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A RECONSTRUCTIOI5OF CHRONIC DOSE EQUIVALENTS FQR RONGELAP
AND UTIRIK RESIDENTS - 19354 TO 1980

E. T. Lessard, N. A, Greenhouss, R, P, Miltenbgrger

ABSTRACT

From June 1946 to August 1958, the U.S. Department of Defense and Atomic
Energy Commission conducted nuclesr weapons tests in the Northern Marshall
Islands. BRAVO, an aboveground test in the Castle series, resulted in
radioactive fallout contaminating Rongelap and Utirik Atolls. On March 3,
1954, the inhabitants of these atolls were relocated until radistion exposure
rates declined to acceptable levels. Environmental and personnel radiological
monitoring programs were begun in the mid 1950's by Brookhaven Natiorval Labora-
tory to ensure that dose ?quivalents received or committed remained within U.S,
Federal Radiation Council Guidelines for members of the general public. Budy
burden and dose equivalent histories along with activity ingestion patterns post
return are presented. Dosimetric methods, results, and internal dose equivilent

distributions for subgroups of the population are also described.
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On M&tcg 1; 1954;b:t ;;Exni Atoll BRAVO, tha Eirot of iix nuclear 'apons ,ﬁ;
tests in the Castlels§££:0;1§;s déé&n;ted.‘ The BRAVO devxce cauned substuniial ?f
surface’contamxnatibn’6£Tzakiblféd'ifbliltwithxn a 2 000 cquazc iile area. The °
contaﬁzgated reg;gnh;$uizi;arl;hiped‘;ﬁh 1nc1udgdllilxnginao, loné;lap, N

cERgYg ey el penricuncy ey ) vl

Rongerxk, and Utxrzk Atolls whlch lay east of ground zero ‘at’ dxutances from 60

sk " DRREN| ﬂ,‘ ot [T I AR TR .

to 300 mzles. The fallout on Rongclap, inxtially visiblo at H+6 hourl, had
v e ltteup EEEEETE NI TTRNST & BT LR S TR ;

thxnned out to cho extent that it was no longcr lecn ac H+10 hours (6162)

- vdd Yol it e e b b Tseang on al g
On March 3, 1954, the 64 residents of Rongelap A:oll and &8 rcsxdents oE
el g0t ke bang g oy Doagannnol wfa by '
Szfo Island, Axlxngxnae Atoll, were evacuated. On March 3 and 4, evacuatxon of

ategt vide o aebioa o Taen Ut v s

157 Utirik Atoll tesxdento also took place. During the first few veeks and at
"4 ;"’c“!;«".’, I

leaot once every year from 1957 to the present, a Biookhaven Nufkdﬁhl‘tabnratbry

W A0 waaae (Bl g ag
medlcal team, organxzed by the Departncn: of Defense and by the Atouxc Energy

A i .t Per i h

Commzsslon and its successor organxzatxonu, hal provxded mndxcll 'examinat ions to?'
monitor the health of tﬁ;‘ﬁeraona inléiallf ;ffccfgﬁ(%;r%ﬁ;?f;fiou: from the nuw_i ;
clear testing program, ﬁiul a compatison‘pdpdictiohi]'f;pagélQétﬁthiir‘fiudingl"br'
are given in Cr56, Co58, Co$9, Co60, Cob2, Co63, CobS, Co67, €070, Co7S, aud
Co80. R

The Utirikese and Rongelapese returned to their home atoli; in June 19354
and in June 1957 respectively. The earlier repatriation of Utirik Atoll uus
based on the low level of external radiation exposure measured after the iuitial 55
3 month observation period (March to June 1954). The Utirik population was not
examined by a Brookhaven medical team until March, 1957, whén'labhpeople re-

ceived comprehensive physical examinations. Following the 19537, medical +urvey,

two men, removed from Utirik for medical reasons, were whole body counted at

Argonne National Laboratory and provided urine samples for radiochemical anal-
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yeis of 137Cs. Pour pctoggvailxted

buﬁc fié-iio ila ‘8 . i‘ addition
OATRI ugelsp-and,:in '

HOI1Td

pooled ur*nc oangle; from both atolls were anslysed radiochemically for 13 ce

Lty

T ey i ?!J\/,xﬂﬂ Floth tnyAil In ".P?f ‘l ‘!aj”‘,f af

and 998ﬁ, Subsequent Brookhaven National Laboratory expeditions by members of

doab OVARE -0 L batanodnb anw xares sgnD sl i !

the Medical Department agd Safecy and Environmental Protection Division utilized:
5 Lt ardvoy sliote bevsdednl no rordgatmsdingy = : R

SRR

whole body coun;xng and radiochemical analruxs of urine and blood samples to
e TNyt LgA Beshieioat baos beqaile ysglc asw nginsy hetenis

