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EXECUTIVE SUMMARY

A nuclear weagpons accident occurred on January 17, 1966 over Palomares, Spain when a United
States Air Force (USAF) B-52 bomber and an USAF KC-135 tanker aircraft collided. That
accident lead to the release of four thermonuclear wegpons. The accident damaged two of the
wegpons with release of radioactive contamination, leading to a three-month response effort to
identify, characterize, remove, and remediate the accident site. During the response effort, some
personndl were exposed to airborne dust and debris contaminated with plutonium.

Radiation monitoring efforts during the response were limited to the evauaion of exposures and
their possble effects on hedth usng principles and methods accepted a that time. However,
recent interest in radiation exposure to veterans and government employees, as wdl as the
availability of improved technology for assessng doses led the Air Force to review the data for
possible use in estimating radiation exposures.

Initial Exposure Evaluation

The response effort began on the evening of January 17. A base of operaions (Camp Wilson)
was established, and measurements for released plutonium began on January 18. The response
force pesked a about 680 U.S. personnd on January 31, and then gradudly fdl until the effort
ceased on April 11. Approximately 1,600 personnd participated during the operation.

Response personne provided urine and nasd swab samples while on Ste to assess posshle
intakes of plutonium and the potentia effects on hedth. The sample results were evduated in
terms of guiddines available a the time.

The assessment program concluded that of the nearly 1,600 participants, less than 20% showed
levels of plutonium in their bodies that could be detected in urine samples. Only 26 personnd
showed vaues of 7% to 67% of the upper limit for plutonium in the body (Odland 19684). Those
26 were followed up for a period of 18 to 24 months following the accident. A 1968 Air Force
review of the follon-up program concluded that no additiond information could be gained from
continued sampling and recommended that further sampling effort be suspended.

Exposure and Dose Updates

The evduations conducted during 1966 through 1968 depended on the limited understanding of
plutonium’s behavior under fiddd conditions. Since then, advances in that underganding and in
methods for assessng dose provided an opportunity to reexamine the monitoring data The
approach uses the concept of Committed Effective Dose Equivalent (CEDE) - a cumuldtive dose,
weighted for the contributions of individud organs, and summed over a 50-year period — as an
indicator of possble risk from the exposure. Comparisons can adso be made to the annud limit
on intake (ALI) of 20,000 picocuries (NRC 2000), to the 21 rem from cumulative exposure to
average background radiation over 70 years, or to the 50 rem guiddine for cumulative dose to
workers (1 rem per year over 50 years of work).

During the project, computer programs that perform the necessary intake and dose cdculations
were tested. Two programs (CINDY and LUDEP) were sdlected because intakes they estimated
agreed to within a factor of two for the mgority of the test cases. That agreement was judged
reasonable and acceptable for this assessment.
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Available Records

The initid urine sampling that began within three days of the accident experienced some
problems such a sampling for less than the desred 24-hour period, possble sample
contamination from dust spread by strong winds, and use of non-clinicd sample containers.
Follow-up sampling was conducted on personnd with initid urine results indicating retained
plutonium a 10% of the maximum permissble body burden (MPBB) or more. This second
phase was implemented to assess whether sample contamination may have produced spurious
urine levds, indicating afase-pogtive exposure.

Mogt of the cases involved samples collected on site that were assayed once for gross apha
radioactivity. The remaining cases involving samples collected on ste were ether resampled, or
reandyzed using dpha spectrometry. Findly, 26 cases were resampled for 18 to 24 months.

Andyssof dl the data produced the following four groups.

A High 26 Cases Group that included the 26 individuas who were resampled for 18 to 24
months after the initid phase of sampling in 1966.

A Repeat Andlysis Cases Group that contained 54 individuas who either had submitted
initid samples that were reanalyzed usng more sengitive methods (al pha spectrometry), or
who were resampled.

A Contamination Cutoff Cases Group that included 313 individuas with results thet were
below an assumed cutoff level of 0.1 pCi per day.

A Remaining Cases Group that contained 1,063 individuas with records that were not
otherwise evauated because their dataindicated contamination from collection on site.

Environmental measurements obtained in the Pdomares vicinity for over 15 years following the
accident provided a bass for preparing independent estimates of intake and dose using
representative scenarios for response force activities.

Results

The CEDEs edimated from urinary bioassay were judged unredidicdly high when compared
with estimates prepared for other plutonium exposure cases — persons residing in the Pdomares
vicinity and Manhatan Project workers. The edtimates of plutonium intake and CEDE from
inhaation usng environmenta data measured in PAomares ranged up to no more than about 0.2
rem. Consequently, the estimates from urine andyses are not ussful as representative intakes and
doses. The detailed evduations performed for the High 26, Repeat Analyss and Contamination
Cutoff Cases represent prdiminary estimates that cannot be consdered as definitive. Follow-up
dudies are required to develop credible estimates of dose that are compatible with those
cdculated from environmentd data

Conclusions

Prdiminary results caculated for dl 26 individuds in the High 26 Cases Group, the 54
individuals in the Repest Andyss Cases Group, and the 313 individuds in the Contamination
Cutoff Cases Group proved unredidicdly high. They are inconsgtent with those caculated from
environmentd data and when compared with the experience from exposed workers.
Furthermore, the urine results are inconsgent with plutonium’'s known behavior and ae
inadequate by themsdves to support meaningful intake and dose evduations without
confirmatory studies, such as andyss of urine samples now using very sendtive instrumentation,
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detailed review of participant medicd records, participant interviews, and comprehensve
assessments based on sound environmental measurements.

Recommendations
Severd future actions should be consdered to further refine these initia estimeates.

1. Additional effort is needed to reconcile the estimated intakes and doses derived from the
urinary bioassay data with the edtimates from environmenta measurements. A targeted effort
that includes participant activities participant interviews, urine and other appropriae
plutonium andyses usng current techniques, medicd records review, and modeing should
be considered.

2. The reaults of this effort should be communicated to responders, veterans organizations, and
other interested parties using appropriae information that clearly confirms the conclusions of
the origind medica evauation program, recognizes the difficulties in preparing updated
intake and dose estimates, and outlines the options for strengthening the estimates.

3. Further contacts with the Depatment of Energy for comparison with evauations of ther
personnel who responded to this accident could provide useful data The effort should be
summarized in a companion document that conveys the details of the project and its potentid
effects on hedth in an easly understood manner. That document should be made available to
any of the responders who desire a copy.
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1 INTRODUCTION

LABAT-ANDERSON INCORPORATED was awarded TASK ORDER  Number
TO 799BG0031 under Genera Services Adminigration Contract GS-35F-4813G to provide
sarvices to the Air Force Medicd Operations Agency for evaduating the radiation exposure
records of personnd who responded to past nuclear weapons accidents and incidents for the
purpose of updating dose estimates. The Task Order specified the following objectives:

» To identify, locate and review the records of the incident, radiation exposure assessments,
and other information pertinent to the study.

> To evaduae current methods and models for estimating radiation doses and risks from the
intake of radioactive materids contained in nuclear wegpons.

» To recommend a methodology for conducting the re-evduation of the avalable radiaion
exposure information.

» To evduate any and al radiaion exposure informeation, such as urine bicassays, nasal swabs,
ar sampling information, etc. for scientific soundness and possble use in updating the
radiation records of the response personnd.

» To peform the update and prepare records for input to the Air Force Master Radiation
Exposure Registry.

The Task Order did not specify extensive searches of personnd records, or efforts to locate and
contact the personnel involved except on a limited bads where specific informaion might be
useful or when individuals expressed interest in the project.

The Task Order aso required that the effort should begin with the nuclear wesapons accident of
January 17, 1966 over Pdomares, Spain involving a United States Air Force (USAF) B-52
bomber and a USAF KC-135 tanker arcraft. That accident involved a mid-air collison between
the two arcraft, the release of four thermonuclear wegpons, damage to two of the wegpons with
release of radioactive components, and a three-month response effort to identify, characterize,
remove, and remediate the accident site. During the response effort, personne were exposed to
arborne dust and debris contaminated with plutonium.

Subgtantia  response efforts provided a foundation for evaduating the potential radiation effects
from the exposure usng accepted principles and methods of the time. However, heightened
interest in radiation exposure within the Depatment of Energy and veterans of the 1991 Gulf
War led to this effort to review the data and update radiation exposures, wherever possble, using
current methods and procedures.

This report provides the results of the efforts conducted under this Task Order and includes a
review of the accident details and radiation assessment efforts and results in Section 2, and a
summary of the environmentd measurements and review of the radiation assessment data from
1966 through 1968, an evauation of its accuracy and usefulness, and efforts to prepare the data
for re-assessment of radiation doses in Section 3. Section 4 provides a summary of radiation
effects and dosmetry methods. Section 5 discusses the methods and results of preparing
edimates from environmentd data. Section 6 summarizes the methods and results for preparing
edimates from the urinary bioassay results. Section 7 discusses the reaults, assesses the
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implications of the results on hedth, and Section 8 concludes with a summay and
recommendations for further evauations of the responders to this accident.

2 BACKGROUND

At 10:30 am. (loca time), on January 17, 1966, a U.S. Air Force B-52 bomber and a USAF KC-
135 tanker collided during a refueling operation at 9.44 km (31,000 ft) over the southeastern
coast of Spain (DNA 1975). The incident released four thermonuclear wegpons that fell to earth
near the smdl coastd hamlet of Pdomares, Spain. Serious damage to two of the weapons caused
disperson of their contents over a limited area. Strong winds contributed to further spread of the
materid and contaminated aircraft debris to the village, surrounding lands, and agricultura crops
(Odland 1968a). The response to the incident to find, safeguard, recover, and return weapons
contents to the United States, and to assess and mitigate effects on the local populace required
sgnificant effort involving hundreds of personnd for amost three months.

Responding personnd encountered the contaminated debris, lands, village, and crops. Although
emergency protection measures were followed, responders and locd citizens were exposed to the
plutonium dispersed from the two wesgpons. Extensve efforts assessed the effects of those
exposures on US military and civilian responders during a program that went on for two years
after the incident. Soon after the accident, the Government of Spain represented by the Spanish
Junta de Energia Nuclear (JEN) and the Government of the United States, represented at the time
by the Atomic Energy Commisson (now the Department of Energy), agreed to cooperative
programs for extendve follow-up studies of the ste and surrounding areas (DOE 2001). Those
dudies have produced dgnificant undersanding &bout the charecteristics of the resdud
plutonium, its environmental didribution, resuspenson into the ar, and migraion through the
soil and other pathways, as well as estimates of the radiation doses to the locad populace and
evauations of their health condition.

This section provides additional detaills about the accident itsdf, discusses the nature of the
response, reviews the methods, procedures and operation of the hedth and safety assessment
program, and reviews the results and limitations of the assessment.

2.1 ACCIDENT SUMMARY

Both arcraft were destroyed in the air. Four thermonuclear weapons, 11 men (four survived),
and hundreds of tons of debris fdl to earth in and around the barriada (Hamlet) of Pdomares.
Parts of the arcraft were scattered over a wide area generdly between Cuevas de Almanzora and
Vera dong the Mediterranean Sea between Puerto Rey and Villaricos. At that time Palomares
had no telephones and did not gppear on maps of the area. The population of the time was
estimated to be about 1200.

The firgt of the four nuclear wegpons was found intact with its primary chute deployed on the
evening of January 17, 1966 just east of Pdomares. A radiaion survey showed tha no
radioactivity escaped the wegpon. The areawas designated impact point 1.

The primary chutes did not open for two other wegpons whose chemicd high explosves
detonated. One weapon was found on the morning of January 18, 1966 about one mile west of
the village (impact point 2). The third weagpon was found about two hours later on the eastern
edge of Pdomares (impact point 3) with high explosve and radioactive materid scattered by
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impact and explosions. The fourth wegpon was findly recovered intact from the Mediterranean
Seaon April 7, 1966 (Odland 19683).

The explosons and fires around impact points 2 and 3 produced arborne clouds of plutonium-
containing dust that were carried over some distance by 30 knot winds. Eventudly, a total of 558
acres of soil contaminated above 5.4 micrograms per square meter (ry/n) were remediated by
remova or plowing. These levels provided many opportunities for responders to inhde or ingest
the radioactive plutonium.

