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Abstract
This review gives a general account of how and why epidemiological studies
of UK participants in the nuclear weapons test programme were set up. There
is a short description of the circumstances in which the tests were planned and
executed and a discussion of the general considerations involved in designing
studies to show whether the health of test participants suffered as a result
of the tests. The companion review article summarises the results of the
epidemiological studies.

1. Introduction

The atomic bombs that were dropped on Hiroshima and Nagasaki at the end of the Second
World War marked the start of an era during which countries which aspired to be world powers
felt the need to possess atomic weapons. Britain had been involved in the origins of the atomic
bomb and in its development in the Manhattan Project, but the end of the war in the Far East
resulted in a general loosening of links between the two allies. In particular, the McMahon
Act of 1946 cut Britain off from the US nuclear programme (Arnold 1987, 2001). The British
government was quick to determine that it must have its own independent nuclear programme
for civil and for military purposes. The project was initiated in October 1945 and, in early 1947,
a firm decision was made to produce an atomic bomb. Seven years later, in 1954, following the
development of thermonuclear bombs by the USA and USSR, Britain decided that it should
do the same.

Atomic bombs rely on the release of energy by a chain reaction involving the fission of
heavy nuclei (235U or 239Pu). In contrast to fission bombs, thermonuclear, or ‘hydrogen’,
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weapons also involve the fusion of light nuclei (isotopes of hydrogen). Their yield can be a
thousand times greater than that of a fission bomb. However, these thermonuclear reactions,
comparable to those in the sun, were only possible in the extreme temperatures created for
a fraction of a second by an atomic (fission) explosion. Hence the H-bomb developed as a
double, or two-stage, weapon containing an atomic bomb (the primary) adjacent to an assembly
of light, fusible, elements (the secondary).

The more abundant isotope of uranium, 238U, does not undergo fission to an appreciable
extent when struck by the neutrons generated in the fission chain reaction and this isotope
therefore does not contribute to the yield of conventional fission bombs. However, fusion
reactions generate very high energy neutrons which do have the potential to cause further
fission in 238U. In a development of classical fission bombs, ‘boosted devices’ therefore
incorporate thermonuclear materials so that the fast neutrons from fusion reactions increase
the efficiency of nuclear fission.

The development of nuclear weapons by the UK required a testing programme which is
described in section 2. Some years after the tests, in the early 1980s, media interest highlighted
concern among veterans’ organisations that the health of those who took part in the nuclear
weapons tests had suffered. This review article describes how and why, in response to these
concerns, epidemiological studies of UK participants in the nuclear weapons test programme
were set up. There is some historical background covering the circumstances in which the
tests were planned and executed. There is also a discussion of the general considerations
involved in designing studies to show whether the health of test participants suffered as a result
of the tests. The review article is aimed at those who may not be familiar with the design of
epidemiological studies and some points are discussed in detail.

2. Outline of the UK atmospheric nuclear weapons tests

The UK nuclear weapons programme incorporated a series of atmospheric nuclear weapons
tests from 1952 to 1958. These involved 21 explosions in nine operations in Australia and at,
or around, Christmas Island in the Pacific. Details are given in table 1. Associated with the
major tests was an experimental programme, conducted largely at Maralinga in Australia, in
which radioactivity was dispersed into the environment. This experimental programme lasted
until 1963 with clean-up operations until 1967. Details are given in table 2.

In November 1958, the three nuclear powers (the USA, USSR and UK) agreed a
moratorium on nuclear testing which lasted until 1961. Also in 1958, after the successful British
tests, cooperation with the United States on nuclear weapons was re-established. Thereafter,
the United Kingdom undertook underground nuclear testing at the Nevada Test Site. However,
the UK also supported the US ‘Dominic’ Tests at Christmas Island in 1962; UK participants
in these tests are included in the studies described here. The ‘Dominic’ tests were sometimes
known in the UK as ‘Brigadoon’. In addition a few UK personnel took part in small atmospheric
tests in Nevada in 1962 and 1963. ‘Operation Small Boy’ in 1962 was a surface burst of a
device with a yield of about 1.7 kt. ‘Operation Roller Coaster’ in 1963 involved trials of the
consequences of dispersal of radioactive material after the detonation of the high explosives
in a fission bomb. As described below, participants in these last two tests are not included in
the present study.

The aims of the various tests changed as the nuclear weapons programme developed. The
first test, Hurricane, was carried out in Australia and involved a plutonium (239Pu) bomb, of the
kind on which British scientists had worked at Los Alamos during the war. It was also designed
to examine the effects of an atomic bomb in a harbour; as such it was largely a naval operation.
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Table 1. UK atmospheric nuclear weapons tests in Australia and the Pacific Ocean, 1952–
1958. (Note: a series of 25 American tests, part of Operation Dominic, and known as Operation
Brigadoon, took place off Christmas Island between 25 April and 11 July 1962. UK personnel
known to have attended are also included in the present study.)