*dentxfy :nd quantxfy the radionuclides that were present in the body. The re-
10 raw bausay Yo 18e9 sl dofdw el Ta3A A1 bas i .

ults ,of these radzolo ical messurements are given in terms of body burden in
ST E I Tdrafv vilsistne (qrieseof no uolisl s4T Laslin
Tablep,‘,apd 2. Tbrouahouc this paper the units of quantities sre SI detlvﬂd
S el Bt 99. 1 ouanl oo 3aw 11 gty yiadxa ady wy ot o
and those uh;ch are accfrcod for use with the SI for the time being, Thus both. i
fe qes qncf Y0 atogbteay A2 agg (JERT L E Aoyl o Rt

thc Curxe‘gnd the Becqucrol may be used as units for thc quan:tcy sctivity,

ub o n abuasva 919w (Lloth enmigni s BT
The aforementtoned body burden tables illustrate adult:.mean values for
AT anri 1l Jsasin 4001 mels 2insbiger IMasA Arri
angelap and Utirik. qdult, as classified here, vas s person over 16 years
v : : Rt covso g oadt a3 ARl mmreetsay vievs oo
* St
of age. The mean body mass in this age interval was 60 kilograms. The observed 2
PR P anoasaat #0 o anamyragsd et vl hasineyra piai '
body mass versus age dxg:r;bu:zon xs shown in Figure 1 for Rongelap rosxdents.
VoY CnOEIRL R RTO TGRRE0U2 231 hae

 The same body mass versus age dxstr;butxon vaa observed at U!itlk.

SrEnU anvereg iy Yo Aulnsd it :
~ Because of the paucity of measuremencs at Utxrzk, information on 6000,
S R AT A TR BT S O . O ‘

652n, and SSFe vas in some instances derived from the ratio of adult wmean body

IR

burdens between Rongelap and Utirik. A wean ratio of 2.6 vas oboervcd in Lody

65 90 13705 after they rcached thoxr maximum velues. The -

o

burdens for “2n, Sr, and

standard deviation of this ratic was 15%.

In the following analysis, personal body burdem histories and residence inv o
.- e I

tervals, in conjunction with contemporary dosimetric modelc, are used to asti-

W

mate internal dose. Dosimetric dxstrtbutxono were constructed fton the results

and a summary of the derived activity xngestxon rates and doac equxvalent. was

cader g

provided for various subgroups of the population, Additionally, exposure iate

history curves were constructed for each atoll for the period following thr
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BRAVO test. Thess dats, togagher with appropriate ‘conversion:fagters aad living

pattern models, provided an Qitinntc of external dose squivalent.

METHODS
Exponentially declining activity concentrations have been observed in :uv-
face soil for 1370-, 1291, ng;;908r from 1954 to the present on Rongelap
and Utirik Atolls. Declinin;;;ctivity concentrations have also been observed
in vegetatxoa at a rate greutcr than that predicted by tadzoaccivo decay.,

! S s kA S A Ahaan wie e
Thua exponen;xal decline in die:ary activity was asnunnd aud the tolloving

general eq“‘?‘°08 were derived. -4
- )'“001
; . -
) __EgH /ﬁh - q° (Ti K{Xj e AYK, )‘ ¥
XP° = -~ ] MM ( - )t ( ix )l M ~
g L
E zr& ﬂ —g )
" * 0 1(“312.
(] |
: fRe
MEO = a-e FiXie -%il oty (2)
1 2
£ Xi (e'(kag)t - 'e\:‘i)t) ;
! sz K -K )
and
D = £AP° I, Xi LKi-xg -(A+K{) e~ (ATKEIE 4 (a#xg) e'(*i*k)t)
R (KB+A) (&)
R tS Ly
MR X*K (1-e A J1 (3)
where
6
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The development of Eqs. (1), (2), and (3) wse based on the following cuuvo-

-n»abuv Isitini %o nolisery~ eds }u -1 smi3 Yns 18 noilnsist zbod 9} usiw

11

(131 1]

lution integral. At some variable time, T, defined during @ fikédruptake

interval, T, the daily activity ingestion rate crossing the gastrointestinal

tract to blood is given by

£ time post onset’ nt uptake, days,

2 instantaneous fraction of atoms deacaying per unit tidled‘y -1

initial atom in;cotion’rdﬁci”tddng,;gmfl,

t° 1
instantaneous fraction of atoms removed from compartment. i by
‘”iﬁgi'“!"“‘“ﬂqw IRy -0 iy de VIIVETUR cunuhnduntenl o
physiological mechanisms, day~*,
compartment i deposition fractiom,

the number,oftatéii)inhéémpgggggpc‘i*udll;iqe]ﬁp the number in all

compartmcn:- at.the onset of declining continuous uptake, (t=0),

[RTE LA amii .. VIV b Ut b b yosads e i
instantaneous urin. activxty conccutrati&n, quz‘t o
. . . - s T gt ot
subject urine excretion rats, £ day 1, A
fraction from GI;§yact.to blood,(x,a”), ;
L " A T
fraction excreted by the urine pathwly.J i ”L

instantaneous fraction of atoms removed or added to the atom uptale

. l i . £y g9 )
per unit time, day” 1, due to fcctora other than radioactive decay,
v i imeys o Y ynindYaho oo

instantaneous body burden, Bq,

¥ .. ) . . . L
1] R AT A N I U

body burden at the onset of uptake, Bq,

the number of disintegrations in all compartments occurring during

¢

the uptake interval, Bq days. ;