2.2 RESPONSE SUMMARY

The Guardia Civil, the first representatives of the Spanish government, arrived on Ste about one
hour after the accident. They immediately took charge, secured the accident ste and informed
both Spanish and American authorities. The commander of the 16th Air Force headquartered at
Torrgon Air Base near Madrid and the Strategic Air Command Headquarters at the Offutt Air
Force Base in Omaha, Nebraska were notified and the "Broken Arrow " response system was
initiated. The commander and three saff members surveyed the accident ste from the ar and
arrived at San Javier (195 km from Palomares) at 1:30 p.m.

OPERATION RECOVERY was initiated by deciding to bring personnd in from two Spanish
bases, Moron, and Torrgion. Movement of personnel started at 0100Z on January 18 from Moron
with a second convoy at 0310Z. 126 personnd were trangported in six buses. The first of two
convoys from Torrgon departed a 0137Z, the second at 0202Z, with 175 persons in Six buses.
Following a 12 to 14 hour drive to the southern coad, the first of buses arrived at 1300Z and the
last arrived about 1700Z.

Another Disaster Control Team from Offutt Air Force Base in Omaha Nebraska arived at the
accident scene at 7:30 am on January 18. Members of the Joint Nuclear Accident Coordinating
Center (JNACC), Sandia Corporation, and the Los Alamos Scientific Laboratory (LASL) left
Albuquerque at 1800 GMT on January 17.

By the evening of January 17, 49 U.S. personnel were on Ste. Camp Wilson was established as a
generd headquarters, and measurements for released plutonium began on January 18. About 300
more armen from the Moron and Torrgon ar bases were on dte by the evening of January 18.
A maximum of about 680 U.S. personnd were at Camp Wilson on January 31.

By January 21, the camp moved to leveled, higher ground some 5.6 km east of the Garrucha
where it remained until April 3. A helicopter pad, motor pool, and 75 tents were on firmer
ground in less danger of flooding. The camp was moved again where it remained until closure on
April 11.

Manning reached a pesk by January 31, with 598 Air Force, 64 Army, and 19 Navy. All except
some officers were housed at the camp. Those were quartered in two hotels close to the accident
scene. Personnd involved with search, recovery, and decontamination generdly rotated through
the camp at two-week intervas. Population at the camp varied, but from the high on January 31,
there was a gradua reduction until the camp cosed on April 11. The firsd mgor reduction
occurred on February 9 and 10 when about 50 of the clean-up personne and the 40-men
ordnance disposa team left. A dight upswing occurred from March 11 to 17 during the period of
filling of 4,810 barrels with contaminated soil and crops. Other personnel a camp included 126
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Guardia Civil and 39 Spanish personnd who worked in the cleanup and other activities. Overdl,
amost 1,600 personnel participated in the response effort at one time or ancther.

Response activities included performing radiation surveys, protection, and recovery of nuclear
wegpons, development of remediation plans, and decontamination of affected areas. These will
not be discussed in this report. However, detalls of the efforts to assess and control radiation
exposure are of vital importance to this effort and are described next.

2.3 SUMMARY OF HEALTH ASSESSMENT ACTIVITIES

This accident represented one of the first times that plutonium had been dispersed on and around
civilian propety outsde the United States. Furthermore, the response placed a sSgnificant
number of militay and civilian personnel resources a risk. Procedures for assessng and
controlling contamination from the materids in these wegpons were avalable and used.
However, there were many questions about the behavior of inhaed and ingested plutonium under
field conditions.

2.3.1 On-Site Sampling

Urine sampling, recognized as a reasonable method for assessing exposure to plutonium, was
begun within three days of the accident. Urine sample collection on Ste was subject to collection
of less than the desred 24-hour specimen and possble sample contamination. Samples were
shipped by the most expedient means to the USAF Radiologicd Hedth Laboratory (USAF RHL)
a Wright-Patterson AFB, Ohio for andyss. Two sampling phases were used — an initid phese
and aresample phase.

2.3.2 Interpretation of Urine Results

The results were evduated in terms of the maximum permissble body burden (MPBB, see
Appendix A) of 2*Pu as recommended by the National Bureau of Standards (NBS) in Handbook
69 (NBS 1959). The NBS recommendations were based in pat on Publication 2 of the
International  Commisson on Radiaion Protection, Recommendations of the International
Commission on Radiological Protection, Report of Committee Il on Permissible Dose for
Internal Radiation, published in 1959 (ICRP 1960). The MPBB for **°Pu considers the bone as
the “critical organ” or the organ tha is most susceptible to radiaion from plutonium and is the
basis for developing protection limits The body burden is defined as that portion of 2*°Pu
digributed by systemic circulation. It does not include tha amount fixed in the lungs. The
MPBB was 0.044 microcurie (UCi) of 2°Pu.

The MPBB was developed as an operational tool for limiting dose to a criticd organ over a
working lifetime. The dosmetry moded used assumed uniform depostion of the radionuclide in
the organ, energy emitted equas energy absorbed, and the characterigtics of the modd could be
represented by “Standard Man” data. The concept was designed to provide adequate protection
over a 50-year working lifetime and as such applied to continuous intake of radionuclides over
the entire period. Thus for a materid like plutonium, the limit would dlow for continuous intake
for 50 years while keeping the dose to the bone (the critica organ) below the limit.

An individud’s body burden was esimated from the measured urinary gross apha radioactivity
for initid samples. The following equation was used, taken from Langham (Langham 1956):
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D, =435U t*7®
where:
Dr

retained systemic body burden (pCi or Bg); meaning the amount retained in
the body “t” days after exposure

239py activity (pCi or Bq) in a 24-hour sample

timein days from exposure to sampling

U
t

The andlysis required assumptions about the type of exposure (acute or continuous), and about
whether samples represented true 24-hour urine outputs. This caculaion applies to a Sngle acute
exposure. The individuas responding to the incident were generdly on dte for two weeks, some
more and some less. Others remained for dmost the entire period of operaions. The beginning
date for the exposure was assumed as the midpoint of time an individud arived on dte until
ceasing activities (departing). Odland (Odland 1968b) reported that “When the 12-hour volume
was less than 1.2 L, caculations were so adjusted as to express the tota activity had the output
been 1.2 L. When the volume exceeded 1.2 L, the actud vaue for caculaling systemic body
burden was used.”

2.3.3 Resampling Program

The Air Force conducted a resampling program a 90 to 150 days after collection of the initid
sample. This resampling gpplied to individuds whose gross apha results for initid samples
suggested a systemic body burden of 10% or more of the MPBB.

;I'sr;e program established procedures to identify and quantify the isotope of interest in the urine —
Pu.

2.4 SUMMARY OF RESULTS

Odland reported that the USAF RHL processed dmogt 1600 urine samples during the initid
phase (Odland 1968a). Table 1 gives the didribution of the samples in relaion to the systemic
body burdens they represent. Those results indicate that 20 individuas potentidly exceeded the
MPBB and 442 samples exceeded 10% of the MPBB and required resampling. However, the
posshility for contamination of the initid samples collected on ste introduced uncertainty about
that concluson. This potentid for sample contamination in and aound Pdomares was aso
recognized by the Spanish Junta de Energia Nuclear (JEN), which trandferred urine sample
collection and medica examinaion of locd resdents from Pdomares to Madrid in 1967 (Iranzo
1987).

Table 1. Initial Urine Samples (Percentage of one M PBB).

Number Anayzed 1586
BB greater than 100% 20

BB 9% to 99% 422
BB 0.9% to 9% 537
BB lessthan 0.9% 607
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A resampling program began shortly after onSte operations ended. Origindly, samples were
desred a two-month intervas however, this became impracticd and samples were collected
primarily a the discretion of the individuds. Table 2 contains the results of the resampling
program (Odland 1968a). The laboratory processed 422 samples during the resampling phase. Of
those, only six exceeded 10% of the MPBB with dightly less than haf of those resampled (203)
showing results below 1% of the MPBB.

Table 2. Urine Resampling Program Results.

BB greater than 10% 6
BB 1to 10% 213
BB lessthan 1% 39
BB zero 164
Total 422

A smdl specimen of lung tissue, obtained a time of necropsy from an early responder who died
from heart disease, contained 2.8 pCi of 23°Pu; or about 0.00034 microcuries (about 2% of
edimaied maximum permissible lung burden) when extrapolated to the totd mass of the lung.
Early urine andyses for the individua indicated a rapid decrease in gross dpha radioactivity that
was dtributed to contamination. However, early behavior of inhded plutonium was not excluded
a a posshility (Odland 1968d). Neverthdess, if correct, the quantity in the lung of this
individud represents asmadl fraction of the MPBB after 9 months following exposure.

In summary, the assessment program indicated that of the nearly 1,600 participants, less than
20% ndicated systemic body burdens of plutonium that could be detected by urine bioassay, and
only 25 showed vaues in the range 7% to 67% of the MPBB guideline (Odland 1968a). Those
25 and one additiond individua were followed up for a period of 18 to 24 months following the
accident.

2.5 PLUTONIUM DEPOSITION REGISTRY BOARD

The Air Force recognized that the consequences of possble exposure to plutonium from the
Palomares Broken Arrow required in-depth and credible assessment, provisons for long-term
maintenance of the records, and possble follow-up of those exposed. To satisfy that need,
representatives of the U.S. Air Force Medicad Service met in Omaha, Nebraska in March 1966
and identified the need for a detaled and long-range program to provide follow-up and
treatment, when required. The concept of a specid board to satisfy those needs was developed
into a Plutonium Depostion Regisry and Board with the following purposes as dated in the
proceedings of the first meeting (Odland 1966):

(1) Itwould provide adequate follow-up of personnd with internd deposition of
plutonium, in order that any possible biologica injury would be detected at the
earliest date, and it would provide, when required, the best possible trestment to
reduce body burdens of Plutonium-239.

(2) It would provide the government with complete factual data upon which to
evaduate clams for compensation that might subsequently arise.
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(3) Itwould provide the medical profession with additiona urgently needed data with
which to manage medica problems at future Broken Arrows or laboratory
accidents of asmilar nature,

The Plutonium Depostion Registry Board met firs on October 26-28, 1966 (Odland 1966) to
establish the Board; to review progress to date, and to set policy for further follow-up. The Board
reflected a tri-service nature as well as an interagency flavor with participation by the Atomic
Energy Commisson, the Veterans Adminidration, and the Defense Atomic Support Agency.
Additiondly, severd recognized experts in plutonium medica effects participated as Board
Members or as Consultants (Odland 1966). Board deliberations produced recommendations in
the following aress.

> Samples should be collected from al that departed the accident scene without submitting a
sample, or whose initial samples suggested a systemic body burden greater than 9%.

> No further sampling of individuds whose initial urine results suggested a systemic body
burden of less than 9%.

> Sampling should be continued on members whose results on resampling were in the top 10%
of the resampling group and showed systemic body burdens of 1-10%.

The Board aso discussed the use of whole-body counting as an additiona assessment tool and
the use of 2*°Pu to 2**Am ratios in the weapon components, soil and urine as possible method for
determining 2°Pu in the lungs; however, no specific recommendations were devel oped.

On January 16, 1968, the Air Force Logistics Command Surgeon issued a letter report that
reviewed progress of the follow-up effort (Walace 1968). The report summarized the results of
ressmpling of the 26 individuds whose initid urine samples showed the highest 2*°Pu content
suggesting systemic body burdens of 7% to 67%. The report concluded that little additiond
information could be gained from continuing the effort. Findly, the report announced that the
Surgeon Generd of the Air Force had concurred with canceling the Board meeting scheduled for
1967 and that further activities would be limited to andyzing tissue specimens, as they became
avallable. As a practicad matter, this letter report sugpended activities of the Board in the matter
of the Pdomares accident. Research during this project identified no evidence of additiond
testing efforts or results.

Our review of the urinary levels reported during the assessments conducted in 1966 and 1967
indicated that the initid intakes could exceed the current annud limit on intake (ALI)
recommended by the ICRP (ICRP 1979). Consequently, a repeat evauation of the urinary data
seemed warranted to provide assessments using currently accepted methods for andyss and
management of radiation risks. The remainder of this report discusses the detailed approach for
performing those assessments.

