-95)

RPB
Melted Snow
from NWT
22°C 19

109

7.0 X 10"' (Ru-103)

6.0 x 104 (Ru-106)

not detectable
(Zr-95, Nb-95)

2.0 X 10'4 (Zr-95, Nb-95)

Hay River
Cs-13-G-16
(Phase II)

RPB
Hydrochloric
acid
pH 1 @ 22°C 6

72
240

4.5 X 103 (Ce-144)
1.1 X 102 (Ce-144)
2.2 X I0 2 (Ce-144)

2.1 X 104 (Zr-95)
1.1 x 103 (Zr-95)
3.6 x 103 (Nb-95)

Hay River
CS-13-G-5O
(Phase II)

RPB
Hydrochloric
acid
pH 1 @ 22°C 6

72
240

6.1 X 10"1 (Ce-141)
4.3 X 103 (Zr-95)
1.6 X 102 (Zr-95)

2.1 x 104 (Zr-95)
7.1 x 104 (Ce-141)
2.4 x 10° (Ce-141)

Hay River
Cs-13-G-U
(Phase II)

RPB
Hydrochloric
acid
pH 1 @ 22°C 6

240
1.4 X 10' (Ru-103
and -106)
1.5 (Ru-106)

1.8 X 10'3 (Nb-95)
1.2 X 10"2 (Zr-95)

Hay River
X0046-W4-1
(Phase I)

RPB
Hydrochloric
acid
pH 1 @ 22°C 5

45
188

1.6 (Zr-95)
2.6 (Zr-95)
3.0 (Zr-95)

0.2 (Ru-103)
0.2 (Ru-103)
0.3 (Ru-103)

Rutledge Lake
W-2
(Phase I)

RPB Distilled water
22°C 5 nothing delectable

25 nothing detectable
187 4.7 x 103 (Nb-95, Zr-95) nothing detectable

Pine Point
Cs-B-G-341)
(Phase II)

Ft. Resolution
X0161-W8-7
(Phase I)

Ft. Resolution
X0161-W3-7
(Phase I)

2

2

1

RPB

WNRE

WNRE

Hydrochloric
acid
pH I @ 22°C

Distilled water
@22°C

Distilled water
@ 100°C

17
143

7.5
584

7.5
584

29.5 (Ru-103)
30.9 (Ru-103)

2.6 X 103 (Nb-95)
1.6 X 10"' (Nb-95)

5.5 X lO4 (Nb-95)
1.2 X 10' (Nb-95)

4.0 (Ce-141)
4.3 (Ce-141)

ND (Zr-95)
3.8 X 102 (Zr-95)

nothing else detected
2.2 X 102 (Zr-95)

information about the satellite and its design, the
"source term" can only be estimated. While rough esti-
mates of the inventory of fission products have been

derived, nothing can be concluded with respect to the
total amount of activation products (and toxic mate-
rials) except by inference from materials recovered.
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In the first attempts to estimate the fission product
inventory of Cosmos 954, calculations were based on
the design features of an early Russian space reactor,
Romashka, of which some details were published in the
open literature in 1964 (8).

However, recovered debris soon showed that the reac-
tor on Cosmos 954 was not similar to the Romashka
design. Since a knowledge of the power level is neces-
sary in order to calculate the total fission product
inventory, considerable effort was expended to arrive at
an independent means of estimating it. The only infor-
mation available that could provide a lead in that direc-
tion was the concentration of fission products contained
in recovered fuel particles. If plutonium (Pu) were
present, as an activation product from neutron capture
by U-238, its concentration would also be useful, and a
single determination was therefore carried out.

The number of fission events per unit weight of fuel
was calculated on the basis of the following information
and assumptions:

i) The Pu-239 content in the core at re-entry was
assumed to be 5.9 ± 0.6 x 106 grams per gram of
uranium. (This value was obtained from the single
plutonium analysis of one fuel fragment),

ii) The average Zr-95 specific activity in recovered
fuel fragments was approximately 0.1 Ci/g on
April 1, 1978; for Ru-103 the corresponding value
was 0.05 Ci/g. These values are rough averages
from several hundred fuel fragments,

iii) The average uranium content of fuel particles was
of the order of 80% and this was enriched to
nearly 90% in LJ-235. These results were averaged
from a number of determinations,

iv) Recovered fuel particles were assumed to be repre-
sentative of the original intact core,

v) The Cosmos 954 reactor was assumed to have a
fast neutron spectrum. This is consistent with
some of the activation product yields and is
implied in Russian comments. An average neutron
energy of 1 MeV was assumed for determination
of the absorption and fission cross-sections of
U-238 and U-235.

vi) The reactor was assumed to have operated con-
tinuously from launch to re-entry, i.e. 128 days.

Calculations based on the above yield the following
results for the three species referred to:

i) from Pu-239 — 1.6 x 1018 fissions/gram of
uranium

ii) from Zr-95 — 2.1 x 1018 fissions/gram of
uranium

iii) from Ru-103 — 2.9 x 1018 fissions/gram of
uranium

Taking the average value for burn-up as 2 x 101R fis-
sions per gram of uranium, a specific power of approxi-
mately 5 W/g of uranium was derived. A minimum fuel
mass can be estimated from consideration of the

amount needed to achieve criticality. For a fast reactor
with a thick beryllium reflector and high uranium den-
sity, a critical fuel mass of at least 18 kg of highly en-
riched uranium is indicated. Assuming a value of 20 kg,
the power for Cosmos 954 would be of the order of
100 kW, and, using an existing computer program
(FISSPROD) at AECL's Chalk River laboratories, the
fission product activity at shutdown was calculated to
be about 500,000 curies. These calculations are not
without considerable uncertainty; however, this is the
best estimate that has yet been derived. The fission
product inventory and its decay with time is shown in
Figure 27. Note that the initial decay rate is extremely
rapid, because many of the fission products have short
half-lives. After one year, according to this curve, only
one two-hundred-and-fiftieth (1/250) of the original
inventory exists, after two years about one seven-
hundredth.

The inventory of activation products is unknown
since neither the mass of structural material nor the
neutron flux to which it was exposed can be determined.
However, it can be stated with near certainty that it will
be but a small fraction of the fission product inventory.

9. The Question of Unrecovered Material
9.1 General
The description and characterization of recovered mate-
rial in Section 7 allows the nature of the hazards posed
by the debris from Cosmos 954 to be described. How-
ever, the degree of the hazard (the "risk") must be eval-
uated on the basis of the amount of similar material
which remains in the environment. With completion of
the search and recovery program, a major objective has
been to provide an estimate of the amount of unre-
covered material.

The inventory of hazardous material on board at re-
entry has been defined as best as possible in Section 8,
but the assessment of risk is complicated because there
is no way of knowing at the present time how much
material was "burned up" during re-entry and remains
suspended in the upper atmosphere in the form of min-
utely divided "dust" particles. Therefore, the best esti-
mate of the amount of radioactive material which
reached the ground can be gained by extrapolation from
what was recovered.

9.2 Larger Fragments

The foregoing limitations apply especially to any
attempt to estimate the number and activity of larger
fragments which remain undetected. These larger frag-
ments would be predominantly associated with the
structure, rather than the core, of the nuclear reactor,
with much of their activity arising from the decay of
activation products. Obviously little can be said of what
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FIGURE 27 Approximate range of fission product activity frorn Cosmos 954 debris, and its decay with time.

was initially present let alone what might have reached
the ground.

Another approach is to consider what might have
been missed by the search technique. The probability of
detecting a radioactive fragment using an air-borne
gamma search technique is a function of a large number
of parameters including detector characteristics, air-
frame speed and altitude, spacing of flight lines, snow
and ice cover, atmospheric conditions, background
radiation, operator skill and, of course, the activity level
of the fragment. It has been determined that for the
wintertime search conditions and the C-130 search para-
meters, the most highly active fragment which would
have been missed, if all conditions conspired against
detection, would be of the order of 150 mCi (i.e. one
which would exhibit an exposure rate of about
300 mR/h at a distance of one meter). On the other
hand, fragments with exposure rates down to about

10 mR/h at one meter were detected during that phase
of the search; this can perhaps be regarded as a lower
detectability limit under favourable conditions. The
exact relationship between activity and probability of
detection between these limits would be very difficult to
derive. However, it is known that the relationship is not
linear; the detection probability increases rapidly as the
activity increases above the lower limit such that objects
midway between the limits discussed would have a
detection probability well in excess of fifty percent.

As an additional aid to interpreting what the search
may have missed, parts of the area were subjected to the
closer scrutiny of helicopter-borne equipment (detection
sensitivity increased over that of a Hercules by a factor
of about four). For example, during the winter an area
about 9 km by 8 km, spanning the trajectory just east of
Artillery Lake, produced no "hi ts" in the original
search by Hercules although it was considered on the
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basis of ballistic calculations to be a prime area for
larger objects; likewise none were found in a subsequent
helicopter re-survey.

On the other hand, another search along two flight
lines passing through the area where the largest number
of fragments had been recovered turned up two addi-
tional beryllium cylinders. During the summer, searches
by a detector-equipped helicopter and DC-3 in the area
where the bulk of the beryllium rods had been found in
the winter recovered ten new "hi ts" including seven
additional rods.

In the light of this somewhat conflicting information,
statements with regard to the amount of material left in
the environment must be cautious ones. It is almost cer-
tain that all fragments with activities greater than
150 mCi would have been found during the wintertime
search, but it must be admitted that few fragments of
less than about 5 mCi (as of the search date) would have
been "spotted" from C-130s. However, reflights of
selected areas do indicate that there can not be large
numbers of large fragments still lying about.

Confirmatory information provided by the USSR is
of interest in this discussion. When advised of the re-
covery of the beryllium fragments, the USSR stated that
of six moving elements in the satellite's beryllium reflec-
tor all had been found, and that of several tens of beryl-
lium rods most had been found. Since at that time only
34 had been recovered, with the final total at 41 it may
be presumed that few are unaccounted for if indeed they
landed.

At time of publication of this report, all unrecovered
objects will have decayed to a few percent of the activity
existing during the 1978 wintertime search; the vast
majority will be much less than 1 mCi. Further, after
break-up in the spring of 1978 any unrecovered frag-
ments lying on ice would have sunk to the bottom of
lakes and rivers, where they would present a much
reduced environmental hazard.

9.3 Small Particles

Estimates of the amount and distribution of unre-
covered fuel particles from the reactor core are some-
what better defined than those for large objects. It
should be borne in mind that the approach to the clean-
up of the two-classes of debris was fundamentally dif-
ferent. For the larger fragments, the goal was removal
of all highly radioactive material from the environment;
for the fuel particles (once it had been concluded that no
major portions of the reactor core had survived intact)
the goal was to remove them from inhabited and fre-
quented areas. Since these areas form only a small part
of the total area affected, most of the core material
which reached the ground remains in the general envi-
ronment. Its possible behaviour there will be considered
later.