-(kg+A)T
° E
X f 1 P e v
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inputed at time 1 is A , :
b yemiy i ug gRiysoeh cmode Yo nolsontl Asosasiaslend

l'z{*i"m(htxibggﬂ)ﬂlJJﬁ‘jan[ @rin iniiiui = %

i}
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L 13
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Yo it teger - a1l bevomor mrRodes Tu A5 33ETY suoaAnInedAnl = i1
Thus, the instantaneous activity at gxu t-’t that remains fouovin;,mput during -
el yemr imadoss [evigefaiagidg
dt is - . . .
e (1198711 feldieoqsl f -nam NRGISLI Ty K
>

Prn e rednain o lf PG‘B(;' l)iltﬂx .Tgngi)(sﬁzlhdfu Iadﬂuh it ¥«
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It follows that che ~ingtan ous activity at time t~t that vemains following
RANTE) IBTV9an0, YAILVIINE 9 i1u tJOaﬂhJﬁﬁJdUl z @

input during T is t - _ .

Cptouek Y 93BT DCLFUTAXG GalTe Junpdue ¥ U

N . ve

T .(‘ *X)TLUL.J “(X*Ki)‘t*f)WQ‘i uo;&aar; ﬁ,lk

J A P L.x.e dt . ’

o expwdisa ST YRR vy uujgzwgs nonD&:i_ﬁ, 3

i
1 bgvoms - o iR 19 nGt158711 ?unqubawaj n};Ej;y

i he i 1 yields 1 e hat: de
The, gqlution of the integral yiglds s genpral expreseion chat. depends on

the user defining t. For example, if t is the fixed uptake interval, t, plus an
S yneboaod vbhed anetnelnnteni ¥

additional fixed post uptake gptervalz 4, theu cho body burden at ' T. * C is

dli ta aabyad ybod 37,
given by ,
re RIS TIRTNERT D | o
“(A+Kg)T  ~(AR{T  =(A+K ) 9
XPofl ZLXi (e g - e i ) e i ey ol
Ki - K8
e AN TR SR
As previously stated, Eq, (2) applied at Ronsclnp nnd Utxrik, ;t was
té feyyarfs, o

for the situation that vnriable time t was the uptake xntcrvol. Additxonally,

persons who returned to the atolls in June 1954 and Junc 1957 dxd oo vtth an ini-

f iy Tt

tial body burden, q°. The behavior of this contrxbutxon to body burden,

q, was embodied in the q° term of Eq. (2). A similar model was used to relate




urine activity concnntratiqn4;o body burden. Equation 3 was obtained by
integrating Eq. (2).

Equations (1) and (2) were used to determine the instantaneous fractiou of
atoms vemoved or added to the atom uptake per unit time, KE' and then the ini-
tial daily activity ingestion rate required to produce the measured:or derived

body burden, Equation (3) was used to determine the number of disintegrationus

that occurred in:the body during the residence interval of an individual living
on Rongelap or Utirik Atoll, i

If the mean residence time in the diet is wuch uuch Ionz’t than the resi-

T IAM
dence interval, then consthit\con:xnuaul “uptake is’ achifvcd. Qquq;ions (1) und
= - g
(2) can be converted to cggﬁggnotﬁnc,ggptxnuoua equa:io?t by erlag?nz Kg with

-A. Single uptake expressions are obtained by setting q' tqua} tag;ero. In

¢
.-

some cases only radioactive decay may remove the nuclid fron/ ot .items; for -
)

these cases K, would equal zero. In the case of the fo ,f/&;?iux residents,

the maturing of coconut trees during residence on Bikini Atoll‘c.uocd a con-

JU
tinuously increasing dxeta;y uptake of 13700, Thus, KE ltg fopnd‘to have a ieges=- -

y ' 3 *t"l
tive value., In the case of Rongelap and'chrzk, Kp was found to have a positive

value for 137Cs, 652n, 6000, and 908:. This indicated that in addition to
radioactive decay, some other removal mechanism decreased the rqd}pactivity in
dietary items during the residence interval. For the nuclide Ss?e, only one mea=
surement was published by the BNL Medical Program (Be72); thus an estimate of KE
was not possible.