3 ASSESSMENT OF AVAILABLE DATA

The response effort discussed in Section 2 above induded a hedth evduation program tha
generated records of the possible doses to those who responded to the accident. Locating those
records involved contacts with the Air Force Medical Operations Agency (AFMOA) a Bolling
AFB, DC and the Air Force Institute for Environmental, Safety and Occupationd Hedth Risk
Anayss (AFIERA) at Brooks AFB, TX. Those records required detailed review to understand
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the data they contained and the processes that produced the data; an analysis of the consistency
and reliability of the contents; and possible adjustments to estimate intake and dose equivaent.

In addition, the Government of Spain, in collaboration with the U.S. Department of Energy, has
conducted extensve gudies of the environmental characterigtics of the resdud contaminaion in
the Pdomares area. In paticular, ar sampling, paticle dze characterigics, and resuspenson
factors have been determined from data collected for more than 15 years. These data provide a
vauable source for independent intake and dose estimates.

3.1 ENVIRONMENTAL DATA

Studies of the environment around Paomares have included ar sampling at four locations, and
edimates of the resugpenson of plutonium particles from the surface into the ar for subsequent
inhdaion by the locd populace. Those sudies used air samplers placed in four locations
representing possble sources of plutonium. Samplers were located near the impact points of the
two destroyed wegpons, a another contaminated area, and in the town of Padomares. From 1966
to 1980, the highest annual average air concentration was messured a 11.9 fCi/nt (442 nBg/nt)
in 1967. The highest average for a weekly measurement period occurred in March 1967 with a
concentration of 292 fCi/n? (10.8 mBg/nT) (Iranzo 1987). Measurements during other periods
were lower than these, but demonstrated some variation over time,

Studies a Pdomares have dso estimated the resuspenson of plutonium a and around Paomares
from the same ar sampling daa combined with knowledge of the plutonium surface
contamination levels. Resuspenson is a process that represents the ar concentration of a
materid above a surface contaminated with the same materid. The resuspenson factor (in units
of ml) is the raio of the ar concentration (expressed in units of pCi/ m*> or Bg/m?®) to the
surface contamination (in units of pCi/ m? or Bg/m®). The studies at Paomares indicate that the
resugpension factors initidly were 107 m? initidly, dropped to vaues on order of 10° m?
months later, and to 10° m* to 10*° m* after severa years (Iranzo 1994). The air concentrations
were determined in aess where the surface contamination ranged from 3.2 nCi/n?
(0.118 MBg/n¥) to 32 nCi/nT (1.18 MBg/n)).

Both the ar sampling and the resuspension results represent credible efforts that can be used as
the basis for estimates of intake and dose.
3.2 AIR FORCE BIOASSAY DATA

During theinitid contact, AFIERA and AFMOA provided records in the form of:

» Air Force Forms with laboratory andytica and exposure details of the nasal swipe and urine
samples submitted and processed.

» Complete case files for the 26 individuds identified for follon-up in 1966 and commonly
referred to asthe “High 26”.

> A Microsoft Excel spreadsheet prepared by AFIERA saff that contained the data from those
Air Force Forms, and some data related specifically to the 26 individuads (referred to as the
“High 26" who were consdered as having the highest exposures).

» Copies of the accident response reports, USAF RHL documents on the evauaion of
exposures by urindyss, and sdected publications from journals and conference proceedings.
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Appendix B contains a detalled discusson of the information collected, an evduation of the
information’s suitability for a dose evaduation, and adjusments made to the data for performing
intake and dose calculations. The record prepared and maintained by the Air Force conssted of
forms, computer spreadsheets, and written correspondence and reports of activities.

The data were evaluaed to asess the avalability of the dements required by the internd
dosmetry models. Review indicated that the exposure date or dates, sample date, and results
were not completely recorded for al cases. Subgtantiad numbers of samples lacked one or more
important pieces of data Data forms for 115 individuads apparently represented a repeat anayss
of a sample or a follow-up sample for an individua. Sample collection proceeded for only 12
hours for many samples collected a Camp Wilson, indicating a correction to 24 hours would be
needed. Our review indicated that 12-hour samples were clearly designated in only 42 of the
samples. Lacking any other recorded information, sample volumes were assumed to represent
24-hour output unless specificaly desgnated as 12-hour samples.

Urine sampling, begun within three days of the accident, was subject to severa compromises,
including: collection limited to 12 hours or less for opeaiond requirements sample
contamination from srong winds, non-uniform decontamination procedures, make-dhift sample
containers, and frequently contaminated storage aress.

Records for 122 nasal swab reviewed indicated that only 13 contained a result (8 were 0 pCi, 4
had values al beow 1.5 pCi, and 1 was reported as NDA). Therefore, the nasa swab records
were not used in thisandyss.

The mgority of available records contained results from the gross apha method on samples
collected on dte. Most of the records for samples collected on dte raised serious questions about
edimates derived from them. Records for the 26 individuds in follon-up contaned multiple
samples collected up to two years after the incident. Unfortunately, the pattern of results for
samples collected during the resampling phase often did not follow the pattern expected for Class
Y (Type S) plutonium. However, treatment of the records for the 26 served as the modd for the
other cases. A second group of records contained repested analyses using the more sendtive
apha spectrometry and provided a reasonably well-defined set of cases for andyss. These two
groups were desgnated the High 26 Group and the Repeat Anadyss Group, respectively.
Appendix E provides additiona details of the bioassay data evaluation and grouping of cases.

The remaning reslts generdly fdl into two caegories those with the results of some
resampling; and those with one sample and often very high results. Careful review of the group
of data indicated that processng dl of the cases would produce unredigtic estimates that would
be based on potentiadly contaminated samples. Gross apha results from samples collected on ste
produced intake estimates and doses that seemed unreasonably high. Contamination of samples
collected a the accident Ste continued to impact the evduation as it did a the time of the
accident. However, review of those data also indicated a substantial number of cases with urinary
results that were essentidly below the detection limit or were quite low. Ther daa were
reviewed again to determine whether a reasonable lower cutoff could be determined. Analyss of
the processes (Appendix E) supported a cutoff limit a 0.1 pCi/day for gross adpha activity. This
was smilar to the detection limit of 0.74 mBg/d (0.02 pCi/d) used in studies by the Government
of Spain from 1966 to 1985 (lranzo 1987). nsequently, 0.1 pCi/day was sdected as a cutoff
limit, and casesin that category were designated the Contamination Cutoff Group.
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Applying a cutoff to urinary excretion to individua cases does not precisgly impact adl samples
equdly. A fixed vdue for the cutoff concentrations produces higher edtimated intakes and
correspondingly  higher dose eguivdent vaues for samples teken a longer times after the
exposure, especidly for ClassY (Type S) plutonium.

After gpplying the cutoff, 1,219 samples for 1,063 individuas had urine concentrations above
0.1 pCi/d that were classfied in the Remaining Cases Group. These were not evauated further.

4 RADIATION EFFECTS AND DOSIMETRY METHODS

Responders to the Palomares accident encountered sources of possible exposure from plutonium-
contaminated aircraft debris, contaminated lands, and agricultural crops, and dust produced by
winds. Evduation of the potentia radiaion effects requires estimates of the exposure and
asociated radiation dose, and comparison with knowledge about the effects of radiaion on
human hedth. Furthermore, these evauations must take into account current knowledge and
apply accepted methods for estimating the radiation exposure and dose. The agpproach to
accomplishing these edimates is guided by recommendations of both international and nationd
scientific  bodies concerned  with  radiological  protection. These bodies, primaily the
Internation  Commisson on Radiologica Protection (ICRP) have published recommendations
on the rdevant guiddines for limiting radiation effects and exposure, and estimating doses from
radioactive materias that may enter the body, as plutonium does.

This section summarizes the current understanding of radiation effects, in generd, and
plutonium, specificdly, on hedth, and the guiddines to protect workers and the public from
those effects It dso summarizes updated internal dosmetry methods relevant to evauating
plutonium exposures.

4.1 SUMMARY OF RADIATION EFFECTS

This sudy of exposure to plutonium a Paomares and cadculaion of possble doses to internd
organs raises questions about the possble hedth effects that may be associated with them. This
section provides a brief summary of our underganding of the possble hedth effects from
ionizing radigion and plutonium in particular, some of the guiddines for limiting exposure to it,
and some basc information about the possbility that a certain dose could cause some kind of
effect on hedlth.

41.1 General Radiation Effects

In discussing hedth effects rdating to ionizing radiation, the term “dose” is used. “Dosg’ comes
from the early medicd use of x-rays, much as a dose of medicine is measured in grans or
ounces. It refers to the amount of radiation energy absorbed by an organ, tissue, or cdls,
messured in rem (or Sv). Today, the average American receives a dose of 0.3 rem (0.003 Sv)
every year from naura sources—radioactive materids in rocks and soil, cosmic radiation,
radon, and radioactivity in our bodies. Over a 70-year lifetime, the cumulaive background dose
averages 21 rem (0.21 Sv). In some areas of the world, people receive much higher doses from
background radiation. For example, in areas of India and Brazil the ground is covered with
monazite sand, a radioactive ore. Radiation exposure rates there are many times the average
background levels elsawhere. People who live in these areas receive doses of up to about 0.7 rem

10
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(0.007 Sv) each year from the gamma radiation adone (NAS 1990). These levels combined with
the other sources of background radiation (cosmic rays, radon, etc.), cause average doses that are
about three times more than the U.S. average. Yet these people show no unusud rates of cancer
or other diseases linked to radiation.

The effects of ionizing radiation can be categorized as ether prompt or delayed, based on the
time frame in which the effects are observed. Prompt effects, like rapid desth, occur when high
doses are received in a short period of hours to weeks. Delayed effects, such as cancer, can occur
when the combination of dose and dose rate is too smal to cause prompt effects. Both anima
experiments and human exposures to high levels of radiaion show tha ionizing radigion can
cause some cancers (NAS 1990). All of the observed effects of ionizing radiaion in humans
occur at relatively high doses. At the low doses that are of interest to radiation workers and the
genera public (thet is, below a few rem), sudies to date are inconclusve (NAS 1990). Although
adverse hedlth effects have not been observed at low doses, the carcinogenic nature of ionizing
radiation makesit wise to limit the dose.

For low-doses, there are no conclusve data that relate dose to hedth effects or showing a
threshold, or minimum, level for cancer. Because of this experts who study radiaion effects
have decided that the results from high-dose, high-dose-rate studies must be used to control the
low-dose, low-dose-rates experienced by workers and the public. A convenient way to do this is
to assume that no effects occur a zero dose. In addition, $nce the rate at which effects occur is
extrapolated from higher doses, it is dso assumed that the effect increases linearly with dose.
These two assumptions are known as the “linear-dose-response, nortthreshold” (LNT)
hypothesis. This implies that the same number of additiond cancers would occur from exposing
100 persons to 100 rem (1 Sv), or 10 thousand persons to 1 rem (0.01 Sv), or 10 million persons
to 0.001 rem (0.00001 Sv). No prompt effects have ever been reliably observed in humans below
about 10 rem (0.1 Sv). Reports from the Jgpanese aomic bomb survivor studies conclude that
the location and redity of such a threshold, if one does exis, are difficult to assess. Nevertheless,
the Hedth Physcs Society (HPS 1996) has dated that “Below 10 rem (which includes
occupationd and environmentd exposures), risk of hedth effects are ether too smal to be
observed or are non-existent.”

Within the fird 30 years &fter the discovery of x-rays, standards were developed for the
measurement of radiation. At about the same time, acceptable levels of dose were set. The firg
level, known as the ‘tolerance dose', or that amount of radiation that could be tolerated, was set
a one-tenth of a unit (about 0.1 rem (0.001 Sv) in today’s units) per day for 300 diys a year,
which amountsto 30 rem (0.3 Sv) in ayear.

From World War |1 to the early 1980s, radiation dose limits were adjusted downward in response
to increased concern about radiation effects, the increased uses of radiation, and because
improved radiation protection technologies appeared. The Nationd Council on Radiation
Protection and Measurements (NCRP, established in the 1930s) developed the recommended
changes for the United States. During that time, the dose limit was reduced from three-tenths of a
rem in a Sx-day period in 1946 to 5 rem (0.05 Sv) per year in the mid-1950s. In addition, a limit
for the public was st a one-tenth of the worker limit to provide an additiond margin of safety.