On the assumption that the core consisted of about 20
kilograms of U-235, and reactor power of the order of
100 kW, as of 1 April, 1978 the total fission product
inventory would have been of the order of 13,000 Ci.
Not all of this material and its associated activity
reached the ground, however. High altitude air sam-
pling carried out by the Environmental Measurements
Laboratories (9) of the U.S. Department of Energy in
June and September, 1978 over Alaska confirmed the
presence of significant concentrations of 90%-enriched
U-235 in the upper atmosphere between 30 and 40 kilo-
meter altitude. Their conclusion is that this material is
from Cosmos 954. No estimate of the amount of mate-
rial so suspended has been made since the volume of
atmosphere so affected is not known. However, the
results are compatible with a significant fraction of the
Cosmos 954 core having remained air-borne. More
thorough sampling was carried out in the spring of 1979
by which time the material had descended to altitudes
attainable by aircraft, however, results were not avail-
able at time of writing. The indication is that Cosmos
954 products are now mixed with material from atomic
bomb testing. Suspended core material will eventually
settle on the ground but over a very large area (similar to
the fallout from weapons testing), and one which may
of course be remote from the Great Slave Lake area.

These considerations alone then, do not lead to a
reliable estimate of how much fuel material and its asso-
ciated activity reached the earth's surface following re-
entry. However, two other techniques were applied to
provide an improved estimate of the total mass and ac-
tivity of Cosmos 954 fuel that actually reached the
ground within this area.

The first of these techniques, devised by GSC (4), sur-
veyed the total activity (in excess of background) depo-
sited on the ice of Great Slave Lake, where interference
from natural radiation from rock could be avoided. A
detector-equipped helicopter flew a total of thirteen
traverse lines, providing systematic coverage of the
lake area (see Figure 28). Integration of the results over
the entire lake surface then provided a measure of the
total excess activity present as of 1 April 1978. This sur-
vey provides quite a clear picture of the distribution of
activity over the lake surface prior to 1978 spring break-
up. Most of the contamination was concentrated in !he
middle of the lake, with the eastern, northern and west-
ern reaches essentially uncontaminated. The activity fell
off rapidly towards the southern shore line. The land
profile insert in figure 28 highlights a significant fact:
the average natural background activity over the uncon-
taminated land mass was higher than that over even the
most contaminated part of Great Slave Lake. The sur-
vey also confirmed a conclusion derived from analyses
of individual particles; the preponderant activity was
from Zr-95, Nb-95, Ru-103 and Ru-106. The more
volatile fission products such as cesium-137 and

31



20 40 60 80
i I

FIGURE 28. Distribution of radioactivity over frozen Great Slave
level of radioactivity decreases.

Lake as of 1 April, 1978. Note that as traverse
, i nes near the south shore the



iodine-131 were not detected nor were the many activa-
tion products which had been seen in some recovered
particles.

The integration of the information from this aerial
survey yields a total of approximately 700 curies of
mixed fission product activity on the surface of Great
Slave Lake as of April 1, 1978.

To extend this sort of information over a large por-
tion of the estimated dispersion area, a plan was evolved
by the U.S. Department of Energy to sample a number
of selected frozen lakes, recovering and examining the
number and characteristics of all radioactive particles
within a standardized sampling grid.

Particles recovered during the sampling surveys were
carefully analyzed at WNRE and the results provided
much information on the variation of properties among
the various classes of particles, and on particle size
variation from location to location. However, the
results of total mass and/or activity per unit area
deduced from each sampling are so scattered that this
approach was not further pursued. The wide variation
probably reflects markedly uneven distribution of par-
ticles, just as found in road searches in particular, and
perhaps also incomplete recovery in sampling areas.
Nevertheless, the results do support the indication of a
decrease in activity per unit area towards the south from
a maximum in the middle of Great Slave Lake. A rough
estimate of the total activity over the entire dispersion
area would be of the order of 2,500 curies (as of April 1,
1978), which is compatible with the 700 curies on the
lake surface alone. This represents about 20% of the
calculated total inventory of the satellite at that date.
The corresponding fuel mass associated with this activ-
ity would be around 4 kilograms.

As with the larger fragments, estimates of the activity
remaining on the ground must allow for radioactive
decay; as of January 1979 the 2500 curies would have
been reduced to about 300 curies. Also it was shown
that the most highly contaminated area was central
Great Slave Lake. When the ice melted, all of this mate-
rial would have sunk to the bottom to become incor-
porated in sediments.

The balance of the "source term", decayed to about
1000 curies of mixed fission products, after a year and a
half, is concluded to have been trapped in the upper
atmosphere. Its return to earth will be gradual and very
widespread with a risk level which is very small com-
pared to that of nuclear weapons fallout.

10. Risks to People and the General
Environment

10.1 General
Fragments of significant size fell in a well-defined

belt, and there is reasonable assurance that not much

was missed. If there is a remaining hazard from other
large fragments, it lies in that limited area and has been
minimized by careful search and recovery. The par-
ticles, on the other hand, fell in great numbers over a
wide and incompletely delineated area, and it is these in
particular that must be considered in a review of overall
environmental concerns. Again, it is the fission prod-
ucts that have been of concern, and have raised ques-
tions about environmental contamination with respect
to fauna and flora. Due to the short life-time of the
reactor, activation products, whose chief hazard would
have been by external radiation if living organisms
remained close to them for an extended time period, did
not become a major problem.

In considering the behaviour of particles in the gen-
eral environment, there are several features to bt con-
sidered: their abundance; their shape, size and density
which will affect their physical behaviour in water and
soils; their toughness (or in some types their friability),
which will affect the length of time they continue to
exist as such; their solubility; and of course their content
of fission products. Considering the last first, as Table 2
shows, most of the fission products possess short half-
lives. The species of major concern are Sr-90 and Cs-137
with half-lives of about 30 years; these can accumulate
in key tissues of living organisms (including people) —
skeleton for strontium and muscles for cesium. These
are among the radioisotopes that have been extensively
monitored for a number of years, in connection with
nuclear weapons testing, so that a data base exists for
comparison with Cosmos 954 fall-out.

It has been calculated, using AECL's FISSPROD
program (see Section 8) that there might have been
about 50 curies each of Sr-90 and Cs-137 at the time of
re-entry. If all of this activity had come to earth, by
comparison with recorded fall-out records it is esti-
mated that the total deposition per unit area would have
been about one fourteenth of the amount received in the
Yellowknife area in 1973 from weapons testing fall-out;
that year was the lowest measured in 20 years of
monitoring. In fact, analytical data indicate little Sr-90
and less Cs-137 in Cosmos 954 material — it is evident
that only a small fraction came to earth, so that the
impact on the environment of the unrecovered particles
is likely to be insignificant when compared with the fall-
out deposition that exists currently. Most of these two
isotopes were dispersed in the upper atmosphere along
with the volatile species such as iodine and noble gases,
and they will contribute a trivial increment to the
present inventory of such substances in the stratosphere.

Particles that fell on frozen bodies of water would
eventually enter the water and settle to the bottom
where, in the normal course of events, they would
sooner or later become incorporated into sediments and
from that point on be progressively more and more
isolated from food chains. In loosely consolidated sedi-
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mentary material of similar size distribution most would
tend to sink because of their high density, and their
smooth spherical habit.

In vegetation on land, as snow melted and runoff pro-
ceeded during and following spring break-up in 1978,
the fallen particles would soon work their way down-
wards becoming part of the existing mineral or organic
base materials.

Townsites and frequented places were scoured to find
and remove the particles; during the winter, the areas to
be frequented during the 1978 Winter Games were given
special attention. Particle searches were not carried out
in bush, tundra, and generally unfrequented areas. It
would clearly be impracticable to attempt in such areas
the type of search that was made in townsites and on
roads. The particles assumed to have fallen over some
100,000 square kilometers of such land and water sur-
face must be left to be absorbed into the natural domain
by settling, and long drawn-out dissolution, accom-
panied by radioactive decay.

There are several other encouraging features to be
borne in mind when considering residual hazards from
unrecovered particles. Particles will not readily become
resuspended (a necessity for inhalation) under normal
circumstances. Most of them were largely insoluble in
simulated stor.iach acids, and it was demonstrated that
they are still ess soluble in natural water; thus move-
ment of constituents in such waters will be limited. Most
of the radionuclides present have short half-lives, so
that a year after date of fall only a small fraction of
their original radioactivity would have remained. The
longer-lived radionuclides (particularly Sr-90 and
Cs-137) are present, but in very small accounts.

It was also encouraging to the searching personnel to
learn during the Phase II community searches that the
areas accessible to winter search could be identified by
the much reduced incidence of particles, although some
additional finds were made in such searched areas (for
instance in locations where snow had been piled up by
ploughing).

10.2 People

In summary, the potential risks to people included
external radiation to part or all of the body, and internal
radiation by inhalation or ingestion.

The concern about whole body irradiation was rather
soon dispelled when it became clear that the reactor core
had not survived more or less intact, and that suffi-
ciently large pieces of other radioactive material were
not likely to exist. Irradiation of ' . significant part of the
body was quite possible to persons remaining in the vici-
nity of significant fragments. The continued close con-
trol by health physics staff prevented exposure to search
personnel. Efforts were made by the RCMP, and by
officials of the NWT government and of INA, to warn

trappers and hunters to avoid the vicinity of any un-
usual object, and requesting immediate advice of its
existence. There were no confirmed reports of such
finds. At time of writing, residual hazards of this nature
are considered negligible.

Control over the risk of internal radiation was less
possible. Ingestion was always a hazard as a result of
using contaminated melted snow for cooking or drink-
ing purposes, in spite of public cautioning against the
practice in the area of concern. It was calculated that if
an average particle were ingested, say in early to
mid-1978, it would be capable of giving a radiation
dose, mainly to the lower large intestine, roughly equiv-
alent to that of a conventional X-ray of the gastric area.
This organ would in most cases be the one affected be-
cause most particles would be essentially insoluble
during passage (48 hours or less) through the body. Spe-
cific internal doses would actually be reduced if more
soluble material were ingested, because soluble material
would be transported to other organs in the body as
well.

In this connection, water supplies from community
reservoirs along the south shore of Great Slave Lake
were found by RPB to show no radioactive contamina-
tion during the search periods. A further series of anal-
yses will be carried out in 1980 of water supplies to see if
any unexpected radioactivity appears.

Inhalation was improbable in Phase 1 since particles
fell in snow and were unlikely to rise to be swept into
nose or mouth. With break-up, thawing and runoff,
particles would have been still less accessible to inhala-
tion. There would have been a relation between size and
potential dose — larger particles would be capable of
presenting a higher dose but with little likelihood of
being available for inhalation; smaller particles, with
somewhat more chance of being inhaled, would present
relatively inconsequential doses.