K. was determined by using Eq. (1) or (2) and the population subgroup wean

E
body burden or urine activity concentration. Portions of these biocassay data

are illustrated for adult males and females in Figures 2 to 6. Two consecutive

e e e
ey T iy

Sr

urine or body burden data points were used to eliminate the unknown ingesticu
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rate from the equation. This method yields n-1 estimates of Ky where n was

the number of data points., An average value of KE was assigned for each nu.
clide, and the results for the Rongelap and Utirik popu{acionl are given in
Table 3. For the evaluation of Kg from Eq. 1 and 2, radiological and
physiological parameters were obtained from the open literature (ICRP59, IcRI'68,

ICRP69, ICRP79, Ki78). A representative sample of these parameters is presented

in Table 4,

Table 3
Summary of Dietary Rate Constants (K&. ‘d‘v»-l)
| 60, 905, %20 Vg

Rongelap Adults ’

Males 151073 1.8x107% 3.1x10"2 1.4xio™

Females 16x107  4.ax10™ 3.5%107° 1.4x10™

Adults 1.5x107>  1.9x107% 3.1x107° Laxlo™
Utirik Adults

Males N.D. 4.6x107 N.D. 1.4x10™

Females N.D. 4.0x107% N.D. 1.4x10™

Adults N.D. 4.2x10" N.D. 1;5;;0’“

N.D. = No data sufficient for analysis.

The values of K, were similar for males and females and for residenis of
Rongelap and Utirik., For 908r on Rongelap a factor of 2 difference betwern Ke
values was observed for males and females. The female parsmeter for Rongri=ap
Atoll compares with that obtained from the Utirik data. A paired t-test . ( the

Rongelap male and female data indicates that the male/female difference wis

highly probable and therefore not significant. This difference leads tu =
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90

bimodal activity ingestion rate distribution for " "Sr in the Rongelap populs-

tion,

Dats for 6000 and 65Zn were not sufficient for analyeis for the Utiri:
Atoll residents., Values for KE observed at Rongelap were assigned to Utirik
males and females and body burden histories for population subgroups were
reconstructed using Eq. 1 or'2. Figures 7 and 8 illustrate'the derived mean
adult body burdens for all gignificant nuclides studied on Bongelﬁp and Utirik,
This method provides a best fit of the dats shown in Figureg 2 through 6, and
provides a body burden history during the early years post return at Utirik, a
time when body burden measurements were n;c made. Actual data points are also
plotted to demonstrate the fit,

The curves shown for Sste in Figures 7 and 8 were obtained by setting K
equal to zero. This underestimated the initial body burdens and overestimatcd

future ones. Since 35

Fe contributed less than 1.0% to the tot‘l dose equiv:
lent, an arbitrary assignment of KE based on observed values for the other .-
clides was not attempted. During 1974, another series of blood samples was
obtained from Rongelap and Utirik (Co75). Analysis for SSFQ has yet to be
reported, A recalculation of SSFe body burden and its impact on early dose
equivalent rates will be conducted when the data is made available. A substun-
tial change in dose equivalent is not to be expected.

Figure 4 and Figure 6 illustrate the observed adult histories of 908: and

13703 mean urine activity concentrations. Mean values for adult males or al!

adults were plotted. Measured values for 137C8 body burdens were also shova in
Figure 7. A much smoother curve was plotted in Pigure 7 and it was determinid
that the collection and analysis technique for urine samples introduced the idi-

37

. R . . . i .
tional variations. On the basis of this observation for Cs, a smooth body
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burden curve for 908:, reconstructed from raw data and Eq. !, was considered & g
more accurate history. A detailed presentation of the greater variation in
vradiochemical analysis of urine versus direct body burden measurements can bhe
found in Mi8l.

Figure 9 illustrates. the variation exhibited in the bosy burden of 5

randomly chosen subjects ovo}«ﬁhe 25 year monitoring period. These individual

VA
. L3

variations may have had a drapatic impact on the mean dats. In Figure 2, which

13703 boudy

illustrates the adult male, sdult female, and adult population mean
burden for the 25 year exposurs peviod, 8 decrease toliowod by an increase was
seen during the years 1958 through 1963, Although the; Castle BRAVO test ini-
tially contaminated Rongelap in March 1954, it had been proposed that the
Hatrdtack Phase I series added to this an amount of coafauination equal to that
responsible for the Figure 2 body burden pattern (Co6i).% Figure 9 suggests that
most individuals counted in those years had body burdﬁns?which remained the same
or declined; however, one individual's burden (#881 M) rose and fell quite
differently from the others, Several factors could have contributed to this
variation from the mean such as departure and return to the atoll, sickness, ihe
dietary contribution of imported foods, etc. Since the mean values are bascd

on small numbers of persons who were chosen at random, it is conceivable that in-
dividuals like 881 M influenced the mean body burdens to s greater degree than
recontamination of the inhabited atolls. The impact of the individual body
burden pattern on the true mean value is moot since body burdens of all individ-

uals were not monitored comsistently throughout their residence intervals except

in the few cases exhibited in Figure 9,
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RESULTS AND DISCUSSION