Research does not show a clear threshold dose for cancers from radiation, so the smdl risk per
person at low doses had to be consdered in relation to the large number of workers who were
receiving those doses (NCRP 1993b).
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The NCRP adopted three radiation protection principles. (&) no practice shal be carried out
unless it produces a pogtive net benefit (sometimes cdled judification); (b) dl exposures shdl
be kept as low as reasonably achievable (ALARA), economic and socid factors being taken into
account (called optimization); and (c) the dose equivalent to individuds shal not exceed the
recommended limits (caled limitation). These principles work together to protect againgt both
prompt and delayed effectsin large groups of workers and the public.

In 1993, the NCRP released a new set of national recommendations based on Internationa
Commisson on Radiation Protection’'s 1990 recommendations. Those limits for non-threshold
effects differ dightly from the earlier recommendations. 50 rem (0.5 Sv) per year to any tissue or
organ and 15 rem (0.15 Sv) b the lens of the eye to avoid cataract formation. The recommended
occupationd limits on whole-body doses (totd effective dose equivaent), firs set a 5 rem (0.05
SV) per year in 1958, are now set a no more than 5 rem (0.05 Sv) in any one year and a Ifetime
average of no morethan 1 rem (0.01 Sv) per year (NCRP 1993).

Occupationd  rediation exposure limits for federd agencies ae currently edablished in
"Radiation Protection Guidance to Federa Agencies for Occupationd Exposure” 52FR 1717,
dgned by Presdent Reagan on January 20, 1987. The Nucler Regulatory Commisson
implemented that guidance in its regulations on radiation protection (Title 10, Code of Federd
Regulaions, Pat 20). These limits goply to dl licensed uses of radioactive materid under NRC's
juridiction. Similarly, other Federd agencies as a matter of policy and directive, including the
DoD in DODI 6055.8, Occupational Radiation Protection Program, also observe this guidance.

The current established protection standards are (NRC 1999):
> 5reminayear for workers (to protect against cancey).

> 50 rem in a year for workers to any organ (to protect against threshold effects, such as
radiation burns, etc.).

> 50reminayear to the skin or to any extremity.
> 15reminayear to thelens of the eye (to protect against cataracts).
> 0.lreminayear (70-year lifetime) for members of the public.

These limits are in addition to the radiation doses a person normaly receves from naturd
background, medicd testing and treatment, and other sources.

The protection standards mentioned above provide regulatory guidelines to be used primarily for
designing radiaion protection programs and facilities. Ther intent is to limit dose to a worker so
that risk is limited to leveds tha ae gmilar to so-cdled “safe indudtries” Limits for the public
perform the same purpose but generdly include additiond margins of safety to account for a
wider range of ages (childhood to aged), more diverse hedth condition, and individua
sengdtivities. Their primary purpose is to prevent exposures that are associated with risks
exceeding the established guides.

These guiddines dso offer usable comparisons for evauating the possible effects of exposures.
For example, the occupationd limit of 5 rem (0.05 Sv) n a year provides one such vaue. Since 5
rem (0.05 Sv) represents an acceptable risk, any exposure below 5 rem (0.05 Sv) should be
considered acceptable. NCRP recommends that the average dose equivaent per year for workers
should not be more than 1 rem Q.01 Sv) a year over 50 years or work. That is the same as 50
rem (0.5 Sv) in 50 years. Therefore, 50 rem (0.5 Sv) provides a reasonable guide for an exposure
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from radioactive materids in the body, such as plutonium. Since these guides are set with
margins of safety, recaiving a higher dose does not mean that one will be harmed. However, it
would mean that further evaluatiion might be needed to determine whether the exposure was a
one-time incident or one that could recur.

An dternate approach to evauating the possble effects of an exposure consgders the posshbility
that an exposure will lead to hedth effects, such as cancer or hereditary effects. The NCRP has
provided risk factors for the probability that a certain dose equivdent from radiation will cause
an effect. Those factors for workers are 0.0004 per rem (0.04 per Sv) for fata cancer, 0.00008
per rem (0.008 per Sv) for non-fatal cancer, and 0.00008 per rem (0.008 per Sv) for hereditary
disorders for a total of 0.00056 per rem (0.056 per Sv) (NCRP 1993a). For members of the entire
population, these factors are 0.0005 per rem (0.05 per Sv) for fatal cancer, 0.0001 per rem (0.01
per Sv) for nonfata cancer and 0.00013 per rem (0.013 per Sv) for hereditary disorders, for a
total of 0.00073 per rem (0.073 per Sv).

4.1.2 Health Effects of Plutonium

Plutonium, discovered in 1941, is radioactive and can be dangerous when it gets into the human
body. Some have even referred to plutonium as “the most toxic substance known to man”. Early
concerns about the hedth risks of plutonium arose from knowledge of the effects of radium,
discovered by Marie Curie in 1899. With its hdf-life of 1620 years, radium-226 presents an
intense and condant radiation source for hundreds of years. Early uses of radium exposed
workers to sgnificant doses with acute cases ending in rapid death, and lower exposures leading
to infections of the jawbones, pathological bone fractures, or cancers of the bone.

The Nationd Bureau of Standards addressed radium’s dangers by developing an occupationd
gandard for radium, adopted in May 1941, about two months before the discovery of plutonium.
Scientigts on the Manhattan Project then recognized the potentia hazards of plutonium, which is
gmilar to radium. They esimated that plutonium would be roughly as dangerous as radium when
comparing equal masses.

Putonium gives off dpha particles that produce heavy ionization and give up their energy more
quickly than the lighter beta particles, or xrays and gamma rays. In ar, dphas travel only 3 to 5
centimeters and in living tissue only about 30 micrometers. That distance is less than the thinnest
part of the dead layer of externd skin cdls (caled the epidermis), or the thickness of a piece of
paper (about 100 micrometers). Because of this low peneratiing power, materids that give off
apha particles present no hazard when kept outside the body.

Unfortunately, when they get indde the body, dpha emitters come into very close contact with
the body tissues and irradiate cdls. Plutonium can be inhaed, ingested, or passed into the blood
gream through a wound. When that happens, about 90 percent eventudly goes to the lung, liver,
or bones.

The hdf-life of plutonium-239 is 24,065 years. This hdf-life is short enough that 1 microgram of
materid will undergo more than 2000 decay events per second, but it is long enough to dlow
that microgram to decay at an gpproximately constant rate for thousands of years.

No one has ever died from an acute plutonium upteke. But, researchers have estimated lethd
doses from sudies on dogs, ras, and mice, which indicate tha a few milligrams of plutonium
per kilogram of tissue is a lethd dose. Extrapolated to humans, an intravenous injection of about
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22 milligrams into an average human (70 kilograms, about 154 pounds) would be lethd within
about 30 days to haf the people exposed. Inhaation would require about four times more or 88
milligrams.

Recognizing the gmilarity of plutonium to radium, scientits worked to develop exposure
dandards that would limit the risks to workers, especidly on the important war-time effort of
developing a plutonium-imploson bomb. Beginning in 1945, those efforts have evolved into a
set of radiation protection recommendations that have received international acceptance. In 1977,
the ICRP published mgor revisons in those recommendations that based radiation protection for
plutonium on dose rather than depogtion in the body. Those recommendations, known as ICRP
30, have been largely adopted in the United States. In 1991, the ICRP published new
recommendations (ICRP 60), which reduced the recommended annual occupationd limit to 2
rem (20 milliseverts) per year. Thus far, these recommendations have not been adopted in the
United States, however, they are considered in most radiation protection assessments.

Plutonium absorption in the body depends mainly on the plutonium compound and how it enters
the body. The body generdly absorbs the soluble forms (nitrates, citrates, and certain oxides)
more readily than insoluble forms. Plutonium absorption through intact skin is usudly quite low,
but deposits in tissues through puncture wounds, cuts, and somewhat less through skin burns.
Soluble plutonium begins movement throughout the body within minutes or hours of the uptake
and may move to the lymph nodes near the wound;, remaning for years. Some insoluble
plutonium gets into the blood circulation quickly, but most reman a the sSte and are dowly
redistributed over weeks and months. About 90 percent of the systemic burden deposts n the
liver and bones. The kidneys excrete plutonium in urine that represents the concentration of the
plutonium in the blood making plutonium messurements in urine a convenient indicator of
plutonium in the bodly.

Ingesting plutonium is perhaps the least likey means for plutonium to enter the body. But even if
plutonium is ingested, the gadrointestind tract provides a naurd barier, and in adults only
about 0.05 percent of the soluble plutonium compounds and a mere 0.001 percent of the
insoluble ones enter the blood stream. The rest of the plutonium smply moves out of the body in
feces.

Inhdation of plutonium dust provides the most likey entry route for plutonium. Paticle sze
affects plutonium absorption. Smdler particles are more likdy to be retained. Particles over 10
micrometers in diameter (consdered large) are filtered out in the nose and upper respiratory
region, swalowed, and eventudly passed out through the gadrointestind tract. Particles less
than 10 micrometers in diameter (caled respirable particles), depost on the mucus layer of the
bronchid tubes. Through a process, known as lung clearance, hair-like dructures of the lining
(cdled cdia) trangport the mucus layer and dust particles up to the throat, removing much of the
foreign materid deposited in the bronchid tubes.

Smdler particles, egpecidly those under 1 micrometer in diameter, are carried down into the
tiniest arways of the lung and into aveoli (dso known as air sacs). These dructures have no
effective lung-clearance mechanisms, but scavenger cells cdled phagocytes, engulf the inhaded
plutonium particles, and transport them into lymph nodes or into lung tissues.

Autopsy sudies reved that, initidly, plutonium is mostly deposited on the bone surfaces Less
then 5 percent of the plutonium is typicdly found within the bone marow. Based on this this
pattern of depogtion, the primary carcinogenic risk from plutonium in the skeleton is bone
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cancer. There is no conclusve evidence that plutonium increases the risk for leukemia, which is
the unchecked proliferation of certain blood cells produced in the bone marrow.

Autonium in the bone remans there for a very long time, gradudly being redigributed
throughout the bone. Current models (based on observation of exposed persons and autopsy data)
edimate a half time of about 50 years for plutonium retention.

The plutonium deposted in the liver is eventudly trandformed from reatively soluble forms in
hepetic cdls into insoluble forms (hemosiderin deposits), which are sequestered in the cells that
foom the linings of liver ducts (reticuloendotheid cdls). The reention hdf time for the
plutonium deposited in the liver is gpproximately 20 years.

To date, there have been only few epidemiological studies of workers exposed to plutonium.
Studies of workers a Los Alamos Nationd Laboratory (Wiggs 1994) and Rocky Flats
(Wilkinson 1987) are the only ones in the United States to have used quantitative measurements
of plutonium exposures, but they involved few workers: 303 at Los Alamos and 1450 at Rocky
Fats. These two sudies showed no evidence of datidticaly increased rates of lung, liver, and
bone cancers, which are shown in anima experiments to be the highest-risk cancers due to
plutonium exposure. Another study (Reyes 1984) indicates that an increased brain-cancer rate in
Rocky Flats workers was not caused by plutonium exposure or externd radiation.

A sudy (Vodz 1983) involving 224 maes exposed to plutonium between 1944 and 1974 who
had plutonium depostion greater than 0.16 microgram (0.01 microcurie) found no cases of bone
or liver cancer. By 1980, the find year of the study, only one person had died of lung cancer
indicating risks were much lower than predicted by some nuclear-industry critics. Another study
looked a 26 chemists metdlurgists, and technicians a Los Alamos, who were accidentaly
exposed to plutonium between 1944 and 1946.Their plutonium body burdens ranged from 50 Bq
to 3,180 Bg when edimated by andyss of ther urine (Vodz 1997). Interegtingly, the mortdity
rate of these men has been lower than tha of the population in genera, and in 1996, 19 of them
were dill living.