From the first stage of Phase I, all those likely to be
exposed — field staff, storage crew, even air crew —
carried devices to record their exposures, if any. A sum-
mary of all records is given in APPENDIX F. The total
number of persons covered was 353, including all Cana-
dian personnel and the U.S. NEST staff, and some of
these were involved in both Phase I and II. Of these, 145
received a measurable dose, but the highest individual
accumulated whole-body dose was 470 mrem (and so
was the highest recorded skin dose), far below the maxi-
mum permissible doses for atomic radiation workers —
5000 mrem per year for whole body, 30000 mrem per
year for skin.

Finally, it is worth mentioning that the winter
explorers who coincidentally came upon the "antlers"
on the Thelon River were quickly given a clean bill of
health by medical authorities after examination.
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10.3 The General Environment

The logic applied to humans is considered to apply
equally to wildlife, with respect to contact with and
ingestion of debris. Unless a particle became lodged in
the digestive system it would be passed in a time period
that kept exposures below a hazardous level.

With respect to vegetation, wildlife personnel were at
once concerned with the question of contamination of
moss, on which caribou, for instance, sustain them-
selves essentially year round. A study carried out at the
University of Toronto (10) produced evidence that moss
in the debris area did not pick up radioactive contami-
nation in the usual sense of fall out, i.e. as very finely
divided matter from air-borne vaporized fission prod-
ucts. Moss collected south of Great Slave Lake (and also
north of the trajectory zone) led the authors of this
study to conclude that fission products detected on moss
samples do not exceed background levels found in the
general area due to past nuclear explosion fall-out.

RPB has carried out analysis of caribou meat taken
during the fall (1978) hunting season (11). These anal-
yses showed no indication of contamination by Cosmos
954; the Sr-90 and Cs-137 levels were lower than in
results obtained from meat several years previously.
Samples of rain and snow from the national precipita-
tion network, including stations in the area, were exam-
ined for gamma and gross beta radiation; RPB was un-
able to relate results to Cosmos 954.

The question of contamination of fish, which are so
important to the region in commercial and sport fish-
eries and as a local source of food, has been covered by
special studies at the Freshwater Institute (of DFE) in
Winnipeg. In analysis of meat from 10 species of fish
(592 fish taken in April, 1978, and 687 in September,
1978) fisheries experts have "not detected radionuclides
derived from Cosmos 954" (12). Cs-137 alone of those
to be expected from Cosmos debris was present, but at
activities to be expected from global fall-out of thermo-
nuclear bombs exploded mainly in 1959-64.

Realizing the probable spread of particles into that
area, concern was raised about the breeding sites of the
endangered whooping cranes in Wood Buffalo National
Park. The matter was discussed with Canadian Wildlife
Service personnel in Edmonton, and it was agreed to fly
over nesting sites and to examine selected ground
(frozen swamp) areas. This was done by a special heli-
copter flight with CWS personnel present. Low level
flights over nesting sites did not detect any radiation.
One pond in the area was surveyed on foot and no par-
ticles were found. Surveying was kept to this minimum
since break-up was approaching and the cranes would
soon be returning; avoiding fright to the returning
birds, and damage to nests, was of paramount impor-
tance. The conclusion was that there would not be
enough radioactivity from debris to cause harm to the

whooping cranes by exposure, and that any particles
present would settle into bottom mud and rapidly
become inaccessible for ingestion.

Thus the question of environmental harm to the area
affected by Cosmos 954 debris appears to be answered
rather convincingly. The effects of the debris on any
identified or observed part of the natural environment
are considered to be insignificant.

11. Concluding Statements
Except for those tiny particles that drifted south-

wards, all debris fell on Great Slave Lake and on un-
populated and little frequented areas to the northeast.
There is reasonable assurance that all accessible signifi-
cantly-sized radioactive fragments were located and
removed. Six beryllium cylinders were found; the USSR
has stated that there were no more. Forty-one beryllium
rods were found and the USSR said that most (of "sev-
eral tens") had been found. Several were partly con-
sumed during re-entry, thus it is possible that some
never reached the earth's surface.

Debris of the order of 65 kg weight has been recov-
ered. Of this, about 18 kg is represented by the non-
radioactive "stovepipe", leaving some 47 kg of radio-
active material. Almost all of this is accounted for by
the "antlers", the beryllium artifacts, and pieces of
steel. The proportion represented by tiny particles is
minute — the 4000-odd that were recovered would
weigh less than 5 grams.

The inventory of radioactivity indicates that perhaps
20% (4 kg) of the fuel came to earth. This would mean
that the 4000 recovered particles represent about 0.1 %
of the possible total, and that the bulk of the 4 kg re-
mained uncollected when Phase II was stopped.

Various estimates were made from actual particle re-
covery in specific sections of the area that indicate that
the distribution of particles may be as high as several
hundred per square kilometre. This is highly variable,
since distribution has been shown to be uneven. Two
hundred and fifty per square kilometre is equivalent to
one particle every 4000 square metres.

Granted that such figures can only be approximate,
they do place some perspective on such statements as the
claim quoted in the press that the ground was left
"littered" with radioactive particles. They also support
the belief that much remains in the upper atmosphere as
a result of the burn-up that indeed the USSR expected.
This is presumably where the bulk of the more volatile
fission products rest; they were not found on land. It
appears likely that most of the strontium and cesium
fission products are also still in the upper atmosphere.
After nearly two years, because of atmospheric move-
ments and mixing since re-entry, it will not be possible
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to identify these particular isotopes in the upper atmos-
phere or in fall-out with any assurance that they relate
to Cosmos 954. The key to the existence of Cosmos 954
dust in the upper atmosphere is the presence of 90% en-
riched U-235, as found by balloon sampling in 1978(9).

In the early stages of the search and recovery opera-
tions it was impossible to claim that dangerously high
radiation might not exist on large fragments not yet
found, or that all of the particles were likely to be as
small and relatively low in radiation level as was even-
tually learned. The finding of the fragment ML-3(10),
with a radiation field of 500 R/h near contact, meant
that search operations could not be carried out half-
heartedly nor allowed to come to a stop until a measure
of assurance was achieved that all possible such frag-
ments had been located and recovered.

Search and recovery did go on until this assurance
was gained and it was possible to conclude that: (1) it
was most unlikely that additional fragments such as
ML-3(10) could have been missed; (2) all obvious frag-
ments had been located; (3) that although particles

could indeed present a risk to people, a sufficient num-
ber had been examined to show that the risk was not
great because of their size, insolubility and scattered
distribution; (4) particles had been adequately recovered
from frequented places; and (5) residual radiological
risks from material left on the ground were fading so
rapidly relative to natural background that following
the cessation of Phase II no harm to people and the
environment could be foreseen. On this basis, a cal-
culated decision was made to discontinue search and re-
covery operations in October 1978.

It is important to realize that these statements can
only be made because of the extent of the search and
recovery operations, and of the thorough analysis and
research that were carried out on recovered debris. This
report has not been concerned with the costs of the
operations, but it is mentioned here that the total cost to
the Canadian Government in reaching the position from
which the above statement can be made came to nearly
$14,000,000.
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Appendix A

Chronology

The following dates delineate the major features of
the development and extent of the search and recovery
operations for Cosmos-954 remnants.

18 September, 1977
19 January, 1978

23 January

24 January

25 January

26 January

27 January

— launching of Cosmos 954
— U.S. government advises all

nations potentially involved of
the coming re-entry 28 January

— the AECB first learned of the
possibility of re-entry over
Canada, through advice from
senior government officials
and DND

— re-entry occurred at 0653 hours
(EST) over the Queen Char-
lotte Islands off the British 31 January
Columbia coast; glowing rem-
nants reported over Great
Slave Lake area by eye-wit-
nesses

— DND Nuclear Accident
Support Team members from
Edmonton at once went to 5 February
Yellowknife to check the town-
site for radiation

— AECB advised Geological Sur-
vey of Canada (GSC) of the
event and the probable need 7 February
for air-borne detection assis-
tance; GSC expert reached
Edmonton

— U.S. gamma radiation equip- 8 February
ment and NEST personnel
reached Edmonton in the
evening

— list of technical questions on
nature of satellite prepared by 12 February
AECB and submitted to USSR
Ambassador 14 February

— first Canadian Forces Hercules
air-borne with US search
equipment

— GSC equipment to Edmonton 24 February
and put into operation

— high level air sampling by U-2
and KC135 planes from US

— First AECB team (5 men)
arrived in Edmonton 10 March

— first air detection of radio-
activity from a fragment on
Great Slave Lake near mouth

of Hoarfrost River, 27 km.
north of Fort Reliance

- GSC equipment was already in
use aboard a Canadian Forces
Hercules aircraft. Eleven
Canadian craft were in the air,
and one US plane with
infrared equipment

-an object (to become known as
the "antlers") was coinciden-
tally located near Warden's
Grove on the Thelon River by
naturalists wintering in the
area. This was the farthest east
find; it was also the largest
remnant located

- AECB removes first piece of
debris ML-5(1)

- visual sighting and recovery of
a fragment on ice of Great
Slave Lake — this was the
non-radioactive "stovepipe",
ML-lO(l)

- 250 Canadian Forces personnel
and 115 US personnel were
now involved. GSC and AECB
personnel reached 13 and 11
respectively

- base camp established near
Warden's Grove, on Thelon
River, for further search in the
eastern end of the landing path

- official Canadian advice
through the Department of
External Affairs to USSR that
fragments of Cosmos 954 had
been found

- first report of particles in
vicinity of Snowdrift.

- detailed survey of people and
houses in Snowdrift following
discovery of small particles of
residual core material

- most radioactive fragment,
ML-3(10) picked up following
its discovery on 20 February.
Gamma radiation field of 500
R/h on contact.

- report from Cape Dorset,
Baffin Island, of unexplained
occurrence of large blocks of
ice on a frozen lake, on the
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15 March

20 March

10 April

18 April

20 April
24, 25 May

extension of the fall-out path
from Great Slave Lake

— Microwave Ranging System
interfaced with GSC detection
equipment

— report that there was no sign
or evidence of satellite action
at Cape Dorset; ice pheno-
menon was natural

— total flying time reached 4635
hours

— last search flights before
break-up covered settlements
and cabins between Fort Smith
and Hay River

— Phase I shutdown
— public meetings in Snowdrift,

Fort Resolution, Pine Point,
Hay River and Fort Provi-
dence for discussion of search

6 July

10 July

18 July

12 September

14 October

program and of risks to peo-
ple. Involved representatives of
AECB and NHW as well as
NWT and local officials.

— public meeting in Uranium
City, Sask., to provide infor-
mation on particles and the
risk they present.

— AECB opened office in Hay
River for coordination of
Phase II operations

— Contractor staff began arriving
in Hay river; ground survey
commenced in NWT towns,
roads, camps, lodges, etc.