Round and Date of Heightb Explosion
Operation name Location firinga Yield (m) conditions

Hurricane Off Trimouille Island, 3 Oct. 1952 25 kt −3 Ocean surface burst
Monte Bello Islands,
Western Australia

Totem 1 Emu Field, South Australia 14 Oct. 1953 10 kt 31 Tower mounted
2 Emu Field, South Australia 26 Oct. 1953 8 kt 31 Tower mounted

Mosaic 1 Trimouille Island, Monte 16 May 1956 15 kt 31 Tower mounted
Bello Islands,
Western Australia

2 Alpha Island, Monte Bello 19 June 1956 60 kt 31 Tower mounted
Islands,
Western Australia

Buffalo 1 One Tree, Maralinga 27 Sept. 1956 15 kt 31 Tower mounted
Range, South Australia

2 Marcoo, Maralinga Range, 4 Oct. 1956 1.5 kt 0 Ground surface
South Australia burst

3 Kite, Maralinga Range, 11 Oct. 1956 3 kt 150 Air dropped—air
South Australia burst over land

4 Breakaway, Maralinga 21 Oct. 1956 10 kt 31 Tower mounted
Range, South Australia

Grapple 1 Short Off Malden Island, Pacific 15 May 1957 0.3 Mtc 2200 Air dropped—air
Granite Ocean burst over ocean

2 Orange Off Malden Island, Pacific 31 May 1957 0.72 Mtc 2400 Air dropped—air
Herald Ocean burst over ocean

3 Purple Off Malden Island, Pacific 19 June 1957 0.2 Mtc 2400 Air dropped—air
Granite Ocean burst over ocean

Antler 1 Tadje, Maralinga Range, 14 Sept. 1957 1 kt 31 Tower mounted
South Australia

2 Biak, Maralinga Range, 25 Sept. 1957 6 kt 31 Tower mounted
South Australia

3 Taranaki, Maralinga Range, 9 Oct. 1957 25 kt 300 Balloon suspended—air
South Australia burst over land

Grapple X Off Christmas Island, 8 Nov. 1957 1.8 Mtc 2200 Air dropped—air
Pacific Ocean burst over ocean

Grapple Y Off Christmas Island, 28 April 1958 3 Mtc 2500 Air dropped—air
Pacific Ocean burst over ocean

Grapple Z 1 Pennant Christmas Island, Pacific 22 Aug. 1958 24 ktc 450 Balloon suspended—
Oceand air burst over land

2 Flagpole Off Christmas Island, 2 Sept. 1958 1 Mtc 2800 Air dropped—air
Pacific Ocean burst over ocean

3 Halliard Off Christmas Island, 11 Sept. 1958 0.8 Mtc 2600 Air dropped—air
Pacific Ocean burst over ocean

4 Burgee Christmas Island, Pacific 23 Sept. 1958 25 ktc 450 Balloon suspended—
Oceand air burst over land

a Dates according to Greenwich Mean Time.
b Height of explosion above land or sea.
c MOD’s best estimates of the yields of the Christmas and Malden Island tests made available in October 1993 together
with revisions to heights of explosions.
d Over the Southeast peninsula of the island.
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Table 2. Maralinga experimental programme.

Operation Type Dates

Kittens Initiator trials Sept.–Oct. 1953a , April–June 1955, March
1956, March–July 1957, April–May 1959,
May 1961

Tims Timing experiments July 1955, March–July and Sept.–Nov. 1957,
April–July and Sept.–Nov. 1958, May–Nov.
1959, April–Oct. 1960, Aug.–Dec. 1961,
March–April 1963

Rats Timing experiments using April–July and Oct.–Nov. 1958, March–July
gamma ray sources 1959, Sept.–Nov. 1960

Vixen Effects of fire or uncontrolled June–Aug. 1959, May–Oct. 1960, March–June
explosions and Sept.–Nov. 1961, April–May 1963

Ayres Clean-up operation Feb.–March 1960, March 1963

Hercules Clean-up operation Aug.–Nov. 1964

Brumby Clean-up operation March–Aug. 1967

a The first Kittens trials took place at Emu Field.

The second test, Totem, was a small-scale operation to investigate how bombs perform with
variable 240Pu content. The third operation, Mosaic, involved testing thermonuclear reactions
of light elements in preparation for H-bombs. This was followed by Buffalo, which consisted
of proving trials for operational kiloton bombs and further investigations of the effects of
nuclear weapons. The final Australian operation, Antler, also had various purposes including
the improvement of lightweight warheads for use either as bombs or as primary devices for
thermonuclear weapons. The Australian government provided considerable assistance to the
British tests in Australia (Arnold 1987).

The Grapple (H-bomb) tests involved four operations at or near Christmas Island in the
Pacific Ocean between May 1957 and October 1958. Of the nine shots fired, six were H-
bombs. The aims of these tests were firstly to demonstrate that the principles of the design of
the thermonuclear bomb would work (the Granites, see table 1) and then to make the weapons
lighter and more efficient. This culminated in September 1958 with Flagpole, a compact
efficient one-megaton weapon, and Halliard, a very innovative design involving three stages
rather than the normal two, which greatly interested the United States (Arnold 2001).

The other three shots were a very large fission bomb (‘Orange Herald’) fired during the
first Grapple operation and two boosted bombs (Pennant and Burgee) fired during Grapple
Z. These last two were balloon mounted. Otherwise, all the Pacific shots were high altitude
airbursts.

3. Suggestions of ill-health in test participants

In the years after the UK atmospheric nuclear weapons tests there were a number of suggestions
that the health of participants had suffered. It is interesting that a newspaper report in 1970
stimulated the suggestion that an epidemiological study might be conducted by the NRPB,
whose establishment was then being discussed (Hansard 1970). Then, in December 1982, a
BBC television programme, ‘Nationwide’, invited participants in the Christmas Island tests
to send in details of their experiences. The responses were passed on to researchers at the
University of Birmingham who analysed these sketchy data. Lacking the information required
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to calculate accurately the number of cases of disease to be expected in the test veterans, the
Birmingham researchers made approximate assessments. These were heavily dependent on
estimates by the Ministry of Defence (MoD) of the number of men involved in the Christmas
Island tests. The first Birmingham report (Knox et al 1983a) suggested that there was an
excess of neoplasms of the reticuloendothelial system (‘RES neoplasms’, broadly, leukaemias
and lymphomas). However, MoD revised its estimate of the number of test participants and
the reported number of RES neoplasms was then no longer significantly elevated (Knox et al
1983b).