Of those who are no longer dive, one died of lung cancer in 1989, a the age of 66, and two died
of prostate cancer and congestive heart failure, respectively, but both had lung cancer a the time
of degth. All three men were very heavy smokers. Significantly, three cases of lung cancer are
consgent with the nationa cancer incidence rate, over the same period, in U.S. white maes of
the same age. Another subject, who had an estimated plutonium deposition of 0.245 microgram,
developed a rare bone cancer 43 years dfter exposure and died in 1990. This finding is
datisicdly dgnificant for the smal group of 26, but in the Los Alamos study (Wiggs 1994) of
303 workers, this same individud remained the only one to have developed bone cancer. That
one death from bone cancer in this larger group could well be due to chance and is not
datidicaly sgnificant. Findly, three more died of causes unrelated to cancer.

Overdl, data from the severa studies of persons exposed to low levels of plutonium radiation in
the United States do not show a relation ship between dose and effect. They merely indicate that
such a relationship does not exist or cannot be confirmed. If plutonium is harmful a these low
levels, its hedth risks ae s0 gmdl tha, given the smdl number of workers involved,
epidemiologicd methods cannot differentiate  between effects triggered by plutonium radiation
and variations in a group of people unexposed to such radiation.
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Although studies on plutonium workers in the United States did not demondrate the risk from
plutonium radiation, there are data from much higher doses to which Russan plutonium workers
have been exposed. Russan scientists have recently published two sudies (Tokarskaya et
a.1997, Koshurnikova et a.1998) of workers who had been exposed to plutonium at the Mayak
Pant. The authors demondrate that an increased risk for lung cancer is associated with higher
exposures. Although both studies invedtigate this risk on many of the same workers, ther
conclusions about the relationship between dose and risk are different.

In one study, (Koshurnikova 1998) andyzed data from a cohort d 1479 workers who had been
exposed to high doses of various types of radiaion, including plutonium radiation, between 1948
and 1993. The control group was composed of 3333 other workers at Mayak who had aso been
exposed to radiaion but within occupationd limits. The gudy found a linear rdaionship
between lung doses from 0.5 to 30 severts (or 50 to 3000 rem) and standardized mortdity ratios.
While this result found no threshold for effects, the trend of increasng rates with incressng dose
isimpressive.

The second study (Tokarskaya 1997) found a nonlinear threshold relationship between dose and
lung cancer risk in a case-control study devoted to 162 plutonium workers who developed lung
cancer between 1966 and 1991 and a control group of 338 Mayak workers who, during the same
period, did not. The authors found no lung cancer risk up to a threshold dose of 16 Severts,
corresponding to about 1.6 micrograms of plutonium deposited. Above this threshold value,
however, the risk rises rgpidly. The two Russan sudies are very different in the dose response
relationships reported. However, the data demondrate that lung cancer risk does indeed increase
with higher doses.

A recently reported study to estimate the mortality risk per unit dose from exposure to plutonium
produced results that compare wel with edtimates derived by other workers. This study
developed the estimates using four independent approaches — epidemiologic studies of workers
exposed to plutonium; epidemiologic studies of persons exposed to low-LET radiation combined
with a relative biologica effectiveness factor (RBE) for apha particles gppropriate to the cancer
gte, epidemiologic sudies of persons exposed to dpha-emitting radionuclides other than
plutonium; and controlled sudies of animas exposed to plutonium and other dpha-emitting
radionuclides extrgpolated to humans (Grogan 2001). That work reported mortality risk per unit
dose of 0.13 per Gy for lung, 0.057 per Gy for liver, 0.0013 per Gy for bone, and 0.013 per Gy
for bone marow (leukemia). Cdculations of the risk for a unit inteke compared wel with
estimates prepared by other workers.

It has been dmost sx decades since plutonium was firds made. No doubt, the dangers of
plutonium are red. However, plutonium has been handled in different chemica forms, faboricated
as a meta, machined, and used successfully primarily because standards and procedures were
edablished early. Because of this there has been no ingance of acute death from taking
plutonium into the body.

4.2 REVIEW OF INTERNAL DOSIMETRY METHODS

Exposure to radiation can occur from sources of penetrating radiation outsde the body, such as
x-ray machines or indudtrid radiography sources, or from sources of radioactive materias, such
as plutonium or uranium, that enter the body, locate in an internal organ or organs, and irradiate
the tissues of those internd organs. The problem of cdculating the dose depends on many factors

16



Palomares Nuclear Weapons Accident Revised Dose Evaluation Report
April 2001

such as the shgpe of the organ, the type of radiaion, the amount of the depost, and the
digribution of the depost. Each of these individud factors is subject to consderable variability
and difficulty in determining accurately. Once a dose is cdculated, effectively communicating
the possible effect of the dose on hedlth requires additiona skill and effort.

The current agpproach to limiting radiation exposure in the United States is derived from
recommendations in ICRP Publications 26 and 30. The ICRP approach uses the concept of
Committed Effective Dose Equivdent (CEDE) - a cumulaive dose, weighted for the
contributions of individud organs, and summed over a 50-year period for workers. Quantities
derived from the CEDE such as the Annua Limit on Intake (ALI) and the Derived Air
Concentration (DAC) provide operationa limits for workers so that the overdl guiddines will
not be exceeded. The ALI is the activity of a radionuclide that would irradiate a person to the
limit set by the ICRP for each year of occupationd exposure. The DAC is found by dividing the
AL by the volume of air inhaled (2,400 n™) in aworking year (2,000 hours) (ICRP 1979).

For internd exposures, determining the dose requires knowledge of the following questions:
How does the materid get into the body?
Oncein the body, how quickly doesthe materid move to other organs?

YV V V¥V

Does the materid in theinitia organ leave the organ or does some remain?

A\

Once in an organ, how does the materia irradiate the organ and other organs?
> Oncein an organ, how does the materia move to other organs?
» Findly, how doesisthe materid diminated from the body if at al?

Answers to these provide the basis for developing an approach to calculate the dose to organs,
the effective dose equivaent to the body, and interpreting the effects of the dose.

4.2.1 Internal Dosimetry Methods

The mehods for edimaing organ dose from interna radionuclides have evolved snce
radioactive materids were discovered and used. Until 1979, ICRP Publication 2 provided the
guidelines and methodology. In 1979, ICRP Publications 26 and 30 changed the basic approach
to limiting radiaion, and for internd radionuclides in particular. ICRP Publications 54, 60 and
66 provided revised recommendations and updated models on the behavior of radionuclides in

the bodly.

ICRP-2 assumed that a single organ could be consdered the criticd organ; that the organ
retention could be represented by a sngle exponentid term; that the physica characteritics,
such as intake parameters, trandfer functions, and tissue size and weight, could be represented by
“Standard Man” data; that organs could be assumed to be spherica; and that scattered radiation
could be ignored. Intakes of radionuclides were controlled by limiting “Maximum Permissble
Concentration” (MPC) vdues in ar and water for workers so that the annud dose limit to the
critical organ would not be exceeded.

ICRP Publication 26 revised the system of dose limitation to one based on risk. This gpproach
acknowledged the avalability of sufficient information about the effects of radiation to edimate
risk for fatad cancer from a unit dose equivaent in exposed people and in the risk of serious
disease to offspring of exposed people. The basc recommendations addressed both stochastic
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effects and non-stochastic effects. For stochastic effects, such as cancer and hereditary effects,
risks are assumed to be directly related to dose equivdent with no threshold, meaning that the
probability of the effect occurring, rather than the severity, is relaed to the dose equivaent. The
severity of nondochadtic effects, such as cataracts and erythema, varies with dose, usudly
above a threshold or minimum dose.

ICRP Publication 30 provided revised dosmetry modds that assume organ retention is
represented by one or more exponentia expressions, the critical organ concept no longer applies,
the dose in an organ must consder radiaion emitted by other organs in the body, and the
physical characteristics are represented by “Reference Man” data in ICRP Publication 23 (ICRP
1975).

Under the revised system, dose equivaent limits are intended to prevent non-stochadtic effects
and to limit stochadtic effects to acceptable levels. To meet this end, an annud occupationd limit
of 50 rem (0.5 Sv) to any organ was established (ICRP 1979). For stochastic effects, the limit on
risk is the same whether the whole body is irradiated or organs are non-uniformly irrediated. This
is accomplished by assgning organ weighting factors, w;, that represent the ratio of the risk for
the effect in an organ to the risk for whole body irradiation. The limit on risk to the whole body —
cdled committed effective dose equivdent (CEDE) is then determined by summing the
contributions for each irradiated organ and is limited to 5 rem (0.05 Sv). The committed dose
equivdent (CDE) is the tota dose equivdent averaged over a tissue (T) in the 50 years following
intake and is limited to 50 rem (0.5Sv). Table 3 contains the organ weighting factors from
ICRP-30.

The dosmetry modd caculates the absorbed dose averaged over the organ mass during 50 years
folowing intake. It consders each radiaion type and applies a radiation weighting factor,
sometimes caled the qudity factor, which has the following value:

Q=1 for betaparticles, eectronsand dl eectromagnetic radiation.

Q=10 for fisson neutrons emitted in sportaneous fisson and protons.

Q=20 for dpha paticles from nuclear transformations, for heavy recoil particles, and
for fisson fragments.

Table 3. ICRP-30 Tissue weighting factors, wy (I CRP 1979).

Weighting
Tissue Factor, wy
Gonads 0.25
Red Marrow 0.12
Lung 0.12
Breast 0.15
Thyroid 0.03
Bone Surface 0.03
Remainder 0.30

0.06 for the organs with the five highest dose.

The ICRP further refined its basc recommendations and updated certan modes for the
respiratory tract and the biokinetics of deposted materials. The ICRP's 1990 recommendations
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(ICRP 1991) provide weighting factors for tissues that were part of the remainder in the 1979
recommendations of ICRP-26 (ICRP 1979). Table 4 compares the tissue weighting factors of
ICRP-26 and ICRP-60 and include a reduction in the bone surface and breast factors by three
times, a 67 percent increase in the thyroid factor, and assignment of factors for additiond organs,
incdluding the skin of the whole body.

Table 4. Tissue Weighting Factors (ICRP 1991).

|CRP Recommendations
Tissue or organ 1979 1990
Gonads 0.25 0.20
Red Marrow 0.12 0.12
Colon 0.12
Lung 0.12 0.12
Stomach 0.12
Bladder 0.05
Breast 0.15 0.05
Liver 0.05
Esophagus 0.05
Thyroid 0.03 0.05
in 0.01
Bone Surface 0.03 0.01
Remainder 30 .052
* A value of 0.06 is applicable to each of the five remaining organs or tissues receiving
the highest equivalent doses.
2 The remainder is composed of the following tissues or organs: adrenals, brain, small
intestine, kidney, muscle, pancreas, spleen, thymus and uterus.

The differences between the two ICRP modes for the respiratory tract could be expected to
produce differences in estimated doses. During development of the updated respiratory tract
modd, its performance was tested in detall to determine the affects of various parameters taken
done and in combination. Some examples of the performance of both systems provide useful
information about likely differences in edimating both equivdent dose and effective dose
equivaent.

One such evduation, reported by James (James 1994) compared the lung dose equivalent and
effective dose for severd categories of radionucdlides, incuding insoluble dpha emitters, such as
plutonium & Padomares. In those illugtrations, James compared doses for intakes of 1 nmm activity
median aerodynamic diameter (AMAD) particles dthough ICRP recommends 5 mm AMAD for
workers. For 1 mm AMAD, Type S (Class Y) 2**Pu, the ICRP-30 and ICRP-66 equivaent dose
per unit intakes were 320 nBv/Bq and 84 nBv/Bq, respectively. The ICRP-66 equivaent dose
was lower by about a factor of 3.8. For 5 mm AMAD particles, ICRP-66 estimated 50 nBv/Bq, or
about 6 times lower. Cdculatiing effective dose for the same conditions, ICRP-30 produced 60
nBv/Bq and ICRP-66 produced 16 nBv/Bq for 1 mm AMAD particles and 9.1 nBv/Bg for 5 nm
AMAD particles, representing reductions of about 3.7 and 6.5, respectively. Thus, other factors
being equd, the ICRP-66 respiratory tract model can produce equivaent doses that are roughly 3
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to 6 times lower for the same intake than the ICRP-30 model. This difference, dtributed to the
modified modd for lung depostion and clearance and revised tissue weighting factors must be
recognized in evauating methods for this project.