— Search for particles extended
into northern Saskatchewan
and Alberta

— operations of Phase II
completed
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Appendix B

Health Physics Aspects

1. Biological Effects of Radiation
Man and his environment have been exposed to

ionizing radiation from natural sources since time
began. However, it was not recognized that radiation
could have any detrimental effect until the actual dis-
covery of X-rays and radioactivity at the turn of the cen-
tury. With increased experience, there was a growing
awareness of the health hazard presented by excessive
radiation exposure, an awareness stimulated by unfor-
tunate high exposures such as those experienced by early
radiologists and the radium dial painters of the 1920's.
Since then radiobiology and radiation medicine have
developed into major sciences which study both detri-
mental and therapeutic aspects of radiation.

Biological damage is a result of the ionization of
atoms or molecules, a process which will disrupt cell
structures or contents. This may lead to the immediate
death of the cell, the inability of the cell to perform its
function, or genetic damage to the cell's chromosomes
causing the ultimate death of the cell or altered charac-
teristics being "passed on" to its offspring.

The seriousness of a radiation exposure is determined
by the number of cells affected and their importance to
body function and reproduction. Different types of
body cells or tissues vary in their radiosensitivity;
muscle and central nervous system cells are relatively
insensitive whereas the blood-for,ming and the repro-
ductive organs are highly sensitive. Similarly, doses
received by extremities are not as serious as the same
dose received by such organs as the gonads, the lungs or
the gastrointestinal system.

Radiation exposures are characterized by the rate at
which they are received. Acute exposures are those
received over a short period of time (hours or less).
Exposures spread over long periods (up to a lifetime) are
termed chronic. If an acute exposure is high enough,
some effects may be observed; those that develop in the
body of the exposed individual are termed "somatic",
those that appear in subsequent offspring are termed
"genetic" effects. Short-term somatic effects may be
observed following an acute exposure. Externally
noticeable symptoms are not apparent at doses less than
100 rem, but about one half of those exposed to 450 rem
will die within 6 weeks of exposure. There are also
delayed effects from both acute and chronic exposure.
The most frequently observed delayed somatic effect is
cancer, which may not be observed until many years
after exposure. There may also be delayed genetic
effects which are passed on to the succeeding genera-
tions by an increase in the natural mutation rates; these

defects include deformities, susceptibility to disease,
and premature death.

Cell damage is not irreversible. Regeneration or
renewal of cellular structure can occur if the cell is not
severely damaged. Also cells that are killed outright may
be replaced by other healthy cells.

Although some controversy still persists and the rela-
tionship is not without exceptions, it is generally
accepted that there is a linear relationship between
absorbed dose, i.e. the energy deposited per unit mass
of tissue, and the biological effect. Because this implies
that any increment of radiation exposure carries with it
an incremental risk, it is recommended that radiation
doses be kept as low as reasonably achievable.

Dose limits applying to man-made sources of radia-
tion in Canada are prescribed by the Atomic Energy
Control Regulations (13); they do not apply to natural
background or to medical exposures.

2. Types of Radiation
The four types of radiation, which might all have

been encountered from Cosmos 954 debris, are as
follows:

Alpha radiation: Alpha radiation is made up of rela-
tively heavy, charged particles and, as a result, does
not penetrate far in matter; in fact the range of alpha
radiation in air is only a few centimetres, and it can be
stopped by a single sheet of paper. As a result, alpha
rays do not present any hazard while they are outside
the body, but if a source of alpha rays gets inside the
body, it may become more serious.

Alpha radiation is generally associated with the
more massive radionuclides; the uranium that consti-
tutes the fuel of a nuclear reactor is a weak alpha
emitter.
Beta radiation: Beta radiation is also made up of
charged particles, but they are very much lighter than
alpha particles and have more penetrating power. The
range of beta rays in air depends upon their energy
but is generally measured in meters for those that are
associated with fission and activation products; how-
ever, a thin sheet of aluminum or plastic, or a thin
layer of water or ice, will stop these rays.

Beta radiation, due to its somewhat limited pene-
trating power, is of greatest concern when a radiation
source is in contact with or very close to the outside of
the body (in which case it will deposit most energy in
the tissues closest to the surface), or when the radia-
tion source is inside the body (in which case most
energy is deposited within the organ where the radio-
nuclides are concentrated).
Gamma radiation: Gamma radiation can be thought
of as electromagnetic waves similar to X-rays; conse-
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quently, gamma radiation is much more penetrating
than either alpha or beta radiation, and can travel
much further. Because of its greater penetrating
power, gamma is generally the most important radia-
tion when considering the exposure of people by
sources that are outside their bodies. The absorption
of gamma radiation is also different from that of
alpha and beta radiation; to reduce the intensity
requires increasingly thicke absorbers. Typical
absorbers are steel, lead and concrete, although
water, in sufficiently thick layers, also makes a good
shield.
Neutrons: Neutrons are produced by the fission
process itself. Neutrons are also particles but carry no
electric charge so that they can penetrate matter
readily. They are primarily an external hazard. (Early
in the Cosmos 954 search neutrons were of concern
due to the possibility of discovering a major portion
of the core that might still have been critical and
hence producing neutrons. As already described, it
became clear that the core had not survived re-entry
intact, and neutrons were not detected at any time
during the search.)

3. Health Physics

3.1 Radiation Protection Principles

"Health physics" comprises the body of knowledge
dealing with the effects of radiation on man and his
environment, and places particular emphasis on prac-
tical means for protecting both from harmful effects.

Since there is some degree of risk in all radiation, the
International Commission on Radiological Protection
(ICRP) has recommended that all radiation exposures
from man-made sources should be justified and kept as
low as reasonably achievable (the "ALARA" principle,
usually with the qualifying phrase "economic and social
conditions being taken into account"). In keeping with
this principle, there are three key steps that can be
taken:

i) keep the time of exposure as short as possible;
ii) kept at a safe distance from the source;
iii) introduce some suitable shielding material be-

tween oneself and the source.
The matter of keeping at a safe distance requires fur-

ther consideration. Exposure rates are governed by the
"Inverse Square Law"; for instance, if the exposure
rate at 10 centimeters is 200 R/h, then at 100 centimeters
the rate is reduced not by a factor of 10 but by the
square of 10, or 100, and would be 2 R/h. The effect, of
course, works in reverse and the exposure rate increases
very rapidly as one moves closer to the source.

3.2 Definition of Measurements of Radiation

Rate measurements — Rate measurements give an
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instantaneous indication of the intensity of a radioactive
source or a radiation exposure field. (Such a measure-
ment is similar to that made by the speedometer in a car
which indicates the rate at which the car is moving.)

Integrated measurements— Integrated measurements
give the amount of radiation exposure accumulated over
a definite period of time. (An integrating instrument is
analogous to the odometer in a car which tells how
many kilometers or miles have been driven.)

Contamination measurements — Contamination
measurements are made directly and indirectly. Gen-
erally, direct measurements on samples of snow, water,
and so on must be made in a laboratory in order to
obtain meaningful results, but direct measurements on
surfaces can be made in the field using specially
designed contamination meters. Indirect measurements
are made to find out how easily surface contamination
can be transferred. A piece of paper wiped over the
contaminated surface is checked and if no radioactivity
is detected on the piece of paper, it indicates that any
contamination that may exist will not be removed easily.

3.3 Estimation of Radiation Doses

Radiation doses may be external or internal.
For estimating external dose, due to radiation sources

outside the body, those at risk are provided with an inte-
grating device or dosimeter that responds to the radia-
tion energy deposited in it. The most commonly used
dosimeters during the clean-up program were the "film
badge" (the degree of darkening of the film on
developing can be calibrated against known exposures),
and the quartz fibre electroscope, which can be read
directly by the person using it. The dosimeter should
respond to the radiation of interest in a manner similar
to that of human tissue, and the irradiation conditions
should be reasonably uniform. Under ideal conditions,
it is possible to obtain good results, but under field con-
ditions, it is often difficult to obtain accuracies better
than 50%.

An alternative to the integrating device is to take the
exposure rate measured with a suitable radiation survey
meter and multiply it by the length of time the person
has been exposed at that rate. This technique is most
useful in predicting the dose that may be received in the
performance of a certain operation.

An internal dose cannot be measured directly. By
measuring the rate of elimination from the body of the
radionuclide of interest, and by having knowledge of
the metabolism, and the radioactive characteristics of
the particular radionuclide, it is possible to formulate a
mathematical model of the radionuclide's behaviour
inside the body, from which the internal dose can be
calculated.

It is not always possible to make measurements on the
people concerned; then it is necessary to make measure-



merits on the radioactive material itself, from which,
knowing the material and its solubility, the dose
resulting from ingestion of an assumed quantity can be
calculated.

3.4 Methods of Calculating Internal Doses

Small particles that are swallowed will follow one of
two possible routes, as shown in Figure 29, depending
upon whether the material is classed as transportable or
non-transportable — terms used by ICRP to described
the ease with which different materials can transfer
across body membranes.

In simple terms, if the material is classed as non-
transportable it will simply pass through the gastroin-
testinal tract and be excreted from the body. If it is
classed as transportable, some fraction of it will transfer
from the small intestine to the body fluids whence it
can be deposited in other organs of the body; the
remaining fraction behaves as non-transportable
material.

The radiation dose received by any of the body organs
depends upon a number of factors: the fraction of the
ingested radioactivity that reaches a particular organ,
the effective half-life of the radioactivity in the organ
(the "effective half-life" combines the effects of radio-
active decay and biological clearance from the organ),
the effective energy deposited in the organ as a result of
the radioactivity, and the mass of the organ (14, 15, 16).

The organ that receives the highest fraction of its
maximum permissible dose is called the critical organ
for ingestion of a particular form of radioactivity. For
many radionuclides, the critical organ is the lower large
intestine for ingestion of both soluble and insoluble
material.

The mathematical model for calculating the dose to
parts of the gastrointestinal tract is different from that
for the other organs mainly because of the short resi-
dence time in each section (17).

In contrast to the ingestion situation, particles inhaled
by nose or mouth will follow paths outlined in Figure
30. Part of the material inhaled will be deposited in the
respiratory tract and the remainder will be exhaled. The
respiratory tract is divided into three regions, the naso-
pharynx (N-P), the tracheo-bronchial (T-B) and the
pulmonary (P) regions. The division of the inhaled
material between these three regions depends upon the
size and mass of the particles; large particles will be
deposited mainly in the N-P region and smaller particles
mainly in the P and T-B regions. The material is either
cleared from these three regions through the blood and
thence to other organs in the body, or is expelled by
muco-ciliary action to the gastrointestinal tract; the
route taken and speed of clearance are determined
largely by the solubility or transportability of the mate-
rial. The dose to the various organs, including the

respiratory tract, can be calculated if the time-integral
of the radioactivity in the particular organ, the energy
deposited, and the mass of the organ are all known.
Generally, in cases of inhaled radioactivity, if the male-
rial is classed as insoluble, non-transportable and
strongly retained, the critical organ is the respiratory
tract; if the material is classed as soluble, transportable
and minimally retained, the choice of critical organ is
more varied than for the case of ingestion of the same
material, and could include bone, liver, kidney, spleen,
lower large intestine, and total body.