It is of interest that, at about this time, a report reviewing the ‘requirements by Service
and Civil Departments for tests to be included in future atomic weapon trials’ was declassified
(Defence Research Policy Committee 1953). Amongst the requirements listed were ‘the Army
must discover the detailed effects of various types of explosion on equipment, stores and men
with and without various types of protection’. This caused concern to an MP who suggested
in the House of Commons (Hansard 1984) that this implied the use of British soldiers as
guinea pigs. The same quotation came to light in the media at intervals during the following
twenty years, sometimes stimulating fresh ‘world exclusives’. However, an earlier article for
the Defence Research Policy Committee had stated that ‘the effect on men in the danger zone
must be obtained by exposing suitable physical recorders in the positions normally occupied
by men and applying the data from those to known or calculated physiological effects’ (War
Office 1953). Photographs of dummies, exposed at Buffalo, were included in contemporary
reports, declassified in the 1980s (Hand 1958, Butterfield et al 1959).

We note, however, that the well-documented Buffalo Indoctrinee Force consisted of a
group of men who were stationed relatively close to an atomic explosion (Daily Mail 1956).
The aim was to provide simulated combat experience rather than to investigate health effects.
In a subsequent test of protective clothing, some of the Indoctrinee Force marched, crawled
and forced a way through undergrowth in the fallout area (Stevenson 1957). No instances of
skin contamination were recorded, but the Indoctrinee Force was regarded as a special group
in the analyses described below.

In 1983, scientists from the National Radiological Protection Board (NRPB) and from
the Imperial Cancer Research Fund (now Cancer Research UK) were commissioned by the
MoD to carry out an independent epidemiological study of participants in the UK atmospheric
nuclear weapons tests, both in the Pacific and in Australia. The key point about this study
is that it was to include a well-defined group of test participants and a control group of men
who had not taken part in the tests but who were otherwise as similar as possible to the test
participants. This would overcome the difficulties faced by the Birmingham researchers. It
was not necessary to include all test participants in the study, though it was desirable that as
many as possible of them were included, as the ability of the study to detect any harmful effect
of test participation would be larger the larger the population studied. However, it was essential
that men were selected for inclusion in the study in an unbiased way. That is, that they were
representative of the whole group of test participants in terms of their subsequent health, and
were not selected in such a way as to over- or to under-represent those who had subsequently
suffered ill-health or died.

Three analyses of essentially the same groups of test participants and controls have now
been published (Darby et al 1988a, 1988b, 1993a, 1993b, Muirhead et al 2003a, 2003b). The
remainder of this article describes the background to the studies and how they were carried
out. The companion article summarises the findings. From the start, the studies were carried
out with possible hazards from ionising radiation principally in mind. However, the studies
would also have picked up increased risks of cancer incidence or mortality (from cancer or
other causes) to participants from other hazards if they had been large enough.
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4. Design of an epidemiological study of UK test participants

4.1. General considerations

If it were reported that there were, for example, 30 cases of leukaemia in test veterans it would
be impossible to decide from this information alone whether this number was surprisingly
many, surprisingly few, or about the norm. One would also need to know how many cases
would have been expected in these men if they had not participated in the tests. This depends
on:

• How many test veterans are involved (other things being equal there will be twice as many
cases of leukaemia in a group that is twice as large).

• When they were born (rates of adult leukaemia go up as people get older; they also change
with time, reported national rates have been rising over the last decades, at least in part
because of diagnostic changes).

• Over how long a period the cases appeared. The longer the period of observation, the
greater the number of cases that will occur.

But there is a more subtle problem in deciding the expected number of cases. Rates of many
diseases are not the same in different subgroups of the population. For example, death rates
generally are found to be lower in groups of employed workers than in the whole population.
This is partly because the latter, sometimes called the general population, includes the long
term sick while working populations consist predominantly of those who are fit and healthy.
This means that if there is a difference between test veterans and the general population, it may
reflect this kind of underlying ‘selection effect’, rather than a specific effect of test participation.
This is sometimes called the ‘Healthy Worker’ or ‘Healthy Soldier’ effect. In the studies of
Nuclear Test Veterans, comparisons were, consequently, made with two groups.

• A ‘control’ or ‘comparison’ group. This included members of the armed forces, similar
to the test veterans in dates of birth etc, who had served abroad, but had not taken part in
the tests. It also included civilians from AWRE who had not taken part in the tests. We
will follow the published accounts in calling this the ‘control group’.

• The general population of England and Wales.

Comparisons between test veterans and the controls avoids the difficulties of the ‘Healthy
Soldier’ selection effect and may therefore be regarded as generally more informative. But
for rare diseases, where the number of cases in both the test participants and the controls is
expected to be small, the play of chance means that increases or deficits in one group or the
other may just reflect random variations. In this situation, comparisons of both groups with
the general population may shed light on what is going on, particularly for diseases where the
Healthy Soldier effect may be weak.

Comparisons between the test participants and either the general population or the control
group, and assessment of whether any differences between them are compatible with the play
of chance, require the use of statistical methods that have been developed over many years and
are well established. Details are given in the companion article (Muirhead et al 2004).

4.2. How should cases of disease be discovered?

To achieve a fair comparison, it is necessary to use the same methods in test participants and in
controls for defining and locating deaths and their causes and also cases of disease. Otherwise,
any differences between participants and controls which are observed may not reflect true
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variation in disease but rather differences in what is considered to be a case or in the efficiency
with which these events are discovered.

Determining the number of people with conditions such as congenital abnormalities,where
there are no standard registers covering the whole of the country is difficult. To undertake such
a study would necessitate individual contact with participants in the study or their GPs. Not
only would this be a very large exercise to organise and undertake, but there would also be
considerable opportunity for bias arising from selective response. In particular, those who felt
that their health, or that of their relatives, had suffered would be more likely to respond than
others and it would be impossible to obtain accurate information about many of those who had
died.