Determining the amount of materid taken into the body during an exposure forms the bass for
esdimating the amount of materid that is trandferred to the blood stream and internd organs as
well as the amount that clears from the liody. Edimates of the organ dose from internd emitters
generdly follows from an intake assessment, which is usudly based on measures of the materid
in the body or excreted from the body. Common methods include in-vitro bioassay of the amount
of the materia excreted, measurements of body or organ content, or estimates from air or water
concentrations.  For this case, edimates of the intakes from environmentd plutonium
concentrations provide the best available method for assessng the intake. The large collection of
urinary analyses were evauated and used to edtimate intakes and doses, however, those were
judged unredidicdly high. The methods and modes used for accomplishing the edimates from
urine anayses are discussed in Appendix D.

4.2.2 Computer Models Investigated

Many computer programs have been developed and are available for performing the caculations
of the modds discussed above. Currently more programs implement the ICRP-30 system than
the ICRP-66 modd. This comes as no surprise since the ICRP-30 system remains the current
system for regulation of the doses from radioactive materids in the United States. However, one
objective for this project included the evauation and recommendation or the best caculaion
method. Since ICRP provisons are usudly adopted in the U.S, invedtigating & least one
software program that implemented the most recent gpproach seemed reasonable. After some
review of the avalable software, three programs were sdected for further sudy — the
Radiologicd Bioassay and Dosmetry Program (RBD) as modified for the Air Force, Code for
Internd Dosimetry (CINDY), and Lung Dose Evauation Program (LUDEP ver 2.06). Testing of
program performance and selection for use are described in Appendix D.

4.3 MODEL ADOPTION

RBD/AF, CINDY, and LUDEP dl provide acceptable performance on edimating intake,
cdculaiing dose, and providing compatibility with the avalable data LUDEP is somewha less
convenient for manipulating large numbers of cases and for generaing outputs that can be used
in other manipulations, however it implements the current ICRP respiratory tract model.

CINDY and RBD/AF implement the current regulatory sysem of the NRC and DOE for
radigtion protection, while LUDEP offers the dternative for applying the respiratory tract model
and other features of recent ICRP recommendations. CINDY provides somewha more flexibility
in setup, edimating intakes, and reporting. Consequently, CINDY was chosen as the primary
method for assessng the Paomares cases. LUDEP was retained as a reasonable dternate that
provides complementary assessments for interesting cases and offers a much-needed point for
comparison of results.
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5 ESTIMATES FROM ENVIRONMENTAL MEASUREMENTS

5.1 METHODS

The environmenta studies summarized in Section 3.1 reported vaues for the annud average ar
concentration and the highest weekly measurement obtained with ar samplers located near the
impact point for wespon number 2. These were sdected as reasonable vaues for ar
concentrations that response force personnd could have experienced. Those vaues were
combined with dose converson factors for Type S plutonium cdculated usng LUDEP. Since
bresthing rates affect the intake — the more air one bregthes in, the more plutonium that enters the
lungs — the calculations were performed for standard workers (bresthing rate of 1.2 nf per hour)
and for heavy workers (1.688 ni per hour). Also, the caculations were performed for particle
gzes of 1 micrometer and 5 micrometers AMAD. Smaler particle szes tend to produce higher
depostion in the lung and consequently higher doses. Previous recommendations of the ICRP
(ICRP-30) recommended 1 micrometer AMAD; however, recent recommendations (ICRP-66)
favor 5 micrometers AMAD as more representative of worker exposures.

5.2 RESULTS

Cdculations of intake and dose were performed for three exposure scenarios. The first assumed
that response force workers were on dte for two weeks, and worked 6 days per week for 12
hours a day. This would represent many of the responders who rotated at two-week intervals.
The second scenario used 4 weeks on site under the same work conditions to represent those who
dayed somewhat longer. Findly, the last scenario assumed that responders could have been
exposed for 11 weeks, which essentidly represents the entire response effort; i.e. from just after
the accident until March 31, 1966. Those edimates are shown in Table 5 and indicate that even
the highest scenario produces much less than 1 rem whole body committed effective dose
equivaent.

The resuspenson factors described in Section 3.1 were used to caculate ar concentrations,
intakes, and doses (CEDE) for the same scenarios described above. The results listed in Table 6
indicate that even the highest dose (0.312 rem) is wel beow a dgnificant amount. Furthermore,
these edimaes differ sgnificantly from the intekes and dose edtimates derived from urine
andysis, and demondrate the need to refine the analysis with follow-up studies.

6 RESULTS FROM URINALY SIS DATA

The response to the Padomares nuclear accident involved hundreds of personnel working toward
the common purpose of recovering vitd materids, protecting themsdves and the local populace,
and restoration of the accident scene to usesble and safe conditions. The accident itsalf released
plutonium during explosons and fires that followed the impact of two of the nucler weapons
with the ground. The plutonium was released primarily as arborne dust and as residues from fire
that contaminated the ground. Since the fires essentidly were out long before serious response
efforts darted, the main source of exposure arose from activities such as vehicde movemernt,
handling debris during recovery, plowing fieds to mix the contaminant into the soil, and vehicle
movement. Persstent winds aso contributed to the resugpension of contaminated soils from the
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Tableb. Intake and dose estimates from air concentrations.

Average Air Concentration 0.000442 Ba/m®
Maximum Air Concentration 0.0108 Bq/m3
Average Air Concentration Maximum Air Concentration
Dose Conversion Factor CEDE (Sv)/ CEDE (Sv)/
(Sv/BQq) CEDE (rem) CEDE (rem)
Breathing Exposure
Worker Rate Particle Time
Scenario Type (m3/hr) Size (um) (hours) ICRP-26 ICRP-60 Intake (Bg) ICRP-26 ICRP-60 Intake (Bq) ICRP-26 ICRP-60
2 weeks Standard 1.2 1 144 1.946E-05 1.531E-05 0.076 1.486E-06 1.169E-06 1.87 3.632E-05 2.857E-05
6 days per week 0.00015 0.00012 0.0036 0.0029
12 hours per day Standard 1.2 5 144 1.084E-05 8.647E-06 0.076 8.279E-07 6.604E-07 1.87 2.023E-05 1.614E-05
0.00008 0.00007 0.0020 0.0016
Heavy 1.688 1 144 1.975E-05 1.571E-05 0.107 2.122E-06 1.688E-06 2.63 5.185E-05 4.124E-05
0.00021 0.00017 0.0052 0.0041
Heavy 1.688 5 144 1.227E-05 1.010E-05 0.107 1.318E-06 1.085E-06 2.63 3.221E-05 2.651E-05
0.00013 0.00011 0.0032 0.0027
4 weeks Standard 1.2 1 288 1.946E-05 1.531E-05 0.153 2.973E-06 2.339E-06 3.73 7.263E-05 5.714E-05
6 days per week 0.00030 0.00023 0.0073 0.0057
12 hours per day Standard 1.2 5 288 1.084E-05 8.647E-06 0.153 1.656E-06 1.321E-06 3.73 4.046E-05 3.227E-05
0.00017 0.00013 0.0040 0.0032
Heavy 1.688 1 288 1.975E-05 1.571E-05 0.215 4.244E-06 3.376E-06 5.25 1.037E-04 8.248E-05
0.00042 0.00034 0.0104 0.0082
Heavy 1.688 5 288 1.227E-05 1.010E-05 0.215 2.637E-06 2.170E-06 5.25 6.442E-05 5.303E-05
0.00026 0.00022 0.0064 0.0053
Full Response Standard 1.2 1 792 1.946E-05 1.531E-05 0.420 8.175E-06 6.431E-06 10.3 1.997E-04 1.571E-04
11 weeks 0.00082 0.00064 0.0200 0.0157
6 days per week  Standard 1.2 5 792 1.084E-05 8.647E-06 0.420 4.554E-06 3.632E-06 10.3 1.113E-04 8.876E-05
12 hours per day 0.00046 0.00036 0.0111 0.0089
Heavy 1.688 1 792 1.975E-05 1.571E-05 0.591 1.167E-05 9.283E-06 14.4 2.852E-04 2.268E-04
0.00117 0.00093 0.0285 0.0227
Heavy 1.688 5 792 1.227E-05 1.010E-05 0.591 7.250E-06 5.968E-06 14.4 1.772E-04 1.458E-04
0.00073 0.00060 0.0177 0.0146
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Table 6. Intake and dose estimates from resuspension.

Minimum Resuspension Factor 1.29E-09 m* Maximum Resuspension Factor ~ 1.00E-07 m*
Minimum Surface Contamination 1.18E+05 Bq/m2 Maximum Surface Contamination 1.18E+06 Bq/m2
Minimum Air Concentration 1.522E-04 Bq/m3 Maximum Air Concentration 0.118 Bq/m3
Minimum Air Concentration Maximum Air Concentration
Dose Conversion Factor CEDE (Sv)/ CEDE (Sv)/
(Sv/Ba) CEDE (rem) CEDE (rem)
Breathing Exposure
Worker Rate Particle Time

Scenario Type (m3/hr) Size (um)  (hours) ICRP-26 ICRP-60 Intake (BQ) ICRP-26 ICRP-60 Intake (BQg) ICRP-26 ICRP-60
2 weeks Standard 1.2 1 144 1.946E-05 1.531E-05 0.026 5.119E-07 4.027E-07 20.4 3.968E-04  3.122E-04

6 days per week 5.119E-05 4.027E-05 0.0397 0.0312
12 hours per day Standard 1.2 5 144 1.084E-05 8.647E-06 0.026 2.851E-07 2.274E-07 20.4 2.210E-04 1.763E-04

2.851E-05 2.274E-05 0.0221 0.0176
Heavy 1.688 1 144 1.975E-05 1.571E-05 0.037 7.308E-07 5.813E-07 28.7 5.665E-04  4.506E-04

7.308E-05 5.813E-05 0.0566 0.0451
Heavy 1.688 5 144 1.227E-05 1.010E-05 0.037 4.540E-07 3.737E-07 28.7 3.519E-04  2.897E-04

4.540E-05 3.737E-05 0.0352 0.0290
4 weeks Standard 1.2 1 288 1.946E-05 1.531E-05 0.053 1.024E-06 8.054E-07 40.8 7.936E-04  6.244E-04

6 days per week 1.024E-04 8.054E-05 0.0794 0.0624
12 hours per day Standard 1.2 5 288 1.084E-05 8.647E-06 0.053 5.703E-07 4.549E-07 40.8 4.421E-04  3.526E-04

5.703E-05 4.549E-05 0.0442 0.0353
Heavy 1.688 1 288 1.975E-05 1.571E-05 0.074 1.462E-06 1.163E-06 57.4 1.133E-03 9.012E-04

1.462E-04 1.163E-04 0.1133 0.0901
Heavy 1.688 5 288 1.227E-05 1.010E-05 0.074 9.080E-07 7.474E-07 57.4 7.039E-04 5.794E-04

9.080E-05 7.474E-05 0.0704 0.0579
Full Response Standard 1.2 1 792 1.946E-05 1.531E-05 0.145 2.815E-06 2.215E-06 112.1 2.182E-03 1.717E-03

11 weeks 2.815E-04 2.215E-04 0.2182 0.1717
6 days per week Standard 1.2 5 792 1.084E-05 8.647E-06 0.145 1.568E-06 1.251E-06 112.1 1.216E-03 9.697E-04

12 hours per day 1.568E-04 1.251E-04 0.1216 0.0970
Heavy 1.688 1 792 1.975E-05 1.571E-05 0.204 4.019E-06 3.197E-06 157.8 3.116E-03 2.478E-03

4.019E-04 3.197E-04 0.3116 0.2478
Heavy 1.688 5 792 1.227E-05 1.010E-05 0.204 2.497E-06 2.055E-06 157.8 1.936E-03 1.593E-03

2.497E-04 2.055E-04 0.1936 0.1593
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ground or contaminated dusts from the surfaces of accident debris, loca buildings, or
agricultura crops.

Ingetion by hand to mouth transfer is a second possible route of entry. However, tha route is
vey inefficient. Furthermore, the fraction of plutonium that erters the bloodstream from the
intestines is very small (0.00001 for Type S). For reasons discussed in Appendices D and E, the
ingestion route is not considered further.