Daily Activity Ingestion Rates

Daily activity ingestion rates were calculated for dosimetrically signili-
cant nuclides post return. An exponential decline was proposed for the ingegs~
tion rate within a population subgroup and initial reference values are given in
Figures 10 through 14 (June 1, 1957, was assigned as a return date to Rongelap).
Figure 10 demonstrates the differences in ingestion of 1370: for various popula-

13700, 908:, and 65Zn,

tion subgroups. This undulating pattern was exhibited by
nuclides for which sufticient'data existed for analysis,
Differences in ingestion rates of the stable element at the same geo-
graphic location have been shown to occur among wewmbers of & popgiution (ICRY
23). Age dependent diet studies for ingestion of Cs for ureahld;;cn have valueas

varying from 1l ug d"l

for adults to 8.6 ug d-l;tqr chil@gég}f Sigin a westein
type diet rose from 600 ug di{.for infants to 6'90'113 d"1 foés ygar olds to
3,600 ug d"1 for 13 year olds and fell to a mean of 1,900 #g}§’A§f0t adults. Zn
in the United Kingdom rose from 2 to 40 mg d_l, the higher vﬁlue of Zn being
observed in adult tea drinkers., Fe ingestion in a western type diet has a mini-
mum at age 3 and maxima at ages ! and 20 years., Co is ingested at a rate of 20
HE d"l for Japanese adults and half this amount for children. The Marshallese
population also exhibits dietary changes as a function of age. The authors of
the Marshall Islands Diet and Living Pattern Study (NaB0) observed coconut sap
being used as a major food supplement for infants, and later in adult life as .
major source of daily fluid intake. Since coconuts and coconut tree asp pro-

vided the major source of 137Cs on Bikini Atoll (Le80, Mi80), the shape of Fig

ure 10 was in agreement with the observed diet pattern.
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Figure 11 shows the individual data calculated for 137¢, for all Rongela

137

residents and is referenced to June 1, 1957. The individual maximum Cs daily

activity ingestion rate was approximately &4 times the population mean value.
The standard deviation observed for the adult activity ingestion rate distribu-
tion was 41% of the mean value, 39% of the mean value for youhg adults, 48% fovr
adolescents, 38X for childre;§ and sziforrinfanta.‘ Adol%ocents and infants
exihibited a broader distribution th&nfa@é?ﬁg}/&??%gﬁchil§€en aﬁgwed & fractioual
variation in activity ingestion rate similar to that of ;éults;, Breast feediug
versus coconut sap supplements would have contributed to shqwg;?ltcr variation
observed in infants. Adolescents and young adults were the poﬁulltion subgrouys
which have been observed to move frequently between ato{f;. Tﬁ}o wobility would
lewd to greater variations in the daily activity ingestioﬁ rates relative to
those observed in the moré stationgry population subgrdﬁpq. '

Figure 12 also exhibited § wave pattern; however, aigisciﬁct difference be
tw.:n males and females was ipdicated. This difference arose £¥ol the use =f

i

vaiues for Ko listed in Table 3 which were derived from urine data for male anil
fezale residents at Rongelap Atoll., Its major impact was on the doss equivaleut
rate, not on the total dose equivalent; and its effect was to cause the dose
equivalent rate for males to vrise and decline more rapidly than for females.

908: for all

Figures l3a and 13b summarize the individual data for
Rongelap residents and were referenced to June l, 1957. A bimodal shape was
observed for the distributions which contained both sexes, again veflecting (e

. . 9 . .
difference in the Og; dietary rate constants, Dats from urine biocassay

indicated that the observed difference between the wale and female values for V

o=

was not significant. A t-test was performed for consecutive urine measurement

data during the 23 year rcsidence interval. The results indicate that because
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of urine activity’cahccntratioﬁbvarxﬁbility,'thcvn‘wal ' 60:iprobabii¥ty that

' 33’ ige (L i ! 1 L v e e
the male value for KE would 'be‘different from the female value by the factor

observed. Thus differences in the derived activity ingestion rates and dose

‘ . o [
equivalents were not significant.