In the UK, there is an established method for obtaining information about cancer incidence
and mortality (from all causes) using the National Health Service Central Registers (NHSCRs).
Mortality and cancer incidence are therefore considerably easier to study than other diseases.
Investigators, providing appropriate permissions are obtained and the appropriate supervisory
bodies grant approval, can make use of mechanisms maintained for England and Wales by
the Office for National Statistics (ONS). Similar arrangements are in place in Scotland and in
Northern Ireland. The investigator provides ONS with sufficient personal information about
each person in the study (‘study subject’) for their NHSCR record to be located and marked
(‘flagged’). Then, when the study subject dies or is registered as having been diagnosed with
a cancer, the investigator is notified. In the case of a death, the investigator is provided with
the date and certified causes of death. For a cancer registration, the information provided is
the date of diagnosis and the site of the cancer. To avoid bias, the investigator needs to makes
sure that ONS do not know which individuals are in the participant group and which are in the
control group so that all study subjects are treated on the same footing. If this is done, there
is no danger of greater efforts being made to identify deaths or cases of cancer in one group
rather than the other.

This mechanism is used very widely for epidemiological studies in the UK. It has been
reported that, up to the mid-1990s, about 21 400 000 subjects had been flagged in about 460
studies (Greenberg and Coleman 2000). In particular, follow-up at the NHSCRs is used by the
National Registry for Radiation Workers (NRRW; Muirhead et al 1999). The NRRW is a very
large study, operated by NRPB, mainly of workers in the nuclear industry. The first analysis
of the NRRW gave the first statistically significant and quantified evidence from the UK that
occupational exposure to radiation in the nuclear industry is linked to leukaemia (Kendall et al
1992). Follow-up at the NHSCRs was also used by the British Doctors Study (Doll 1998),
which demonstrated the link between smoking and lung cancer and by the Million Women
Study (Beral et al 2003), which demonstrated the link between hormone replacement therapy
and breast cancer.

It is essential that study subjects are linked to the right record at ONS and methods have
been developed to keep the number of errors very small. As a back-up, subsidiary checks can
also be carried out at other agencies such as the Department of Social Security. It is necessary
to exclude people if they move outside the areas covered by the NHSCRs, in particular if they
emigrate (because deaths outside the UK are generally not reported to the NHSCRs). But once
these steps are achieved, the success rate in providing death certificates to investigators is very
high indeed. Within two years of a death, the investigators will have a corresponding death
certificate for over 99% of deaths that have occurred.

The scheme for providing cancer registrations was set up more recently, is slower and not
quite as complete. For example, investigations of Hodgkin’s disease in the 1970s and 1980s
suggested that perhaps 90% of registrations eventually reach the investigators (Swerdlow et al
1993). It is not a very serious matter if 10% of cancer cases are missed provided that test
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Table 3. Locations and periods for the UK atmospheric nuclear weapon testing. (Note: for RAAF
Pearce and RAAF Edinburgh Field only personnel specifically known to have been members of
the squadron responsible for cloud sampling have been included as test participants.)

Location Period

Monte Bello Islands, Western Australia Oct. 1952–June 1956
Emu Field, South Australia Sept. 1953–Aug. 1967
Maralinga Range, South Australia April 1955–Aug. 1967
Christmas Island, Pacific Ocean May 1957–June 1964
Malden Island, Pacific Ocean May 1957–June 1964
RAAF Pearce, Western Australia May 1956–Aug. 1956
RAAF Edinburgh Field, South Australia Aug. 1956–Oct. 1957

veterans and controls are treated in exactly the same way. If some method could be found of
locating all genuine cases of cancer in test participants, but not in controls, then an excess of
10% or so would arise which had nothing to do with the real levels of disease in the two groups.
Similarly, if a way could be found of identifying cancer registrations in veterans sooner than
those in controls, then another spurious excess would appear. It is the job of epidemiologists
to try to identify and understand possible biases and to eliminate them wherever possible.

We have seen that there is a greater delay in receiving cancer registrations than in receiving
notifications of death. This means that it is not appropriate to consider events occurring over
the same period for both mortality and cancer incidence unless the period is taken to terminate
well in the past or it is accepted that cancer registrations in the later period of the study will be
incomplete. In the studies of UK test participants, the investigators took the latter option. It
was accepted that not all cancer registration in the few years before the follow-up date would
have been received; however, information for test participants and controls had been collected
using identical methods and would therefore be comparable.

4.3. What group of nuclear test veterans should be studied?

No complete list of those who took part in the UK atmospheric nuclear weapons tests was ever
compiled. Therefore, in the initial stages of the study, it was necessary for the investigators
to construct a list of test participants for inclusion in the study (the ‘Study Group’). It was
essential that the group of test veterans to be studied should be defined in a way that was

• unambiguous;
• allows individuals to be followed up via ONS;
• is not related to their health.

In order to meet the first criterion it was laid down that individuals must have been in
specific test locations at specific times (see table 3). Note that participants in the Christmas
Island tests of 1962 are included, while those at the Nevada tests are not. The UK was
involved in only two atmospheric tests in Nevada (see section 2). Participants in these tests
were excluded because conditions in Nevada were not like those in Australia and the Pacific,
the tests were not primarily arranged by the UK, and the numbers of UK personnel involved
was small (MoD informed the investigators that there were perhaps a dozen men, almost all
from AWRE, at each).