The type of exposure was assumed a single acute exposure. This assumption accommodates the
long time for remova of plutonium oxides from the human body. The response activity occurred
from January 18, 1966 until April 3, 1966 when activities were moved from Camp Wilson to
another location. Personnd on dte reached a maximum in late January; tapered off during
February, and then incressed dightly in mid-March during the packaging of contaminated debris,
soil and other wastes for disposad. Most departed the Ste by late March 1967. The nomind
length of assgnment was about two weeks. However, records indicate that some personnel
Stayed much longer.

6.1 HIGH 26 CASES

The responders were assigned to four groups of cases, as discussed above — the High 26 Cases
Group, the Repeat Anadyss Cases Group, the Contamination Cutoff Cases Group and the
Remaining Cases Group. The High 26 Cases Group offered the best collection of urinary
measurement data to develop an overdl understanding of the reationship between the
measurement results and possble intake of plutonium. Therefore, subgtantid effort was applied
to evauating these cases Then, that understanding was gpplied to the remaining three groups of
cases. As discussed above, however, the qudity of the data set limited the preparation of
reasonable estimates. This section describes the approach to evauating each group, the results
obtained, the relationship between the estimated dose equivalents and effects.

6.1.1 Methods and Results

The High 26 Cases Group represents the collected measurement data from 26 responders who
were identified for follow-up after the initid phase of sampling in 1966. This group provided 127
urine samples during their on-gte and resampling activities. Most of those samples (102 of 127)
produced *°Pu messurements from apha spectrometry. Appendix E provides detailed
discussions of the data evauation, results of mode fitting, and estimated intakes and doses.

6.1.1.1 Methods

Caeful evaduation of the reslts reveded severd difficulties with the reported results. These
included differences in the reporting of confidence levels for the results. The reported errors for
gross apha measurements represented the 95% confidence level while the reported errors for
apha spectrometry measurements represented the 68% confidence level. Since the criterion for
reporting a result as no detectable activity was based on the 95% confidence limit, some apha
gpectrometry results may have been reported as podtive when the estimated errors did not
support that conclusion. In addition, some apha spectrometry reports contained caculated vaues
dthough the reported results indicated NDA. Those results were used in these edtimates when
recorded on the individual data cards.
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Laboratory messurements experienced some difficulties with reproducibility aso. In severd
samples with multiple andyses, differences in reported concentrations of two to three times were
observed.

The urine andyss results for the High 26 Cases Group indicated that those cases with severd
measurements for samples collected over the entire initid and resampling efforts could provide
the best data for testing. The data and CINDY and LUDEP program setup were varied in severd
ways. Assumptions were developed for the date of exposure, the use of gross dpha results and
the use of NDA reallts For the programs, the man adjusment involved the method for
weighting results during intake assessment using CINDY and LUDEP. Generdly, the date of
exposure was assumed as the firsd day on dte, gross adpha measurements were reected, and
values were developed for NDA reports. These variations are discussed in detail in Appendix E.

6.1.1.2 Results

For the 26 cases, the preliminary intake estimates varied from 34,000 pCi to 570,00 pCi from
CINDY and 19,000 pCi to 2,600,000 pCi from LUDEP with the gross apha results excluded in
dl the cases. Estimates of committed effective dose equivdent ranged from 10 rem to 170 rem
(0.1 to 1.7 Sv) from CINDY and 1.3 to 180 rem (0.013 to 1.8 Sv) from LUDEP. LUDEP ranged
from —83% to +150% of CINDY results. The range of differences between LUDEP results and
CINDY results seems reasonable consdering the variation in the data and the complexities of the
asessment. In addition to the intakes and CEDE estimates, 50-year committed dose equivaents
were calculated for organs using CINDY. Those results are discussed in Appendix E, however,
when compared with independent estimates from environmental data and with the results of
other exposure cases, these estimates seem unreasonably high.

6.2 REPEAT ANALYSIS CASES GROUP

Paomares responders were placed in the Repeat Anadlysis Cases Group if they met one or both of
the following conditions.

» They submitted an initid urine sample while on dte that was andyzed for gross dpha
radioactivity and then reanalyzed by apha spectrometry for 2°Pu; or

» They submitted an initid sample while on ste that was andyzed by gross apha counting and
then submitted one or more follow-up samples after returning to their base of assgnment for
andyds by apha spectrometry.

6.2.1 Methods and Results

From January 17, 1966 to June 22, 1966, this group provided 82 urine samples from 54
individuas that produced usable results. The gross dpha and apha spectrometry measurements
are primarily greater than 0.1 pCi/d and the two types of measurements are interspersed among
one another. Most of the samples were daracterized by a gross apha measurement followed by
reanadyss by dpha spectrometry in an atempt to identify the radionuclide responsible for the
gross adpha result. In most cases, the alpha spectrometry result was lower than the gross dpha
measuremert. Unfortunately, resampling was not accomplished for those in this group.
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6.2.1.1 Methods

The Repeat Anadyss Cases Group had exposure dates that extended over a broader range of
dates than the High 26 Cases Group. However, many were among the initia responders who
arived in January 1966. Because the time on Ste seemed shorter and better recorded for this
group, the exposure date was assumed as the midpoint of the time a Camp Wilson. In generd,
gross dpha results for samples collected on ste were excluded from the andyss, gross dpha
results reported as NDA were assgned a value of 0.009 pCi/d, numerical results recorded on
apha spectrometry records reported as NDA were used, and some apha spectrometry results
were excluded when they did not fit the expected urinary excretion pattern. Method detals are
provided in Appendix D.

6.2.1.2 Results

For the 54 cases, the estimated intakes varied from 2,900 pCi to 1,300,000 pCi from CINDY and
11,900 pCi to 5,240,000 pCi from LUDEP with the gross adpha results excluded in dl the cases.
Edtimates of committed effective dose equivaent ranged from 0.9 rem to 400 rem (0.009 to 4.0
Sv) from CINDY and 0.8 to 367 rem (0.008 to 3.67 Sv) from LUDEP. LUDEP results ranged
from —238% to +94% of CINDY results. In addition to the intakes and CEDE edtimates, annua
dose equivdents and committed dose equivaents were calculated for organs usng both CINDY
and LUDEP. Dealls of these results are discussed in Appendix E. As for the High 26 Group,
these edimaes ae unredigic when compaed with the edimates from environmenta
measurements.

6.3 CONTAMINATION CUTOFF CASES GROUP

The Contamination Cutoff Cases Group of andyses was created to caculate estimated intake and
dose equivdent for those whose urine measurement results indicated potentidly contaminated
samples collected a the accident Ste but were below a reasonable minimum leve that did not
represent unusudly high exposures. While the data for this group were not especialy robudt, this
gpproach offered an opportunity to evaluate additional cases. As discussed in Appendix E, a
levd of 01 pCi/ld was adopted as reasondble maximum level for cases included in the
Contamination Cutoff Cases Group.

6.3.1 Methods and Results

6.3.1.1 Methods

The procedures for andyss of the High 26 Cases Group were gpplied to the Contamination
Cutoff Cases Group, except that the intakes and dose equivadents were caculated using only the
CINDY program. The group had exposure dates that began over a smilar range of dates to the
Repeat Analysis Cases Group. Many of this group stayed on Ste for one to two weeks, with
some up to a month. The exposure date was assumed as the midpoint of the time a Camp
Wilson. See Appendix E for additiond details of this group’s analyses.
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6.3.1.2 Results

For the 313 individuds in the Contamination Cutoff Cases Group, the estimated intakes varied
from 1,500 pCi to 110,000 pCi. Egtimates of committed effective dose equivalent ranged from
0.46 rem to 34 rem (0.0046 to 0.34 Sv). The higher estimated intake and dose were produced by
a urine sample, taken a 25 days after the assumed exposure date, with a result of 0.099 pCi/d of
gross dpha activity. According to the excretion function derived, the urinary content on day 25
represents approximately 9~ 107 of the inhdaion intske. This case illustrates how urine
concentrations that are even dightly above delectability can lead to Szesble estimated intakes
and dose equivdents. This further illugraies the difficulty in obtaining redidic edimates from
sparse data at or near the anaytica methods detection limit.

6.4 REMAINING CASES GROUP

The cases that were not included in one of the previous three groups were placed in the
Remaining Cases Group. These samples included those from individuds who submitted only one
sample, or from cases where some follow-up was attempted but results were inadequate because
of low or no chemical recovery or laboratory error. This group contains sample measurements on
1,063 individuds for 1,219 samples. For discusson purposed, the lowest and the highest urine
results of 0 and 237.9 pCi/d of gross adpha radioactivity were input to CINDY, and produced
estimated intakes of 75,000 pCi to 20,000,000 pCi corresponding to CEDES of about 23 rem to
6,000 rem (0.23 to 60 Sv). These results are clearly unredigtic, not supported by the air
concentrations observed at Paomares and require careful evaluation.

7 DISCUSSION

The prdiminary intake and dose equivalent estimates for the Pdomares response personnd used
the available data to the best extent possble. The approach involved reasonable assumptions
about the type of activities that the responders performed and about the length of time, they may
have been exposed. Detalled assgnment records on the personnd were not available, nor was
any dgnificant effort expended to determine the details. Written accounts of the accident and
response, correspondence in the records of some High 26 Cases Group personnel, and persona
conversaions with some of these individuas provided a reasonable description of the Stuation
during the response.

Results obtained in environmental characterization programs around Paomares for over 15 years
following the accident provided an dternative route to assessng intakes and doses. Those
edimates are much more redistic when compared with the estimated intakes and doses for other
plutonium exposures to workers or members of the public.

7.1 RESULTS FROM ENVIRONMENTAL MEASUREMENTS

The edtimated intakes and doses for three scenarios of worker activity indicate that the exposures
are wel bedow recommended limits for workers and a smdl fraction of the dose (10 rem) for
which hedth effects have been reiably demondrated in humans. The edimates are limited,
however, because they represent evaduations usng representative scenarios. They do not
represent the exposures to any gSpecific individua responder. Additiond information on
responder activities, time exposed, conditions of exposure, use of persona protective equipment,
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and factors that influence intake are needed to develop case-specific assessments. Nevertheless,
these estimates form serious concerns about the rdiability of edtimates from the urinary bioassay
data As a matter of fact, the difficulty in extrapolating urinary concentrations determined at the
limits of detection of the andyticd methods are well known and ae most likdy a mgor
contributor to the disparity in the two gpproaches.

The edimates from the environmenta data are very condgtent with the results obtained for
resdents of the Pdomares aea and with results for Manhatan Project workers. These
comparisons lend credibility to the bounds of estimates from the environmental data and support
conclusions about the significance of the exposures reached in 1966 through 1968.

7.2 RESULTS FROM URINARY BIOASSAY

The estimated intakes and doses for al groups were unredidicaly high as discussed above.
Neverthdess the implications of these edimates for effects on hedth are included to provide
some interpretation for what are likely to be upper bound estimates. Furthermore, comments on
the andyticd methods, case specific information, and other inconsstencies in the data are
presented as background for possible reevauationsin the future.

7.2.1 Assessment of Possible Effects

Characterizing the preiminay edimates of intekes and dose are useful only to indicate that
many individual cases represent sgnificant to very serious Stuations when compared to accepted
guidelines for management of radiation exposures. About haf the edtimates exceeded the
cumulative dose that would be experienced by anyone in the United States from lifetime
exposure to the average background dose (roughly 21 rem (0.21 Sv) over 70 years). Fortunately,
the estimates derived from environmenta data (Section 6.1.3.2 above), usng very conservative
scenarios and  assumptions, provide upper bound estimates that are wel below accepted
guidelines and are more congstent with the exposure experience of the local populace on sSte a
Pdomares and of indudria plutonium workers. All, but the extreme cases of the estimates, are
below the recommended average radiation exposure for members of the public in one year.

7.2.2 Comments on the Estimates

Substantial experience and useful observations arose from the attempts at preparing estimates of
plutonium intake and dose from the urinary bioassay data. Those observations and comments are
discussed below for each of the groups.