The mathematical model for calculating dose to the
respiratory tract (18, 19) assumes biological decay of a
dispersed source of dust particles, whereas the concern
caused by Cosmos 954 is with single particles which are
either present or not present in the respiratory tract.
This difficulty has been overcome by assuming that an
inhaled particle resides in a particular region of the
respiratory tract for a period of time equal to the mean
biological life.

4. Calculated Doses and Discussion of
their Significance

The most important radionuclides found in associa-
tion with radioactive debris are listed in Table 15
together with the calculated dose to the critical organs

TABI.K 15

Calculated Internal Dose Reslulling
from Intake of One Microcurie

Radioisotopc

Chromium-51
Manganese-54
lron-59
Coball-58
Cobalt-60
Strontium-89
Stronlium-90
Zirconium-95
Niobium-95
Rulhenium-103
Ruthenium-106
Cesium-137
Barium-140
Lanthanum-140
Cerium-141
Cerium-144
Tantalum-182
Uranium-234
Uranium-235
Plutonium-239

•Dose io Lower
Large Intestine for

Unit Activity
Ingested,

mrem^Ci

1.7
22.8
50.0
29.5
77.3
95.0
36.9
41.6
27.4
24.1

228.0
59.8
52.6
84.3
29.1

227.8
66.3
84.4
91.4
91.4

" D o s e to
Nasopharynx Region

for Unit Activity
Inhaled

mrem/MCi

10
171
310
215
534
407
817
385
192
199

1,039
304

1,023
726
133
964
415

36,390
66,160
39,350

Calculated according to model of Dolphin and Eves (17) using num-
bers given by 1CRP (14,15,16).

•Calculated according to the model given by 1CRP (18) modified as
described in lex!, section 3.4 above.
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that would resul: from ingestion or inhalation of one
microcurie.

In order to calculate the dose due to swallowing or
breathing in a real particle, it is necessary to take
account of the relative radioactivity of different radio-
isotopes. If this is done, it will be found that there was
potential for high doses, near the time of impact, which
could have been many times the maximum permissible
dose for atomic radiation workers; this potential dose is
reduced as the radioactivity decays with time.

These doses have been labelled as potential, because if
a realistic mechanism of intake to the body does not
exist there is little chance of actually receiving such
doses. In the case of intake by ingestion, the generally
low solubility limits the movement of the radioactivity
in the environment and there is little likelihood of intake
by the common routes in drinking water and food. In
the case of inhalation, at the large size/weight end of the

range of particles the potential dose is high, but the
likelihood is very low of the particle becoming sus-
pended in the air at breathing level and, with a high set-
tling velocity, the chance of intake is also very low. As
one approaches the lower end of the size/weight range,
the chances of resuspension and intake increase, but the
potential doses would be much smaller.

5. Non-radioactive Toxic Materials

In addition to the hazard of radiation, the presence of
beryllium was of concern; beryllium is a highly toxic ele-
ment, and extra care was needed both in the field and in
laboratory operations to avoid contamination. A
serious contamination of WNRE's hot cell facility (not
of people) by dust from sawing a beryllium cylinder
required painstaking clean-up.
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Appendix C

Portable Field Instruments

Table 16 summarizes the nature and application of
the various portable field instruments employed at one
time or another in the search and recovery operations.

Most instruments are designed for operation over a
reasonable range of environmental conditions, but the
extreme cold expevienced in the Northwest Territories
during the months of January, February and March
posed a severe test of all instruments. AH field instru-
ments were of necessity powered by batteries. The
extreme cold shortened battery-life in most cases to such
an extent that it was essential to keep batteries warm by
either holding the whole instrument inside one's parka
between uses, or removing the batteries and keeping

them in a warm pocket until required again — some
instruments had the advantage of having a separate
power supply unit which could be kept warm inside
clothing while only the detector and meter needed to be
exposed to the low temperatures. Since it was necessary
to wear heavy mittens, any delicate adjustments of
instruments were difficult out-of-doors.

During search operations, instruments with an audi-
ble output were useful since visual observations were
often very difficult under the weather conditions
existing.

Instruments with co-axial cables also presented a
problem if the cable was permitted to get too cold, and
the low humidity resulted in spurious readings due to
static electricity.

TABLE 16

Principal Instruments Used in Field

Specific
application

Name or type of
instrument and
model number

Detector* Range of
readout

Manufacturer
or supplier

Search and recovery.
Phase 1 only

Low range gamma survey
meter. Model PRM-4

Scintillator 1" x 1" Nal
cylinder

0-5,000 Eberline

Search and recovery.
Phases I and II

Low range gamma survey
meter. Model PRM-7

Scintillator 1" x 1" Nal
cylinder

0-5, Ebcrline

Search and recovery.
Phase I and II

Low range gamma survey
meter. Model 19

Scintillator 1" x 1" Nal
cylinder

0-5,000 Ludlum

Search and recovery.
Phases I and II

Model SPP 2NF
scintillometer

Scintillator 1" x 1 1/2"
Nal. Variable ihreshold

0-15.000 CPS Saphymo-Stel

Search and recovery.
Phase II only

Low range gamma survey
meter. Model TC-33A

Scintillator 1 W2" x
11/2" Nal cylinder

0-5,000 luRlh McPhar

Field assessment of
hazard. Phases I and II

Wide range beta/gamma
survey. Model PIC-6

Iomzation chamber with
beta window.

0.2 mR/h - 1,000 R/h Eberline

Field assessment of
hazard. Phase I only

Field assessment of
hazard. Phases I and II

Field assessment of
hazard. Phases I and II

Gamma survey meter.
Model 5016C

Beta/Gamma survey
meter. Model LB-1200

Teletector multi-range
gamma survey meter.
Model 6112

Two geigers

Geiger with beta
window.

Geiger with telescopic
probe

0.2 mR/h

1 ^R/h -

lOO^R/h

- lOR/h

100 mR/h

- 1,000 R/h

Canadian-Admiral

Berthold

Eberline

Field assessment of
hazard. Phases I and II

Contamination meter.
Model E-140

Pancake geiger. Model
HP-260 for surface con-
tamination measure-
ments. Model HP-2SO
with SH-4 shield for
swipes and air filter
counting

Eberline

Field assessment of
hazard. Phases I and II

Mini-sealer Model PS-2-2 Pancake geiger
Model KP-210 with
SH-4 shield.

Eberline

Field assessment of
hazard. Phases 1 and II

Personal air sampler.
Model Siersat. Whatman
41 filter papers

Nuclear Associates
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Field assessment of
hazard. Phases I and II

Field assessment of
hazard. Phase I only

Field assessment of
hazard. Phase II only

Alpha/gamma counter.
Model PAC-1SAGA

Portable gamma
spectrometers.

Pulse height analyser
system. Model TN-I706

Geiger for gamma
59 cm2 ZnS sheet scintil-
lator for alpha.

Scintillator, Nal Solid
state, Ge-Li.

Scintillator. 2" x 2" Nal
in 2" lead shield.

Gamma: 0-2 R/h
Alpha: 0-2,000,000
CPM.

Eberline

Supplied by US NEST

Tracer-Northern

•Dimension in inches are as given by supplier.

45



Appendix D

TABLE 17

Summary of Fragments Recovered

Hit No.
(Note 1)

Position
(Note 2)

Date & Means
of Discovery

Physical
Description

Gamma Radiation Field*
(Note 3)

Date of
Recovery

ML-l(I) WE 764 679 High altitude search
27/1/78

Charred metal piece approx.
225mm x 75mm x 6.5mm

Up to 200 R/h near contact 4/2/78

ML-2(1) WE 948 803 MRS 5/2/78 Charred metal rod approx.
100mm long x 20 mm diam.

30 R/h contact
150mR/h at 1 m

15/2/78

ML-5U) WE 746 717 Ground search 30/1/78 Rod similar to ML-2(1) 10 R/h near contact
150 mR/hr at 1 m

31/1/78

ML-6(1) WE 959 809 High altitude search
30/1/78

Rod similar to ML-2(1) 25 R/h contact
100 mR/h at 1 m

ML-10(l) WE 678 715 Visual from air 31/1/78 Hollow cylinder approx. 500mm
long x 360mm diameter and 12
fragments various sizes

Not radioactive

10/2/78

31/1/78

ML-ll(l)

ML-12(1)

ML-13(1)

ML-150)

ML-16(1)

ML-19(1)

WE 946 818

XE 006 765

WE 816 740

WE 683 667

WE 745 718

WE 874 766

Ground search 1/2/78

Helicopter search 2/2/78

MRS 5/2/78

MRS 8/2/78

MRS 7/2/78

MRS 5/2/78

Rod similar to ML-2(1)

Piece of ribbed sheathing,
approx. 60mm long and 40mm
wide

Rod similar to ML-2(1)

Rod similar to ML-2(1)

3 small flakes in cluster

Rod similar to ML-2(1)

2 R/h contact

30 R/h contact

100 mR/h at 1 m

600 mR/h contact
10 mR/h at 1 m

100 mR/h at 1 m for the cluster

10 R/h contact
125 mR/h at 1 m

2/2/78

3/2/78

20/2/78

4/3/78

20/2/78

26/2/78

ML-20(l) WE 881 778 MRS 5/2/78 Rod similar to ML-20) 80 R/h contact
200 mR/h at I m

ML-22(1) WE 503 539 MRS 16/2/78 Flake, black, size of a potato
chip, approx 25mm long

10 R/h contact

26/2/78

18/2/78

ML-23(1)

ML-24(1)

ML-32(1)

ML-33(1)

ML-35U)

ML-36(1)

ML-37(1)

ML-38(1)

ML-39(1)

WE 250 488

WE 183 424

XE 033 849

WE 495 585

WE 900 784

WE 965 815

WE 956 787

WE 968 791

WE 904 845

MRS 16/2/78

MRS 16/2/78

Helicopter search 21/3/78

Helicopter search 23/3/78

Air search July 1978

Air search July 1978

Air search August 1978

Air search August 1978

Air search August 1978

Rod similar to ML-2(1)

Part of rod similar to ML-2(I)
50mm long

Rod similar to ML-2(1)

Metal fragment approx. 75mm x
25mm X 3mm

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

6 R/h contact
100 mR/h at 1 m

10 R/h contact

100 mR/h at 1 m

2 R/h (and 4 rad/h) near contact;
100 mR/h at 30 cm

20 R/h (and 100 rad/h) near
contact; 70 mR/h (and
100 mrad/h) at 1 m

30 mR/h (and 100 mrad/h) at
1 m

9 R/h (and 10 rad/h) near
contact; 70 mR/h (and
150 mrad/h) at 30 cm

20 R/h (and 20 rad/h) near
contact; 500 mR/h (and
1.3 rad/h) at 30 cm

2/3/78

18/2/78

5/4/78

24/3/78

July 1978

July 1978
(Note 4)