Individuals must also have been either in the UK armed forces or employees of the Atomic
Weapons Research Establishment (AWRE; now the Atomic Weapons Establishment, AWE)
or the United Kingdom Atomic Energy Authority (UKAEA). It is known that other UK
groups were also involved, for example men in the Merchant Navy and employees of the
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Meteorological Office, but adequate records were not available for them. Details are set out
in the reports (Darby et al 1988a, 1988b, 1993a, 1993b, Muirhead et al 2003a, 2003b). It was
also decided to exclude the very few women who had taken part in the tests as the number was
too small for useful analysis.

Civilians and members of the armed forces from other countries also took part in the UK
atmospheric nuclear weapons tests. In particular, many thousand Australians were involved
and several hundred New Zealanders served on two RNZN weather ships. However, these men
could not be included in the UK study because a follow-up mechanism to obtain information
about deaths and cancer incidence was not available to the UK researchers. A preliminary study
of Australian participants in the UK atomic tests in Australia has, however, been undertaken
by Australian researchers (Commonwealth Department of Health 1983) and a more detailed
follow-up study is currently being carried out (Australian Department of Veterans Affairs
2003). Two studies of New Zealand participants have also been published (Pearce et al 1990,
1997).

It was decided that the most appropriate criterion for an individual to be included in the
group of test veterans to be studied was that his involvement must have been mentioned in one
of the contemporary records (and must have come to light through searches of such records).
Searches of a wide variety of contemporary documents were therefore carried out.

It was recognised from the outset that these searches were unlikely to identify 100% of
test participants. To estimate the completeness of the list of test participants compiled from the
searches, a separate list was compiled of test veterans identified from a wide variety of other
sources, most of which were completely independent of MoD such as the British Nuclear Tests
Veterans Association (Darby et al 1988b, in particular, section 5.5). Men, or their relatives,
who had joined the association or who contacted the study team directly tended to include a
substantial proportion who felt that the participant’s health had been adversely affected by the
tests. Many of the individuals involved were already included in the study; however, to have
added those who were not to the study group would have introduced a bias in the direction of
an increased rate of disease. They were therefore kept together as a special group and, if their
participation could be confirmed by further searches, they were studied independently. The
compilation of this list of independent respondents, together with the numbers who were and
who were not already included in the main study, provided a valuable estimate of the degree
of completeness of the main study cohort (see section 5.2 below). It also allowed a check that
the risk of dying or developing cancer in participants who came to light during MoD searches
was similar to the risk in participants who had not been so identified. It thus provided an
opportunity for testing the possibility of bias in the lists provided by the MoD (Darby et al
1988b).

The key issue for inclusion of an individual in the study group was that confirmation of
test participation depended only on the contemporary records and was unaffected by whether
or not the man concerned subsequently fell ill or died prematurely.

It is accepted that some individuals who took part in the tests, particularly if their
involvement was short, were never mentioned in the contemporary records. These individuals
could not be included in the study. The sincerity and veracity of those concerned is not
questioned, but their involvement would not necessarily have met the location and date criteria
specified and it would not be possible to be sure into which category such individuals fell.

There is a dilemma in defining the population to be studied. On the one hand, if it included
only those clearly likely to be exposed to radiation (e.g. aircrew sampling the radioactive plumes
from the explosions), then it would exclude other groups who should also be regarded as bona
fide test participants. On the other hand, including as many as possible of those involved in the
tests would inevitably include some groups who had little real chance of having been exposed
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and might dilute away any excess of disease in those most at risk. To try to deal with this
issue, the investigators decided to take a wide definition of test participation but also to carry
out special analyses of sub-groups which might have been at increased risk.

5. Setting up the cohort of test participants and the control group

5.1. Establishing the cohort of test participants

Although the study did not need to include all those who satisfied the definition of a test
participant, it was desirable for the list of such participants to be as complete as possible so as
to maximise the precision of the findings. However, it was essential to compile this list in an
unbiased way. Before the first study was commissioned, staff at AWE had compiled a list of
test participants. This list was divided into separate sections (by Service for example). The
sections were bound in blue covers and the compilations became known as the Blue Books.
However, it was recognised at an early stage by the study team that the Blue Books were
incomplete, unvalidated and contained some individuals who were not eligible for inclusion
in the study; for example, Australians (Darby et al 1988b).

Special searches of archival material were therefore undertaken to establish the group of
test participants for the study. All contemporary records specifically relating to the trials that
could be traced and which were known to mention individuals by name were included. So too
were the MoD collations of records for servicemen for the period, though it was not possible
to undertake a systematic search of all of them. Details of the way that the study group was
established are given in the report of the first analysis (Darby et al 1988b). A wide variety of
contemporary sources were examined, including:

• Royal Navy ship’s ledgers;
• RAF operational record books;
• discharge collations for Royal Engineers;
• Health Physics records;
• Maralinga security passes;
• various AWRE sources: technical reports, planning documents, travel registers;
• minor sources (e.g. lists of honours awards, other archival material discovered in the

general search).

In addition, significant numbers of soldier and airman test participants were identified while
records were being searched to construct the control group for these individuals.

Considerable efforts were made to check for systematic omissions from the list of test
participants. The checks using the independent responders are described above. Searches of
MoD records to identify test participants were generally undertaken by MoD staff, but samples
of records were checked by the investigators. In some instances the necessary standard of
completeness and accuracy was not achieved and the investigators required that the records in
question be searched a second time. The investigators also examined all of the more important
documents. In addition, sample checks were carried out at the Department of Health and Social
Security archives at Nelson, where records of claims for disability pensions for servicemen
are kept. These established that, before 1976, it had been the practice to send Army records to
DHSS when a claim was made without keeping a note of their removal or seeking their return.
However, this problem was confined to the Army and excluding Army participants from the
analysis had practically no effect on the results of the first analysis, in which any effect would
have been most apparent (Darby et al 1988b). Consequently, this feature of the study did not
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Table 4. Numbers and percentages of independent respondents not included in the main study
and those included, by Service (Darby et al 1993b).