Figure 14 shows a semi-log plot of the 65Zn and 1370: activity' ingestion

rate histories for adults on Rongelap. A curve was drawn between points, and

. ».""3
the appearance of an increasing 137

Cs ingestion rate during the'1960's indicatod
the possibility of another contaminating event. The Hardtack Phase I series wis
conducted just prior to the observed incrgase in the curve and fallout from the
Cactus, Yellow Wood, and Hickory experiments detonated at Bikini and Enewctak

would have reached Rongelap., However, ssveral obssrvations fail to support the
conclusion that recontamination was significant., These are 'as followst 1) the

increase 1in 137

65

Cs ingestion rate was not in conjunction with an incregse of

Zn; however, since 652n is an activation product it may have not been produccd
in the same proportions. 2) The peak 137Ca body burden at Utirik occurred

nearly three years after the initiating event, Castle BRAVO, while the peak boly
burden at Rongelap followed six years after the potentially contsminating expe: |-

ments of the Hardtack series in 1958, 3) The activity ingestion rate at Utirik

demonstrated a continuously declining pattern versus the humped pattern observe

at Rongelap. This occurred even though there was an equal external exposure .

rate history following the Hardtack series as measured by the U.S. Public Healit
Service on both Rongelap and Utirik (Un59). 4) The peak exposure rate on

Rongelap following the Hardtack series was 10,000 times less than the peak expo-

e ke e S on e i

sure rate following BRAVO. These facts suggest that the Hardtack series was 1o

a major factor influencing the Rongelap body burden pattevns. Thus it is e

postulated that body burden variations were caused by travel away from the at« |l i

29

N AN YNNI Y MM




or sickness ang ather factore, Regardlesy of the csuse of ipdiyidug) giffer-

ences from the mean, s spoogyﬂgg,b:iptianfot the body burden and gc;iy}ty inges-

tion rate for the population_ﬁ?ulq be adog:cd, Oun this basis a dpcl}p}ng contiu -

uous uptake model was used.
Internal Dose Equivalent Rates = " D

The approximate instaq:ﬂgqgup dose equivalent rates for the total body
were determined from the body, burden data illustrated in Figures 7 and 8 aud

from the following equation

oie

= qI, (&)

where

R

xe
11

the total body dose squivalent rate, mRem y'l,
I = equilibrium dose equivalent rate to the total body per unit body
burden, mRem y~1 uCi’l.

q = instanteous body burden, uCi.

The approximate nature of the estimate was due to the assumption that the
radioactive atoms were distributed among the body tissues as they would be fol-
lowing constant continuous uptake for periods of time much greater than the meiy
residence time for the total body. In the case of 908:, 86% of equilibrium was
assumed. These assumptions were not used in the estimate of the total dose
equivalent. In addition, since mean adult body burdens were computed, a factor
of 1.2 was needed to adjust for differences in body mass velative to a 70 kile -
gram adult, Table 5 lists values of I which were determined from information

given in ICRP59 and corrected for body mass differences.
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, Table 5

Total Body Equilibrium Dose Equivalent Rate
per Unit Body Burden

T,
?( mRem y’"1 uCi'l
33 pe 2 x 10°
26
60¢, - 6 x 10°
27 L
652n : 1 x 102 ;
30
905, 3 x 10°
18
137¢, 2 x 10°
55

RAASS @

Figure 15 illustrates the relative coétribution to the gomépsi:e dose
equivalent rate for each dosimetrically sjgnificant internally deposited nu-
clide. For the average Rongelap adult, the residence interval begins Juuc 1,
1957; however, many adults were reported to have resettled du;ing the ne-t 3 to

6 months (Co80b). The composite dose equivalent rate indicated that a bicud

maximum of approximately several hundred millirem per year persisted for several

hundred days. Most of the dose rate is attributable to the Cs compon.ul Ce=-
sium dominaterd over the entire post return period and would be of prime '.ncern
for populations returning to a contaminated enviromment years after a fii:ion
type initiating event,

Figure 16 illustrates two possibilities for the Utirik dose equivai:ut
rate resulting from the 6SZn body burden history during the first three ;v ars

post-return. The higher body burden resulted from use of the two measu:. ? Zn

31

i b 23 et

R S Ry

srin,
X

R I Ty
FETTTY SRS =2

Eir S

R

14 L e e e R

PN

PR A y,...-.'.’.‘ih“." Lo . . o ey,
y i R R e . ]



S

PBVO,

'l

=Y

DOSE EQUIVALENT RATE, m REM YEAR™!
=3

5,

11

L [ R | L x L‘L v AL 1. I JUY
103 104
DAYS POST RETURN

Fig. 15 Adult Mean Total Body Dose Equivalent
Rate at Rongelap Atoll
Post Mid 1957

32

O ae o oo ’ L1 I LAY ) AT (AT 2. REAE BE UL BE S0 A
. : L .

|) ’
S
1,3
LN
.
G
Ji
A
K
b
ot
’
ey
1
.
H
AR T

[P SICR oA

AT



iy

1

. PEAK OOSE EleVALENT RATE = 15 REM/YEAR -

£ EQUIVALENT » 12.4' REM’