August 1978

August 1978

August 1978

•All readings are meter readings uncorrected for background.
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Hit No.
(Note 1)

ML-40(l)

ML-4I(1)

ML-2(2)

ML-6(2)

ML-6(2)B

ML-7(2)

ML-8(2)

ML-9(2)

ML-10(2)

ML-11(2>

ML-il(2)B

ML-12(2)

ML-12(2)B

ML-I3(2)

ML-I4(2)

ML-15(2)

ML-16(2)

ML-17(2)

ML-18(2)

ML-19(2)

ML-20(2)

ML-2K2)

ML-23(2)

ML-25(2)

Position
(Nole 2)

WE 940 718

WE 410 557

XE 154 906

XE 074 866

XE 074 866

XE 049 861

XE 090 881

XE 028 845

XE 251 946

XE 300 975

XE 300 975

XE 100 885

XE 100 885

XE 125 879

XE 131 884

XE 159 903

XE 206 936

XE 228 932

XE 219 912

XE 230 913

XE 318 961

XE 325 968

XE 354 974

CA 537 066

Summary

Date £ Means
of Discovery

Air search August 1978

Air search August 1978

MRS 5/2/78

MRS 5/2/78

Helicopter search 5/4/78

MRS 5/2/78

MRS 5/2/78

MRS 5/2/78

MRS7///78

MRS 7/2/78

Helicopter search 5/4/78

MRS 7/2/78

Helicopter search 5/4/78

MRS 8/2/78

MRS 8/2/78

MRS 7/2/78

MRS 7/2/78

MRS 8/2/78

MRS 8/2/78

MRS 8/2/78

MRS 8/2/78

MRS 8/2/78

MRS 10/2/78

MRS 10/2/78

of Fragments Recovered (cont'd)

Physical
Description

Small metallic flakes; 20 mm x
10 mm, and 10 mm x 5 mm

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(I)

Second rod similar lo ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(I)

Small flakes

Rod similar to ML-20)

Second rod similar to ML-2(1)

Rod similar lo ML-20)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Rod similar to ML-2(1)

Flaky slice of cinderlike material
approx. 30mm long

Gamma Radiation Field*
(Note 3)

3-4 R/h near contact
Small area also contaminated

40 R/h contact
50mR/h at 1 m

25 R/h contact
lOOmR/h ai 1 m

25 R/h contact
100 mR/h at 1 m

50 R/h contact
100 mR/h at 1 m

100 R/h contact
150 mR/h at 1 m

20 R/h contact
125 mR/h at 1 m

15 R/h contact
50 mR/h at 1 m

12 R/h contact
170 mR/h at 1 m

10 R/h contact
80 mR/h at 1 m

10 R/h contact
80 mR/h at 1 m

6 R/h contact

60 R/h contact
150 mR/h at 1 m

33 R/h contact
100 mR/h at 1 m

60 R/h contact
80 mR/h at 1 m

12 R/h contact
60 mR/h at 1 m

7 R/h contact
150 mR/h at 1 m

10 R/h contact
150 mR/h at 1 m

12 R/h contact
70 mR/h at 1 m

15 R/h contact
8C mR/h at 1 m

6 R/h contact
30 mR/h at 1 m

8 R/h contact
30 mR/h at 1 m

Date of
Recovery

August 1978

August 1978

28/2/78

13/2/78

5/4/78

13/2/78

13/2/78

2/3/78

3/3/78

3/3/78

6/4/78

6/3/78

6/4/78

3/3/78

4/3/78

26/2/78

28/2/78

3/3/78

5/3/78

5/3/78

5/3/78

5/3/78

5/3/78

6/3/78
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Hit No.
(Note 1)

ML-26(2)

ML-27(2)

ML-28(2)

ML-29(2)

ML-30(2)

ML-32(2)

ML-33(2)

ML-34(2)

ML-35(2)

ML-U3)

Position
(Note 2)

XF493 115

CA. 839 185

CA911 261

CA 919 256

XE 333 960

XE 335 965

CA 854 238

CA 865 245

XE 128 874

DA 054 304

Summary

Date & Means
of Discovery

MRS 10/2/78

MRS 10/2/78

MRS 10/2/78

MRS 10/2/78

Helicopter search 26/2/78

MRS 6/3/78

Helicopter search 20/3/78

Helicopter search 22/3/78

Air search August 1978

MRS 10/2/,8

of Fragments Recovered (cont'd)

Physical
Description

Metal Cylinder 250mm long x
100mm diam.

Horseshoe shaped metal piece
100mm across, 50mm thick

Cylinder similar to ML-26(2)

Cylinder similar to ML-26(2)

Particle

Sliver about 10mm by 100mm

Cylinder similar to ML-26(2)

Cylinder similar to ML-26(2)

Rod similar to ML-2(1)

Cylinder similar to ML-26(2)

Gamma Radiation Field*
(Note 3)

10 R/h contact
80 mR/h at 1 m

6 R/h contact
300 mR/h at 30cm

15 R/h contact

10 R/h contact
600 mR/h at 30cm

150 mR/h near contact

30 mR/h at 1 m

8 R/h (and 15 rad/h) near
contact; 100 mR/h (and
200 mrad/h) at 30 cm

10 R/h contact
400 mR/h on one end at 30 cm
800 mR/h on opposite end at
30 cm

Date of
Recovery

12/3/78

5/3/78

17/3/78

2/3/78

12/3/78

6/3/78

23/3/78

23/3/78

August 1978

5/3/78

ML-2(4) EA 390 744 Visual from ground
28/1/78

Complex shaped object; concave
thin plate or cracked cylinder end
with tubular (double) braces and
related parts

15 R'h contact 19/2/78

ML-1(9) WE 030 110
Murky Lake
area

WE !23 193
Snowdrift
area

Helicopter and ground
search 22/2/78

6 particles

Helicopter and ground 97 particles
search 10/2/78

100-2000 mR/h contact

5-1000 mR/h contaci

22/2/78

14/2/78 to
21/2/78

ML-2(9)

ML-3(10)

ML-5(10)

*:L-5(10)B

ML-6(10)

ML-7(10)

ML-8(10)

ML-IO(IO)

ML-il(lO)

ML-14(10)

ML-15(10)

WE 205 220

VE675 155

VE 762 261

VE 762 265

VE 716 218

VE 845 225

VE 937 249

VE 735 140

VE 650 137

VD 505 970

VD 532 983

Helicopter search 12/2/78

MRS 20/2/78

MRS 1/3/78

MRS 1/3/78

MRS 2/3/78

MRS 2/3/78

MRS 2/3/78

MRS 10/3/78

MRS 10/3/78

MRS 11/3/78

MRS 11/3/78

Flake

Chunk of slag about 25mm x
15mm x 10mm

Rod similar to ML-2(1)

Second rod similar to ML-2(1) &
sliver of material

End of rod approx. 20mm long

Black chunk of material 25mm
dia.

Sliver about 80mm long x 3mm
wide + small particle 3mm in
diameter

Irregular flake approx. 20mm x
15mm, + 6 particles

Particles

Small particle

Small flake approx. 7mm long

40 mR/h contact

500 R/h contact

10 R/h contact
200 mR/h at 1 m

5 R/h contact
40 mR/h at 1 m

20 R/h contact
90 mR/h at 1 m

25 R/h contact
110 mR/h at 1 rr.

100 mR/h at 1 m

10 mR/h at 1 m

10 mR/h at 1 m

20 mR/h at 1 m

Not
recovered
(Note 5)

23/2/78

5/3/78

5/3/78

9/3/78

9/J/78

9/3/78

11/3/78

11/3/78

19/3/78

19/3/78
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Summary of Fragments Recovered (cont'd)

Hit No.
(Note 1)

ML-17(10)

ML-I8(10)

ML-19(10)

ML-20(10)

ML-2H10)

ML-22(10)

ML-24U0)

ML-25(10)

ML-27(10)

ML-28(10)

ML-32(1O)

ML-l(ll)

ML-3(11)

ML-4(11)

ML-5P(11)

ML-6(11)

ML-6(11)B

ML-7(11)

ML-7(11)B

ML-8(11)

ML-8(11)B

ML-9(11)

ML-lOP(ll)

ML-1(12)

ML-1P(13)

ML-2P(13)

ML-3P(13)

ML-4P(13)

Position
(Note 2)

VE 725 132

VE 643 130

VE651 121

VE 665 103

VD 524 943

VE 700 090

VE 836 103

VE 657 105

VE685 110

VD 555 990

VE 905 256

VD 270 997

VD 396 953

UD 460 630

UD 610 590

VD 349 827

VD 349 827

VD411 805

VD411 805

UD 637 531

UD 637 531

UD 505 539

VD 280 670
area Simpson
Islands

PU 125 170

NT 760 435

U.D 670 165
area Great
Slave Lake

NS 950 815
area Buffalo
Lake

NT 685 370
Hay River
area

Date & Means
of Discovery

MRS 11/3/78

Helicopter 11/3/78

Helicopter 11/3/78

MRS 11/3/78

MRS 12/3/78

MRS 12/3/78

MRS 12/3/78

Helicopter 14/3/78

Helicopter 17/3/78

Helicopter 17/3/78

Air search August 1978

MP.S 7/3/78

MRS 12/3/78

Helicopter 12/3/78

Ground search 14/3/78

MRS 14/3/78

Helicopter 8/4/78

MRS 14/3/78

Helicopter 8/4/78

MRS 26/3/78

Helicopter 8/4/78

MRS 26/3/78

Ground search 30/3/78

MRS 31/3/78

Ground search 27/2/78

Ground search 13/3/78

Ground search 19/3/78 and
22/3/78

Ground search
Feb.-Mar. 78

Physical
Description

Small fragment approx. 10mm X
10mm x 5mm

Specks in snow

Specks in snow

Sliver

Long sliver

Particle
Particle

Flake approx. 15mm square

Small triangular shaped flake

Particle

Small Flake

Small metallic flake 20 mm X
5 mm

50mm dia. x 3mm thick, black
plate, not flaky

Very small specks in snow

Flat oval plate
140mm x 90mm x 35mm

19 panicles

Chip approx. 3mm square

Specks in snow

Chip approx. 10mm long

Speck in snow

1 Particle

Speck in snow

2 Particles

8 Particles

Sheel metal approx.
220mm x 80mm X 3mm
+ 1 small particle

2 particles

19 particles

19 particles

48 particles

Gamma Radiation Field*
(Note 3)