Independent respondents

Not included in main study Included in main study

Service or employer Number % Number % Total number

RN 7 1 670 99 677
Army 130 17 652 83 782
RAF 337 26 948 74 1285
AWE 0 0 65 100 65

Total 474 17 2335 83 2809

Total standardised to 15 85
Service distribution of
main study

appear to have introduced detectable bias into the comparisons between test participants and
controls.

Rather different problems presented themselves in identifying test participants from the
three Armed Services and the civilian employees of AWRE and AEA.

Navy personnel had almost always been attached to a ship and were listed in the ship’s
ledger for the period in question. Almost all Navy participants could consequently be included
in the study.

The Army organised its archival records by ‘Cap Badge’ (e.g. Royal Engineers, Royal
Artillery). Men from a variety of cap badges had been involved in the tests, but the Royal
Engineers had provided the greatest proportion. An intensive search of Royal Engineer records
was therefore undertaken, with more restricted searches of other cap badges. Over 80% of
Army test participants were eventually shown to have been included in the study (table 4).

The RAF presented the greatest problem in locating test participants because its archival
records were organised alphabetically by surname. Consequently no subsection of the records
could be found in which there was a particularly high proportion of test participants. Moreover,
RAF personnel, particularly officers, were reported to have been more mobile than those from
the other armed services. About three quarters of eligible RAF participants were shown to
have been included in the study (table 4), a lower coverage than for the other armed services
or for civilians.

Many fewer civilians than members of the armed forces were involved in the tests and
their involvement tended to be better documented; most were mentioned in more than one
source. It is thought that all eligible civilians were located.

Some individuals were mentioned in more than one source document. One such set of
documents were the Health Physics records, described below. It is likely that the coverage of
test participants who were recognised, at the time of the tests, as being at risk of exposure to
radiation is better than the coverage of others.

5.2. Estimating the completeness of coverage of test participants

In the absence of a complete listing, the total number of men meeting the criteria for test
participation was not known. However, as noted in 4.3 above, the investigators compiled a list
of ‘independent responders’ who had been identified by relatives or by themselves. Records
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for these independent responders were examined by MoD staff and a sample were checked
by the investigators. Those whose involvement was confirmed by contemporary records were
assigned to one of two categories: those whose names had come to light by the routine
searches and who were therefore included in the study group and those who had not been
so identified. It was reasonable to assume that the chance that a test participant would come
forward as an independent responder was not related to the probability that MoD searches
would have found his involvement. The proportion of independent responders in the two
categories therefore allowed the investigators to estimate the coverage in the study group of
all eligible test participants. As noted above, this proportion varied between the three armed
services and civilians. The results of these investigations are shown in table 4 (based on Darby
et al 1993b). Overall, 85% of all test participants are estimated to be in the study cohort.
Details of the cohort of test participants and of the controls are given below.

5.3. The control or comparison group

To enable a fair comparison, the group against which the death rate and the cancer incidence
rate in test veterans was to be compared would have to contain the same kind of mixture
of officers and servicemen and a similar breakdown between the three Armed Services and
civilians. The way in which the control group for each of these was compiled is described in
the initial report of the study (Darby et al 1988b). In some cases whole units were enrolled
(for example, the crew of Royal Navy ships which were in tropical waters, but away from test
locations, at the time of the tests). For airmen and soldiers, controls were selected from service
records where the record indicated that the man had served in tropical areas, with matching
against individual test participants on factors such as Regular or National Service and date
of birth. This pairwise matching ensured that the make up of the control and test participant
groups were very similar. However, because the matching produced many pairs with similar
characteristics (e.g. with respect to service, rank, date of birth), pairwise matching was not used
in the analysis, which instead considered groups of similar individuals. There were slightly
more individuals who were selected as controls in the study than there were test participants,
but the way that the analysis was carried out takes account of this. Care was taken to ensure
that men were not included in the control group if there was any indication that they could
have been a test participant.

5.4. Structure of the cohort of test participants and of the control group

Table 5 compares the structure of the groups of test participants and controls as included in
the most recent analysis (Muirhead et al 2003a, 2003b). Table 6 subdivides participants by
service and by operation. Table 5 counts each individual only once, but table 6 gives the
numbers involved in each test. If an individual took part in more than one test, he will appear
once in table 5, but more than once in table 6. Just over two thirds of the test involvements
shown in table 6 relate to Christmas Island, with 22% for Maralinga or Emu Field and about
10% for the Monte Bello Islands. There were typically a few thousand participants at each
test, though Totem involved conspicuously few UK participants because Australia provided
substantial support.

6. Possible radiation exposure of test participants

Health Physics records were made available to the investigators. These provided lists of
individuals who had been issued with film badges to record their possible exposure to external
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Table 5. Test participants and controls by Service or employer, rank or social class and, for the
Services, whether or not on National Service.