108 .
I Kg* 34 %10 d" a
s (OBSERVED'AT) RONGELAR) -
ol b PEAK DOSE EQUIVALENT -

RATE * 0.6 REM/YEAR

oosel EQUIVALENT® .73 REM

S
1
%
0
> -
§lO 7
-l
T -
Lodd s b b

DAYS POST RETURN
Fig. 16 Mean Adult 65Zn Body Burden, Peak Dose

Equivalent Rate and Dose Equivalent
For Utirik Atoll

33

PRI )




body burden means for adulcgion Utirik and the observed Kz'rltcéconltant froit

65

Rongelap. It was observed on Rongelap that .031Z2 of " ~“Zn was remaved from tiie

diet pathway each day in addition to radioactive decay. Additionally, rveduciion
137 s, 90

Do ‘ A I
in dietary radioactivity on Rongelap had been observed fqtl 0

C S8r, and  Co

to be greater than that predicted by radioactive decay lione. Instantaneous re-

‘ R - S LI T L e g AT i R
duction fractions very.simikin qaj;hqqolg;;gongcidpjﬁcrcgoblcrvcd st Utirik {or

. 1.
e 908:, and 13703 nuclides, The lower curve on ?igurefthtcfloCCo the dose

th
equivalent, dose equivalent rate, and body bqrd.n which yould have occurred tiad
radioactive decay alone ddcduntcdufor;¥§. ;éuovul of 65Zp from the Utirik envi-
ronment. Since additionaﬁﬁng&gqilns ;aulh}be meauured{fe; other nuclides at
Utirik and for the 6;2“,"€§b%§é_99f“,“;;;b; atoll,* the pbper&curvc'vas chosen as
the most likely body burden history for adults post reCU;n cé Utirvik Atoll.
Figure 17 indicates the Utirik adult mean total body d;se equivalent vate

i
Oty

for each nuclide. An obvious difference relative to the Rongelap history
exists; 65Zn not 13703 was the major nyclide contributing to the dose equivilent
rate. This was due to the Utirik population returning 3 to 4 months after ih¢
initial contaminating event, and the Rongelap populetion returning after 3
years. The age of the fallout had a dramatic influence on the importance of
eacli nuclide contributing to the internal dose equivalent. In fact 6000 ani
652n played major roles during the first } years, a time interval that
corresponded to the period during which field whole body counting facilitie
were being developed at Brookhaven National Laboratory and when medical ex:unina-
tions for people on Utirik Atoll were not done. Additionally, pooled and/vv in-
dividual radiochemical analysis of urine was not performed during this periud.

60

.
The impact of 6)Zn and Co was such that even if the least conservative rate
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constant (K;=0) was used for Zn, the dose equivalent rate for the average

adult was in excess of Federal Radiation Council Guidelines for the first 2

years following the return to Utirik.

Internal Dose Equivalents

Disintegrations occurring in the ‘total body: of an individual during resi-
dence following repatriation were determined by several methods. Equation (3),
together with personal body?bufden histories and atoll specific Kg rate con-
stants from Table 3, provided;an initial estimate of}diainCegrationl between ron-
secutive body burden measurements. The segond method used was & log-log plot of
the subject's body burden history and an élgebraic determination of area betwecn

t-o consecutive measured points. The third method uped;a linear plot of the
suniect's body burden history. The area under the curv; was cut and weighed and
comnared to a standard weight of known arves, Qullicy‘cgnttol procedures
required that all three methods agree Qithin 103 bafofé a subject was assigied
his or her total body disintegrations during residence post retura. In general,
the methods coﬁpared to within 252,

After the total number of disintegrations occurring in a8 subject’s body

was assigned, they were apportioned among the body organs according to the fol-~
lowing equation
!
fz ziAiBi (Sicibi + ln2/A)

F = ' (%)
Eiciui(}:ix\iai + 1n2/M)

where
F = the fraction of total body disintegrations occurriug in the organ of
. )
interest,
A. £ organ compartment deposition fraction for the element,
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B; 2 organ compartment biological half time for the slement,

Ci S total body compartment deposition fraction for the element,
D; = total body compartment biological half time for the element,
t
f2 = fraction of the element from blood to organ of reference.

i

Equation (5) applied where significant decay occurred|at the deposilion
3 |
site, and not during transit or re-transit to the organ of gnterest. Valurs for
compartment deposition fractions and compartment half times were obtained [rom

Ki78, Values for the rcgi&ding:qulnfities were from ICRPS9.