40 mR/h at 1 m

40mR/h at I m

40 mR/h at 1 m

40 mR/h at 1 m

10 R/h at 50mm
105 mR/h at 1 m

8 mR/h at 1 m
4 mR/h at 1 m

100 mR/h at 1 m

10 mR/h at 1 m

8 mR/h at 1 m

80 mR/h at 1 m

3 R/h near comae!
20 mR/h at 1 m

40 R/h contact
200 mR/h at 1 m

300 mR/h contact
2 mR/h at 1 m

40 R/h contact
900 mR/h al 1 m

10 R/h contaci, 10 mR/h at 1 m

4 R/h near contact,
40 mR/h at 1 m

1 mR/h at 1 m

1 mR/h at I m

1 mR/h at 1 m

1-18 mR/h at 1 m

Date of
Recovery

21/3/78

II/3/78

11/3/78

19/3/78

16/3/78

19/3/78
24/3/78

27/3/78

19/3/78

24/3/78

21/3/78

AugusI 1978

8/3/78

16<3'78

163 78

21/3 78

163/78

8<4<78

16/3/7S

8/4/78

29/3/78

8/4/78

29/3/78

30/3/78

5/4/78

27/2/78

13/3/78

19/3/78 and
22/3/78

Completed
9/3/78
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Summary of Fragments Recovered (cont'd)

Hit No.
(Nole 1)

ML-5P(13)

ML-6PU3)

ML-7P(13)

ML-8P(13)

ML-1P(14)

ML-2P(14)

ML-3P(14)

Position
(Note 2)

PT 380 465
Pine Point
area

UC 565 857
area Fort
Resolution

NS 715 330

PU 100 000
area Great
Slave Lake

VC 540 250
area
Tsu Lake

WB 000 830
area
Pilot Lake

WD 110 335
area Rutledge
Lake

Dale & Means
of Discovery

Ground search
Feb.-Mar. 78

Ground search
Feb. - Mar. 78

Ground search 6/4/78

Ground search 7/4/78

Ground search 23/3/78

Ground search 2/4/78

Ground search 5/4/78

Physical
Description

176 particles

110 particles

Speck in snow

6 particles

Contaminated snow
No particles found

36 small particles

7 small particles

Gamma Radiation Field*
(Note 3)

Date of
Recovery

Completed
5/3/78

Completed
1/3/78

6/4/78

7/4/78

2/4/78

5/4/78

ML-4P(14) VD 070 070
Rocher River

Ground search 2/4/78 2 small particles 2/4/78
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Radioactive Particles Recovered During Summer 1978 (Note 6)

(with some examples of radioactivity level)

Position
Particles

Recovered

HAY RIVER, NWT —

PINE POINT, NWT —

FORT RESOLUTION, NWT —

SNOWDRIFT, NWT —

FORT SMITH, NWT —

SALT RIVER, NWT —
BELL ROCK, NWT —
CARLSON LANDING, ALTA —
FORT FITZGERALD, ALTA —
HAY CAMP, ALTA —
PEACH POINT, ALTA -
FORT CHIPEWYAN, ALTA -
MACDONALD LAKE, NWT -
BUFFALO LAKE, NWT -
TALSTON RIVER, NWT -
TSU LAKE, NWT -
NAUTAWA LAKE, NWT -
PILOT LAKE, NWT -
CHAMPAGNE LAKE, NWT -
HOOK LAKE, NWT -
THUBUN LAKE, NWT -
JACKF1SH LAKE, NWT -
SCHAEFER LAKES, NWT -
OULTON LAKE, NWT -
Unnamed lakes and

along rivers — Camp sites
Railway Line — HAY RIVER

to PINE POINT

Community (average 19 pR/h at 1 meter, 80 mrad/h near contact)
Adjacent highways
Community (average 24 jiR/h at 1 meter, 90 mrad/h near contact)
Adjacent highways
Community (average 22 jiRlh at 1 meter, 140 mrad/h near contact)
Adjacent highways
Community (average 30 jiR/h at 1 meter, 9 mrad/h near contact)
Frontier Lodge
Community (average lO/jR/h at 1 meter, 28 mrad/h near contact)
Adjacent highways
Community
Community
Community
Community
Community
Community
Community (average < bkgd at 1 meter, 11 mrad/h near contact)
Camp sites (East end)
Camp sites
Power dam site
Camp sites
Camp sites
Fishing lodges
Camp sites
Camp sites
Fishing lodge
Camp site
Camp site
Camp site

119
7

422
112
494
414

9
1

1,110
230

11
65
2
1
2

20
14
11
3
6
2
2

10
2
2
1
1
1
1

Total recovered during summer 3,134

Moles:

1. Sequential hit numbers missing from summary identified suspected hits which were later deleted for the following reasons:

— 48
— 11
— 25
— 23

a) Confirmed or probable natural radiation source
b) Confusion in location, or MRS error
c) Unable to confirm by later search
d) Review of spectrum indicated false hit
e) Search found natural, non-radioactive feature — 3

110

2. Position locations are from Ten Thousand Meter Universal Transverse Mercator Grid, Zones 75 and 85, Canadian Topographical Map Series
1:250,000.

3. Gamma Radiation Fields were measured in the field at the time the fragment was first located and identified by a ground search party. The
"contact" measurements in many cases were made in contact with the covering snow which may have been several centimeters thick.

Whenever the Gamma Radiation Field is left blank, it means that the information is not readily available; however, all of the fragments and
particles recovered were radioactive with the single exception of Hit Number ML-lO(l).

4. Hit Numbers ML-350) to ML-41(1), ML-35(2) and ML-32(10) were located and recovered by contract during the Phase II Program.

5. ML-2(9) was confirmed as a flake of material by ground observation, but'was blown away by downwash from a helicopter and could not be re-
located.

6. A total of 3,134 small radioactive particles were located and recovered by ground search parties employed by the Phase II contractor in checking
communities, connecting roads and railways, commercial fishing lodges, trapping and fishing camp sites and other inhabited or travelled areas.
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Appendix E

Pick-up and Transportation of
Recovered Material

For the safe conventional transportation of radio-
active material great effort has been put into the devel-
opment of suitable containers. A number of container
models have been produced by Atomic Energy of
Canada Radiochemical Company, and approved for use
by AECB after testing to meet stringent conditions.

The provision of containers to meet the sudden needs
of the Cosmos 954 clean-up operations rapidly depleted
the stock on hand, forcing the manufacture of addi-
tional stock and the use of other containers under strict
control. Containers used are listed in Table 18.

Lead-shielded containers permit safe storage and
shipment of radioisotopes and other radioactive mate-
rials. When debris began to be recovered, there devel-
oped an immediate shortage of conventional containers,
and a number of special safe substitutes were urgently
constructed. The F112 and F113 models were excellent
for field use, except for the small capacity of the lead
insert.

A 9000-lb container (F233) was kept on hand in case a
large piece of reactor core was discovered, but was not
required.

Standard drums, pails and cans, often with garbage
bag liners, were used for low activity material. These

containers overcame the objection to some of the
shielded containers — the small cavity — but introduced
a hazard in contamination because of difficulties in
closing gaskets in the field under winter conditions.
Since recovered material almost invariably included
snow or ice (in Phase I), thawing of this raised the
possibility of leakage of contaminated water. If material
could not be kept frozen in transport, the trick of
placing the container in a larger one was often em-
ployed, and contamination of aircraft and other trans-

i t was successfully avoided.

ingoing and outgoing shipments of containers were
u. ler continuous examination by health physics staff,
ve/ifying that no contamination existed.

Field and Shipping Operations

The procedure for recovery of debris, handling and
shipment to Pinawa included several steps:

1. Following location of radioactive material in the
field, the pick-up team was sent to the spot (by
helicopter or other means) and proceeded to re-
cover the material. This might require use of long-
handled tongs and lead-lined containers in the
snow. Health physics capability was always part
of the pick-up team in order to monitor exposure
and to prevent contamination.

Type

F233

F112

F113

F239

FC1"

FC2"

FC3***

FC4***

FC6*"

FC7"*

46 gallon

25 gallon

18 gallon

5 gallon

1 gallon

Number
Available

1

7

12

18

1

1

1

1

14

6

200 +

200 +

—

30

100 +

TABLE 18

Types of Containers*

Cavity
dia. & ht.
(inches)

13x20

3x 4

3 x 4

very small

2 x 4x11 red.

22 dia. x 60 high

6x 12

6x 12

4 x 6

5x11

22x36

18x29

—

10 x 15

6x 8

Amount of
Shielding

(inches of lead)

7

1

2

I

2 +

0-1

1-2

1-2

1 3/4

1 1/4

—

—

—

—

—

Wt.
(lb.)

9000

135

210

45

500

500

450

450

275

275

—

—

—

—

-

Comments

standby

I8"x20" drum

18"x2O" drum

5 gal. pail

For ML-l(l)

partial shielding

18"x20" drum

18"x20" drum

18"x20" drum

garbage pail

not used as outers

* Dimensions in inches for consistency with suppliers' standards
*• Made in Alberta to meet needs of the program
•••Made in Ottawa to meet needs of the program
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Material was brought first to Yellowknife, then
sent to Canadian Forces Base (CFB) at Namao.
Here space was made available by DND for sam-
ples to be held, repacked if necessary, given
preliminary examination, and then shipped under
escort to CFB: Winnipeg.
At CFB: Winnipeg a representative of WNRE at
Pinawa met the plane with a truck and material
was transported to Pinawa.

A travelling form accompanied each sample through-
out its journey, and at each point of arrest or trans-
shipment it was signed by the receiving person. For legal
purposes, since each sample was considered a piece of
evidence for anticipated dealings with the USSR, this
procedure was followed consistently (Figure 31).

All but one shipment to Winnipeg were made in CF
aircraft. The first shipment of debris went by common
carrier, with all requirements of safety being met and
with no risk to passengers, as a matter of expediency.
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.fOMIC ENERGY CONTROL BOARD

OPERATION MORNING LIGHT

SAMPLE TRANSMITTAL SHEET.

TO BE FILLED IN BY ORIGINATOR

Container Tag No. )(("'/tf I D a t e

UTM Grid Co-ordinates ML. > / / I i O \ \J A) *
f ' r * T V. * "

Sample: Field Identification

Originated by

(.use reverse side if necessary;

Location

TO BE FILLED IN EACH TIME POSSESSION IS TRANSFERRED

(1) This sheet is to accompany sample at all times.
(2) All transfers are to be recorded and singed by individuals concerned.
(3) Any change to the sample should be noted and accounted for.
(k) All information derived for each sample should accompany this sheet.
(5) Sample should be stored only in secure (locked) place.

Date Transferred From Transferred to Purpose, Actions Performed & Notes

FIGURE 31 Example of "sample transmittal sheet" that accompanied all recovered debris from first recovery to
final storage at WNRE.