Test participants Controls

Service or National Total National Total
employer Rank servicemen Regular No % servicemen Regular No %

RNa Officer 54 434 488 22 559 581
Other ranks 340 5 477 5 817 261 6 502 6 763
Total 394 5 911 6 305 29.5 283 7 061 7 344 32.9

Army Officer 24 537 561 174 488 662
Other ranks 1563 3 670 5 233 1727 3 093 4 820
Total 1587 4 207 5 794 27.1 1901 3 581 5 482 24.5

RAF Officer 17 1 594 1 611 43 1 755 1 798
Other ranks 404 6 428 6 832 765 6 139 6 904
Total 421 8 022 8 443 39.5 808 7 894 8 702 39.0

AWEb Social class 1 0 380 380 0 361 361
Other social 0 435 435 0 444 444
classes
Total 0 815 815 3.8 0 805 805 3.6

All Services Total officers/ 95 2 945 3 040 14.2 239 3 163 3 402 15.2
and employers social class 1

Total other 2307 16 010 18 317 85.8 2753 16 178 18 931 84.8
ranks/social
classes

Total 2402 18 955 21 357 100.0 2992 19 341 22 333 100.0

a RN includes members of the RM, RNVR and NAAFI.
b AWE includes a few employees of UKAEA.

radiation and details of any doses above the threshold of detection which had been incurred.
MoD has reported that the general policy during the early tests in Australia was to monitor

almost all of the participants for radiation exposure. However, by the time of the later Pacific
tests, this policy had been reviewed and, if it was judged on the basis of previous tests that
measurable exposure was unlikely to occur, then monitoring was not carried out. However, the
investigators were also informed that,at the Australian tests, ‘Special Issue Badges’ were issued
to those participants on duties with a potential for exposure, while ‘General Issue Badges’ were
issued to other participants. None of the General Issue Badges showed exposures above the
threshold of detection and the records were probably destroyed in the 1960s. It is also reported
that film badges were issued to RN participants in Grapple and Grapple X as an exercise in
combat logistics and as part of the planning for response to any accidental detonation. These
dosemeters may have been discarded once they had been collected back from wearers; in any
case no records of the results are available.

The film badges would have detected gamma radiation doses from fallout, but not doses
from internal contamination by radioactive materials. Neutron doses were also not recorded
on these dosemeters. Special estimates were, however, made by MoD for members of the
Buffalo Indoctrinee Force—the one group considered by MoD to have potential for neutron
doses—on the basis of free-standing neutron dosemeters.

Health Physics records were available for about 20% of the participants, in most instances
indicating a ‘zero’ dose, i.e. a reading below the limit of detection (table 7). Only 8% of
the total cohort had non-zero recorded radiation doses. The distribution of doses in these
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Table 6. Numbers of men involved at each operation by Service or employer. (Note that men
who attended more than one operation appear more than once in this table.)a

Service or employer

Location and operation RN Army RAF AWE Total

Monte Bello Islands
Hurricane 1076 206 21 95 1398
Mosaic 1134 72 128 49 1383
Attendances at Monte Bello, 9 0 0 0 9
other than at the time of an
explosion

Total Monte Bello 2219 278 149 144 2790

Emu Field

Totemc 1 11 9 85 106

Maralinga Range
Buffalo 5 194 883 203 1285
Antler 60 136 1156 196 1548
MEPd 3 174 49 329 555
Attendances at Maralinga, other 324 630 1554 47 2555
than at the time of an explosion
unless involved in the MEPb.

Total Maralinga 392 1134 3642 775 5943

Christmas Island
Grapple 1722 638 1038 117 3515
Grapple X 597 625 1011 107 2340
Grapple Y 851 1331 1427 114 3723
Grapple Z 738 1438 2016 182 4374
Brigadoon 63 228 395 43 729
Attendances at Christmas 636 1779 1533 37 3985
Island, other than at the time of
an explosion

Total Christmas Island 4607 6039 7420 600 18 666

Total involvements 7219 7462 11 220 1604 27 505

a Visits to RAAF Edinburgh field in connection with Operation Buffalo or Antler and visits to
RAAF Pearce in connection with Mosaic are included under the appropriate operation.
b Other involvements at Edinburgh Field are included under other attendances at Maralinga.
c The small number of individuals involved in the first Kittens trials at Emu Field in 1953 have
been included under Totem.
d MEP is the Maralinga Experimental Programme.

individuals by Service or employer is shown in table 8. Both these tables are based on the
most recent analysis (Muirhead et al 2003b). Note that table 8 includes individuals only once,
while table 7 separates different test involvements of the same individual. It can be seen that
most individuals had low or zero recorded doses. Less than 1000 of the doses recorded for
individual operations were 1 mSv or above and only 828 individuals received 1 mSv or more as
a total over all their test involvements. However, 81 individuals (about 0.4% of the total) were
recorded as receiving more than 50 mSv during their test participation, with 37 men, almost
all from the RAF, recorded as receiving more than 100 mSv. These high dose individuals are
discussed below. The maximum dose recorded for any test participant, whether in a single test
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Table 7. Numbers of men mentioned in Health Physics (HP) records, with and without recorded doses as a percentage of all
participants at each operation. (Note that men who attended more than one operation appear more than once in this table.)

Number of men

Number of Number Mentioned in HP Mentioned in HP Mentioned in HP Maximum Collective
Location and test mentioned in records with records with records with individual dose
operation participants HP records zero dose non-zero dosea dose >0.99 mSv dose (mSv) (man mSv)

Hurricane 1398 1340 (96%) 1134 206 179 47.5 2470
Mosaic 1383 599 (43%) 404 195 56 210 1274
Other attendances 9 0 (0%) 0 0 0 0 0
at Monte Bellos
Totem 106 78 (74%) 19 59 54 145 1209
Buffalo 1285 786 (61%) 404 382 194 52.7 2156
Antler 1548 737 (48%) 418 319 172 160 1874
MEP 555 510 (92%) 314 196 61 54b 775
Other attendances 2555 253 (10%) 228 25 10 36.3b 111
at Maralinga
Grapple 3515 83 (2%) 4 79 62 92 1018
Grapple X 2340 179 (8%) 53 126 18 117 1081
Grapple Y 3723 114 (3%) 18 96 38 130 981
Grapple Z 4374 618 (14%) 395 223 97 300 3814
Brigadoon 729 379 (52%) 29 350 46 5 231
Other attendances 3985 11 (0%) 3 8 0 0.1 1
at Christmas Island

Total 27 505 5687 (21%) 3423 2264 987 300 16 995

a Including members of certain special groups; see the text.
b Maximum dose incurred in one year.
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Table 8. Numbers of men and collective dose in different dose categories by Service or employer.