7.2.2.1 High 26 Cases

The intakes and doses discussed in the previous section represent conservative estimates of the
intakes and dose equivaents for the High 26 Cases Goup. Additiond comments are required to
put the estimates into pergpective. Those comments address the qudity of the urine bioassay
measurements, assumptions about the type and duration of exposure, the class (type) of materid
involved and specific detalls of the duties performed by each individuad. Without further detals
and possble confirmation, permanent assgnment of these intakes and doses to the individuas
may be premature.
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The laboratory analyses performed in 1966 and 1967 represent a comprehensve effort to assess
the possble exposure to plutonium. At the time, the urine results used the best available modds
for estimating body burden. However, methods for esimating intake and depodtion of plutonium
in the lungs were not well undersood. Progress since then alows better estimates to be made
now. In fact, depogtion in the lungs and the associated dose is the mgor contributor to the
annud dose in the fird few years after the exposure. Unfortunatdy, a very smal amount of
plutonium in urine can be associated with an intake that produces szeable doses.

For the cases evauated, the amount of plutonium in the urine after aout one month is more than
one million times less than the amount of the intake. That fraction decreases dowly, but steedily,
theregfter. The sengdtivity of the andyticd methods limit the adility to confirm the amount
deposted. Samples were collected out to about 15 months following the accident yet the
expected excretion curve implies that plutonium excretion would continue beyond that time for
actud intakes. More sengtive techniques are now available that could provide new andyses of
urine samples.

At 34 years dfter the accident, the amount excreted per day would be about two million times
less than the initid intake. The feadhility of obtaining useful assessments of plutonium uptake
by sampling urine now depends mainly on the sengtivity of the andyticd techniques and on the
ability of the available models to represent human excretion of the plutonium in urine.

Andyticd techniques currently available that provide potentidly adequate sengtivity include
adpha gspectrometry, neutron induced fisson track analyss (FTA), and mass spectrometry
(Wrenn 1994). Alpha spectrometry, which cannot distinguish between **°Pu and 2*°Pu has
nomina sengtivity for both of about 0.02 pCi per sample. That is about the same level available
during the resampling conducted in 1966 and 1967. Most mass spectrometry techniques provide
about the same sengtivity as dpha spectrometry. Therma lonization Mass Spectrometry (TIMS)
offers sengtivities of about 0.005 pCi per sample but is tedious and costly. Neutron induced FTA
provides sengtivities of about 0.00003 pCi per sample, or about 1,000 times better than apha
spectrometry and routine mass spectrometry. However, FTA is peformed a only one or two
|aboratories.

The biokinetics and urinary excretion models avalable in ICRP-30 and from Jones (Jones 1985)
vay in thar ability to modd the avalable data on human excretion a long times after exposure.
The Jones modd corresponds quite well as recently discussed (Luciani 2000). At 34 years after
exposure, the modd predicts that the daly urinary excretion would be 10° of the amount
transferred to the blood. As an example, a urine sample with a measured 2%2*°Py content of
0.00003 pCi/L would trandate into an uptake of 4.2 pCi to the blood from the origind inhaation
inteke. For Class Y plutonium, about 5 percent of the inhaled plutonium trandfers to blood.
Therefore, the intake would be 84 pCi, which is wel beow one ALI of 13,500 pCi. Follow-up
sampling and andyss usng the mogst senstive techniques avalable today, offers a reasonable
potential for obtaining useful information. A decison to use the approach should dso consider
other factors, such as codt, ability to locate and obtain cooperation of response personnel, and
limited |aboratory availdhility.

Assumptions were made concerning the type of exposure (sngle, acute inhaation) and dates of
the exposure. For some individuds, this assumption may represent up to severd weeks of
difference in determining the dapsed time between exposure and collection of samples. The
elgpsed timeis one of the primary parameters for estimating the intake.
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The assessment dso assumed that the plutonium was PuO; and represented by lung Class Y
(Type S). All (100%) of the intake was assumed to be from this materid. Limited tests were aso
performed using CINDY assuming a mixed materid (50% Class W and 50% Class Y). Those
attempts produced lower estimated intakes and doses, however, difficulties with reconciling the
goproach with experimental confirmation of typica plutonium a Pdomares are problemdtic. In
addition, as discussed in Section 3, the cases of mixed plutonium forms aso demondrate a long-
term excretion component that is not observed for the data. Never the less, the estimates obtained
with the 100% Class Y assumption are higher and therefore consarvative.

Findly, thee edimaes were peformed with limited information about the specific activities and
times that the individuds were on the dte Efforts to peform a comprehensve search of dl
records and information, including interviews, were beyond the scope of this effort. Some
additiond refinement might be possble from an expanded search for more specific information.
However, the cost of such an effort should be baanced with the possble benefits from
confirmatory measurements of urinary content. Ultimately, credible estimates of intake and dose
will depend on an expensve, multi-phased approach involving:

Urindyss of sdected individuds using highly senstive techniques to assess the presence of
plutonium in their urine.

Detalled interviews with individuds to develop the detals of their exposure circumstances as
well asthey can recdl them.

Research and evdudtion of dl avaladle information, especidly that collected during the
recovery and response phases of the incident, including records available a DOD’s Defense
Threat Reduction Agency, the Air Force Safety Agency, the Depatment of Energy, and
possibly the appropriate representatives of the Government of Spain.

7.2.2.2 Contamination Cutoff Cases

The intakes and doses discussed in the previous section represent conservative estimates of the
intakes and dose equivalents for the Contamination Cutoff Group. The estimates are consdered
consarvetive because the methods and data selected tend to overestimate the actua intakes and
doses. The additional comments made regarding the High 26 Cases Group apply to these cases as
well. Furthermore, confirmation of the possble exposures for this group are very important
because this group did not have any measurements taken in late 1966 or 1967, when apha
gpectrometry measurements were more commonly used.

7.2.2.3 Repeat Analysis Cases

The intakes and doses discussed in the previous section represent conservative estimates of the
intakes and dose equivaents for the Repeat Analysis Cases Group. The estimates are considered
conservative because the methods and data sdlected tend to overedtimate the actud intakes and
doses. The additional comments made regarding the High 26 Cases Group apply to these cases as
well. Furthermore, confirmation of the possble exposures for this group are very important
because this group did not have any measurements taken in late 1966 or 1967, when apha
spectrometry measurements were more commonly used.
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7.3 COMPARISON OF INTAKES AND DOSES TO OTHER PLUTONIUM EXPOSURE CASES

The results can be evduated for reasonableness by comparing them to other plutonium exposure
gtuations. Two such reported cases are the evauation of the citizens of Pdomares by a Joint
SpanishUnited States effort since the accident, and the follow-up of Manhattan Project workers
who receved exposures to plutonium a Los Alamos. In  addition, measurements of
environmental plutonium a Paomares provide data for performing independent estimates of the
intakes and doses for the accident response force.

7.3.1 Dose Estimates for Residents of Palomares

Since the accident, the Government of Spain has conducted a program to monitor the resdud
radioactivity at the accident dte. That effort has included measurements of ar concentrations of
plutonium, soil contamination levels, and assessment of intakes and doses to the population.

During 1966, 59 people provided urine samples on three occasons. Those samples indicated the
possibility of contamination (Iranzo 1997). In 1967 samples were collected in Madrid under
controlled conditions. Of those, 23 exceeded the minimum detectable level of 0.02 pCi/ day.
During the ensuing years, additiond samples have been collected from a larger group of
Padomares citizens and andyzed. The results indicate that 45 individuds who may have received
intakes during the initid cdeanup showed intakes that represented committed effective dose
equivaents of 2 rem to 20 rem (0.02 to 0.2 Sv) (Iranzo 1987). That range includes the lower
portion of the results obtained for responders. In addition, the early concerns for sample
contamination and efforts to mitigate the posshbility support smilar concerns for the Air Force
urine sampling. Although, the Air Force resample effort was conducted away from the accident
dte, the posshility exigs that samples provided in mid to late 1966 and early 1967 may have
been influenced by continued sample contamination.

7.3.2 Manhattan Project Worker Evaluations

During the Manhattan Project, 26 white, mae adult workers received intakes of plutonium
primarily by inhdation. Reports of follow-up sudies of that group have indicated continuing
refinement of the edtimates of their plutonium depostion. A recent report provided the results of
50 years of follow-up. The report indicated that the depostions for the 26 individuds ranged
from 1.35 nanocuries (50 Bq) to 85.86 nanocuries (3,180 Bq) (Voelz 1997). The corresponding
effective doses ranged from 10 rem to 720 rem (0.1 to 7.2 Sv). If those exposures occurred by
inhaation, the intake would have been gpproximatdy 20 times higher than the depostion or 27
nanocuries to 2.3 microcuries. Although the range of exposures is smilar to the prdiminary
estimates for Paomares response personnel, the responders exposures were unlikely to approach
those of the Manhattan Project workers. Responders would have handled the much different
(lower) quantities and forms of plutonium for much shorter times than the Manhaitan Project
workers. Those workers performed continuous, industria operations on a daily bass over severa
years under what have been caled “primitive conditions’.

The results of follow-up of dtizens of Pdomares and Manhattan Project workers indicate the
range of doses from exposures received under field conditions and those received in |aboratory
or indugtrid conditions. It seems reasonable to consder the results for the PAomares citizens as
more representative of the kind of exposure conditions experienced by the response personnel
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because both were exposed to the same or smilar sources, while the Palomares residents were
exposed for many years. Consequently, the results for responders that exceed even a fraction of
the upper range of CEDE (20 rem/0.2 Sv), may wel represent sample contamination or other
atifacts. If that is the case, additiond sampling and andyss of a carefully sdected subset of the
response force today offers an attractive gpproach to confirming the deposition and associated
doses.

8 CONCLUSIONS AND RECOMMENDATIONS

Records of urinary 2*°Pu and gross dpha radioactivity of samples collected from responders to
the Palomares nuclear wegpons accident were evauated for possible use in cdculating esimate
radioactivity intakes and committed effective dose equivdent usng accepted models. Data were
reviewed and individuas assgned to four groups according to the amount and rdiability of the
data. The groups included:

» The High 26 Cases Group tha included 26 individuas identified for resampling for 18 to 24
months after the initid phase of sampling in 1966.

> A Repeat Andyss Cases Group that incuded 54 individuds who ether had submitted
samples that were reandyzed usng more specific methods (adpha gspectrometry), or who
were resampled.

» A Contamination Cutoff Cases Group that included 313 individuds with results that were
bel ow a reasonable, assumed cutoff level of 0.1 pCi per day.

» A Remaning Cases Group that contained 1,063 records that were not otherwise evduated
and that were strongly suspected of contamination from collection on Site.

Two current computer methods were tested and used to estimate intakes of plutonium by acute
inhaation exposure. One method (CINDY) employed the ICRP-30 system for limiting internd
dose. The other method (LUDEP) implemented the new respiratory tract model described in
|CRP-66 and the orgarvtissue weighting factors of |CRP-60.

Putonium intake and dose values were estimated for dl of the High 26 Cases Group, the 54
individuals in the Repeat Andyss Cases Group, and 313 individuds in the Contamination
Cutoff Cases Group. The intakes and doses ranged from below annua occupationd limits to
more than the 50 rem (0.5 Sv) guideline for cumulative dose for workers. Some doses ranged as
high as saverd hundred rem. However, when compared with edimates derived from
environmental measurements, dose esimates for Paomares citizens, and dose edimates for
Manhatten Project workers, these preliminary estimates seen unreasonably high in many cases
Additiond efforts are needed to reconcile the results from the urine data with the levels that can
be reasonably supported by the environmental data and experience with other exposed people.

Severd future actions should be conddered to further refine these initid estimates.

1. Additiona effort is needed to reconcile the estimated intakes and doses derived from the
urinary biocassay data with the estimates from environmental messurements. A targeted effort
that includes participant activities, participant interviews, urine and other appropriate plutonium
andyses using current techniques, medica records review, and modeling should be considered.
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2. The reaults of this effort should be communicated to responders, veterans organizations, and
other interested parties usng appropriate information that clearly confirms the conclusons of the
origind medicd evauation program, recognizes the difficulties in preparing updated inteke and
dose estimates, and outlines the options for strengthening the estimates.

3. Further contacts with the Depatment of Energy for comparison with evauations of ther
personne who responded to this accident could provide useful data. The effort should be
summarized in a companion document that conveys the detals of the project and its potentid
effects on hedth in an easly understood manner. That document should be made available to any
of the responders who desire a copy.
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