FOR USE BY OPERATION HQ CFB NAMAO ONLY:

Packaging ID

HIT NUMBER ML

~ 1 Dose Rate (Packaged) mR/hr

Contact 1 meter

SIDE "Z o-ooq.
TOP O • 1*5 O • O O fo

3 • 1

R-l Mar.2, 1978.
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Appendix F

Records of Exposure to Radiation of
Search and Other Personnel

Records were kept for all personnel in any position to
be exposed to radiation. Personal dosimeters were
issued to those directly involved in search and recovery
operations, and to all those handling or examining
debris under laboratory conditions. Also, a limited
number of warning dosimeters were made available to
members of the public, particularly local inhabitants,
who needed to enter areas where they might encounter
radioactive material from the satellite. The dosimeters
employed were of three sorts:

a) Film dosimeters. The Canadian search personnel
wore film dosimeters supplied by the Radiation
Protection Bureau of Nation Health and Welfare
(RPB), which processed the films after each wear-
ing period and issued dose reports. The US staff
used their own regular dosimeters.

b) Direct reading dosimeters. Search teams and
those involved in shipping the recovered items also
wore a direct reading dosimeter (DRD), usually a
quartz fibre electroscope, which permitted them to
keep track of day-to-day exposures and also pro-
vided a backup for the film dosimeter.

c) Warning dosimeters. Warning dosimeters give a
digital display of the accumulated exposure in
milliroentgens and also produce an audible signal
or "beep" at a rate depending upon the radiation
intensity. A sharp increase in the beep rate gives
warning of a radioactive fragment in the vicinity.
These dosimeters were made available to members
of the public, through the co-operation of the
local RCMP detachments, along with simple in-
structions on how to use them and the action to
take if the beep rate increased significantly.

Whole Body Dose Records

A summary of the whole body dose data for the oper-
ations is given in Table 19. Generally, the doses are
based on film dosimeter measurements, but in the case
of U.S. staff (which are included) the doses are based on
DRD measurements.

The 302 people who wore dosimeters during Phase I
field search were personnel from the Atomic Energy
Control Board, Atomic Energy of Canada Limited, the
Department of Energy, Mines and Resources, the
Department of National Defence, Environment
Canada, and the US Nuclear Emergency Search Team
(NEST). The 21 who wore dosimeters during Phase II
field search were mostly staff of the Canadian consul-
tant who performed this work under contract to the

Type of Work

Field search —
Phase 1

licit! search —
Phase II

Laboratory Analys

TABI.K 19

Whole Bod) Dose Suinman

No. of people
issued wilh
dosimeters

302

21

is 35

Overall programme 353

No. of people
who received

a dose

106

6

35

145

Collective
whole body,

dose, man-rcm

6.30

(1.31

2.(10

8.61

• Nole thai while the collective whole body dose is additive in this
table, the numbers of people involved are not; this is because a tew
people were involved in both phases of the field search.

Federal Government, together with a few members of
the AECB staff.

The doses received while performing the laboratory
analyses represent exposure at the Whiieshell Nuclear
Research Establishment of AECL.

The distribution of doses received during Phases I
and II field search is given in Figure 32; only those who
received a measurable dose, i.e. 110 people, are included
in this distribution. Of these, two received a measurable
dose in both phases.

Other Dosimetry

In addition to measurement of the whole body dose,
usually due to external gamma radiation, film dosi-
meters are capable of measuring the skin dose resulting
from low penetration radiation. During Phase I, all
field staff wore heavy arctic clothing which provided
good protection for the skin against low penetration
radiation, so that skin doses during this phase have been
taken to be numerically equal to the whole body dose
for each individual. Lighter clothing was worn during
Phase II and skin dose as measured by film dosimeters
was recorded for this period; of the 6 people who
received a measurable dose during Phase II, only 3
received skin doses that exceeded the whole body dose.
The highest recorded skin dose was 400 mrem during
Phase II and 470 mrem during Phase I.

Urine samples were submitted by the field search
teams for analysis of tritium and mixed fission products
by RPB; no evidence was found of internal conta-
mination.

Comments

A total of 353 people wore personal dosimeters at one
time or another during the operations (see Table 19). Of
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these, 145 received a measurable dose ( >\0 mrem) to
the whole body. The collective whole body dose for the
whole operation was 8.61 man-rem. The highest individ-
ual accumulated whole body dose was 470 mrem which
is also the highest recorded individual skin dose; both of
these doses are well below the maximum permissible
doses for atomic radiation workers, i.e. 5,000 mrem per
year for whole body exposures and 30,000 mrem per
year for skin exposures.

The highest individual dose as well as the highest col-
lective dose occurred during Phase I which corresponds
to the period when most radioactive fragments were
being recovered and the largest number of people were
employed.

There was no evidence of internal contamination
during the whole period.

Members of the public who used warning dosimeters
did not receive any dose above natural background.

50-i

40-

30-

20-

10

Minimum
detectable

100 200 300 400 500

Individual accumulated whole body dose
mrem

FIGURE 32 Distribution of individual doses received during Phases I and II of the field search
and recovery operations.
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Appendix G

International Aspects
The Cosmos 954 episode was Canadian in the sense

that it fell within Canadian borders, but a number of
international aspects immediately became apparent.
1. The first one is obviously that the US had advance

knowledge of the coming re-entry and, when this
occurred, was best able to calculate the landing tra-
jectory. In the circumstances, Canada was dependent
upon this ability. Furthermore, the US possessed a
forewarned Task Force with experience in location
and clean-up of nuclear material. Thus, most opera-
tions in Phase I were joint in the sense that Canadian
and US forces were both involved, the US team offi-
cially assisting the Canadians.

2. From the start, it was recognized that technical data
arising from study and analysis of recovered debris
might be of interest to other nations, but it was also
clearly stated that these data would be the property
of Canada. This was because in any eventual claim
against the USSR, Canada would be the claimant.

Data were made available to the US team in order to
assist in refining ballistic studies that were concerned
with the zone of fall of fragments of the satellite, but
the interpretation of data from the health and safety
viewpoints was a Canadian responsibility.
Finally, there was naturally much sudden interest on
the part of other countries in the techniques em-
ployed in the Phase I and II operations for location
and removal of debris. Cosmos 954 introduced to the
world the spectre of unplanned re-entry of nuclear
material, and others wish to profit by the experience
gained in this event. Thus there have been several
contacts with other governments, both directly by the
AECB and through the Department of External
Affairs. The publication by the Geological Survey of
Canada of several papers on air-borne search tech-
niques has provided answers to the most obvious
questions raised by others. The following
APPENDIX (H) summarizes the obvious lessons
learned from this event.
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Appendix H

Lessons Learned from COSMOS 954
Re-entry

The re-entry of Cosmos 954 over the Northwest
Territories of Canada on 24 January, 1978 offers an
example of the problems presented to a country by such
an event.

Earth-orbiting satellites will always re-enter at a low
angle, and if burn-up is incomplete debris may be scat-
tered over a distance of several hundred kilometres. If
finely divided material is produced, it will be affected by
the weather conditions existing at the time, chiefly by
wind which may distribute such material over very large
areas.

The major requirements posed by the event were:
1) Knowledge of the trajectory of the satellite on

and following re-entry;
2) the capability of moving men and material across

areas of the northern terrain under mid-winter
conditions, and of setting up base camps for
remote operations;

3) a means of surveying a vast and rather ill-defined
area using air-borne radiation detection equip-
ment, flying at controlled speeds and elevations,
precisely locating detected items for subsequent
recovery, and landing at will for material identi-
fication and recovery;

4) a means of safely recovering fragments and
transporting them to a central handling and
storage facility, preventing the exposure of
search personnel, carriers, representatives of the
press, and general public.

To meet these requirements required assistance from
NORAD and U.S. expertise for the trajectory, and in-
volved coordinated efforts from three main agencies,
one responsible for operations and logistics, one with
airborne detection experience, and one responsible for
health and safety aspects of radioactive contamination.

With respect to what countries can do to prepare for
such an eventuality, it is not likely that many will be able
to afford to maintain on stand-by basis the full com-
plement of personnel, equipment and instruments
necessary to carry out a search and recovery operation
of this sort. A few countries, notably USA and prob-
ably USSR, UK and France, do maintain resources for
response to nuclear accidents. Certainly no single Cana-
dian agency had available "on the shelf" the instrumen-
tation needed, nor the complement of trained personnel
to use it. As a result of this experience, however, the
Canadian capability has now been greatly improved. To
obtain the personnel needed meant the disruption of
regular work programs, and although all agencies re-
sponded readily, the cost of this interference is a feature

that should be recognized.
The Cosmos 954 episode now offers some experience

but of course it is not all applicable elsewhere. It relates
to subarctic winter conditions, it relates to a sparsely
populated area, it relates to a particular type of terrain,
and so on. The obvious aspects are the following:

1) Countries lying beneath the orbit of a failing
satellite should be advised of estimated re-entry
as far in advance as possible.

2) Without information on the major parameters of
a nuclear-powered satellite's source — size,
power, fuel type, degree and type of protection,
etc. — a search will be hampered by uncertainty.

3) Policy on release of information should be clari-
fied and explained publicly at the start of opera-
tions. It would be desirable for contiguous coun-
tries to seek a common position on public release
of information.

4) A single coordinator for overall operations is
essential.

5) Central control of communications for both
search and recovery operations, and for public
relations is necessary. Support capability should
include printing, photography, telex, recording,
radio and telephone.

6) Access to appropriate radiation detection equip-
ment, or knowledge of a source of supply, is im-
portant.

7) Under the northern winter conditions that
existed during Phase I of the Cosmos 954 opera-
tions, precise location of debris based on air-
borne survey requires a system of ground-posi-
tioned navigation beacons.

8) Containers suitable for transport, and a safe
location for storage (interim or long term) of re-
covered material, are necessary.

9) It is essential to ensure means for quick analysis
of debris, particularly with respect to the solubil-
ity of fragments small enough to be ingested or
inhaled, and to identify the soluble components
and their potential hazards to health. Determina-
tion of shape and mass parameters (as well as
meteorological conditions at the time) will also
be important in developing knowledge of air-
borne distribution of tiny particles. Analysis of
drinking water supplies that may be contami-
nated by soluble debris should be begun without
delay.

10) If there is any likelihood of legal follow-up or
international litigation, a system for documenta-
tion and maintaining full records of debris re-
covery, at "rules of evidence" level, may be
necessary. Costs of the operation must also be
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accounted in a standardized fashion by all partic-
ipating agencies, in order to permit prompt prep-
aration of eventual financial claims.

It might be suggested that the UN Committee on
Peaceful Uses of Outer Space (UNCOPUOS) could
refer the problem of search, recovery and clean-up to an
appropriate health group such as WHO since the prob-
lem is essentially one of health physics as opposed to
science and technology. The U.N. Disaster Organiza-
tion is another possibility. Such an organization could

explore the feasibility and desirability of collecting
together a central pool of equipment as a long term
project. In the short term, the group could document
resources already existing in certain countries willing to
make those resources available. A mechanism for
requesting and organizing the use of such resources
would also be required. At time of writing, there is an
ongoing activity in UNCOPUOS, Canada participating,
to investigate such possible actions.
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