Service or employer

RN Army RAF AWE Total
Dose
category Collective Collective Collective Collective Collective
(mSv) No dosea No dosea No dosea No dosea No dosea

0.01–0.99 113 43 267 129 349 161 159 76 888 410
1.00–4.99 48 130 78 193 109 219 110 260 345 802
5.00–9.99 25 184 50 304 33 233 52 372 160 1 094
10.00–49.99 36 668 49 1296 69 1590 88 1970 242 5 523
50.00–99.99 0 0 4 275 32 2349 8 627 44 3 251

>100.00 0 0 0 0 34 5363 3 553 37 5 915

Total 222 1026 448 2197 626 9915 420 3858 1716 16 995

a Sum of doses among men in each group, in units of man mSv.

or over several, was 300 mSv (received by two men from 76 Squadron at Grapple Z). Recorded
doses in test veterans were lower than in the nuclear industry workers studied in the NRRW
where 14% (17 836 individuals) were recorded as exceeding 50 mSv lifetime dose (Muirhead
et al 1999).

It has not always been appreciated that the contemporary records indicate that relatively
few test participants received any measurable radiation dose as a result of the tests. Some
participants, for example, have thought that the flash of intense light that accompanied some
explosions and could be detected through their fingers with their hands held over their eyes
was a dose of x-rays. That intense light can penetrate tissue is well known, and proposals have
actually been made that it could be used for medical imaging, (Drexler et al 1985). X-rays, in
contrast, are not visible.

The investigators considered both the possibility that unrecorded exposures to radiation
had occurred for some individuals (for example, from intakes of radionuclides) and also the
possibility that test participants had been exposed to some other harmful agent. The latter
hypothesis is so general that it is impossible to devise specific ways of testing it, other than by
detailed analyses of any excess mortality or cancer incidence that might be observed. There
was, however, general information about the tests which allowed the identification of some
circumstances in which unrecognised exposure to radiation was most plausible. These were
the subject of special sub-analyses (see companion article, Muirhead et al 2004, section 5.4.5).

In particular, MoD advised that men whose test involvement fell in certain groups were
potentially more liable to be exposed to significant doses of radiation. These special groups
were as follows.

(a) The Buffalo Indoctrinee Force, a group of Army officers who observed at first hand the
effects of a nuclear explosion.

This comprised 172 individuals with a mean recorded dose of 2.1 mSv. However,
members of the Indoctrinee Force at Buffalo round 1 were issued with dosemeters
which would have been able to make an accurate assessment of high doses, had
these occurred. These dosemeters had a high minimum threshold of detection
(4 mSv) and smaller doses would not have been recorded. All members of the
Indoctrinee force are therefore shown as having received non-zero dose in table 7.
For consistency, the same was done with members of the other special groups
apart from the crew of HMS Diana (see (d)).
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(b) RAF aircrews involved in sampling the radioactive clouds of the explosions.

This comprised 98 individuals with 165 test involvements. The mean recorded
dose per individual was 84 mSv and this group accounted for almost half the
recorded collective dose to all test participants. All of the 34 men from the RAF
who exceeded 100 mSv during their test involvements were from this group.

(c) RAF active handling flights, who worked on aircraft used in cloud sampling.

This comprised 130 individuals with 205 test involvements. The mean recorded
dose per individual was 4.6 mSv.

(d) The crew of HMS Diana, who sailed through the Mosaic fallout plume.

This comprised 282 individuals. Only one had a recorded radiation dose
(0.2 mSv).

(e) The Target Response Group at Buffalo who re-entered the area of the explosions to recover
data on the effects of the explosion.

This comprised 77 individuals with a mean recorded dose of 8.3 mSv.

Altogether there were 759 individuals in these special groups with a recorded collective dose
of about 9.8 man Sv, over half the recorded total of almost 17 man Sv.

In principle, participants might have received some dose from inhalation or ingestion of
radioactive material. Such a possible risk would appear to have been greater in Australia,
where explosions on the ground or on low towers dispersed radioactive material into the
environment, as did the Maralinga Experimental Programme. Such contamination has been
detected in radiological surveys (Haywood and Smith 1990). However, MoD staff informed
the study investigators that, in their view, adequate control measures were in place to prevent
significant intakes of radionuclides. As noted above, the groups at greatest potential risk were
the subject of special sub-analyses. In contrast, most explosions at Christmas and Malden
Island were reported to be high airbursts, with very little local radioactivity. This picture is
broadly supported by radiological surveys (McEwan et al 1981). The two balloon rounds
at Grapple Z were reported to have produced some local contamination from fallout and/or
activation (Arnold 2001). Control measures were instituted to limit access to these areas.

It should be noted that a large contribution to the fallout dose to the world population comes
from radionuclides that have entered the food chain and are ingested in food. The investigators
understand that test participants in Australia, where there certainly was local contamination,
ate effectively no locally produced food and so inhalation is likely to be potentially the more
relevant hazard.

About 1500 individuals fell within the definition of test participation, but left the test site
before the first detonation. Nor did they attend any other test site either at the time of or
shortly after detonations. In principle, they might have been exposed to some radiation from
the radioactive components of the unexploded weapons or they might have been exposed to
some non-radiation hazard associated with the tests. However, because they were unlikely to
have had any more potential for radiation exposure than the general public, these men were
considered as a separate group in the second and third analyses.

7. Results of the epidemiological analyses

Three epidemiological analyses of participants in the UK atmospheric nuclear weapons testing
programme have been published. The findings are summarised in the companion review article
(Muirhead et al 2004).
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