. { . B 4 i .
The dose equivalents to a specific organ ovr the total body were deternined

by using the source to tavget dose equivalent petr unit cumulit.digctivity parame-:
. L

ters from Ki78. The total.target dose equivalent wasﬁgbtain?d by summation of
the dosimetric contributiﬁps'from all source organs. Severai iméortant modi fica=
tions to the general proéedure were made in order to compute;individual
dosimetric results. For gpach person, the source to target déﬁé?iquivalenr per
unit cumulated activity was weighted bj the ratio of a standérd m;g's body wass
relative to the actual mean body mass during the interyal for which the dose

13708' the long term biological (e-

equivalent was determined, In the case of
moval rate constant for the Marshallese population was'highlx dependent upon
body mass (Mi8l). Appropriate modifications to Eq. (2), (3), and (5) were wade
to reflect this dependence, Finally, for 9OSt deposition in bone, 28X of tie

source to target dose equivalent per unit cumulated activity was assumed [(ccm

cancellous hone and 72% from cortical bone.

Figure 18 demonstrates the mean dose equivalent from 137C3 for varicis age
and sex groupings. The residence interval was from 1957 to 1980 for this ., ula-
tion. The adolescents and persons above 50 years of age in 1957 maintained rhe
lowest dose equivalent. Persons who died during this period were not inclnd~d
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in the figure nor were they included in any dosimetric diatribﬁtiono for iy of
the nuclides. Thus all persons considered, regardless of initial age in 'U57,
experienced a 23 year exposure interval.

Figure 19 shows dose equivalent distributions according to age and .+ for
137C8 among the Rongelapeqé. The sh?pe or the population disttﬁbugion wa
skewed with a mean of 1.7§§cm and a msximum of 9.0 Rem. Thus th§>maximum vas
5.1 times the mean value.for 137cs on Rongelap. An examinatiopjé{ the suirgcoup
distributions reveals th@t‘persons Qho were infants at .the Cimg}of rehabiiation
at Rongelap also were the.recipients of the highey doses. This was due ro the
combined effects of lower average body wass, a higher average igﬁescion rate,

and more rapid turnover of'137

Cs than that for adults or even children. fhe pa=
rameter having the greatest impact on the infant dose equivalent was body nass.
The standard deviation for the adult male distribution was 4?% §f the mean dosge
equivalent, for adult females 43% of the mean dose equivulent,_and for adnlag=
cents 47%. Within a subgroup, the maximum observed dose equivalent was approxi-
mately twice the mean value for all distributions considered here.

Figure 20 shows mean dose equivalents as a function of returning ag:
groups for 652n on Rongelap. Adolescents, young adults, and adults 50 aunl up
were the groups receiving lower total dose equivalents, while children aud mid-
dle aged persons received higher dose equivalents during the residence iunivcval.
Measured 652n data for persons who were infants at the return date were u.t
reported in the publications by Conard et al.

Figure 21 shows the dosimetric distributions observed for members of the
Rongelap population for 65Zn. Again the population overall exhibited a siicwed
distribution of dose with a maximum value nearly three times the mean. ({(iiildren

demonstrated higher doses than persons who were adults during the entire 7!
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year period. The standard deviation was in general 302 of the wean value for all

and sex subgroup distributions. This less pronounced variation may be due tu

65 90

the fact that ~Zn measurements took place over a8 3 year interval while ~ Sr

and 13703 occurred over a8 23 year interval and thus was contained in a more

homogeneous population than were the longer lived nuclides.
90

.

- ‘ i Y
Figures 22 and 23a and 23b summarize the °~ Sr dose equivalent results [or

individuals at Rongelap.

In this analysis, only the ingestion pathway was considered important.
Some radioactivity would enter the body via the resuspension and difect inhala-
tion pathways. It is known that for a given soil concengfation of ‘the stab!e
naturally occurring analogs to the raiioqu§id;; considered here, ghe ration
ot food and fluid intake to blood rel#ti§e to airborne intake -to blood, are

as follows:

Co > 3000 Zn > 130

Fe > 550 Sr » 10,000
Cs > 400

Thus, dietary intake of radioactive masterial is the principal pathway leadiiy to
internal deposition, This applies to most nuclides in the enviropment, howrvrr,
there are notable exceptions including I, U, and Pu,

External Exposure

A value of .73 rads in tissue of interest per rontgen, measured in ai: at
‘one meter above the surface, was used to convert exposure in air to absorbe:d dose

in tissue. The asource was assumed to be ap exponential distribution of W7,

ac-
tivity with depth in soil, typical of aged fallout (Be70). Because of the
multidirectional nature of the source, variation of absorbed dose with deptl of

organ was minimal. Additionally, external doses were adjusted for living put-
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tern vatlgtxoq:ﬁaxnce the atolls present a hot?rqg“nfguffexpo-ure rate enviroii-

ment (G¥77).

External exposure calculations are based op Figures 24 to 26 wvhich vere

derived from data listed in Cr36, 8h57, Un59, ¢n4 Gr77. The ares under straipght

line portions of the curve was determined by

o~y

*
%

Rty Ry 8y

X = n+} i;} : ’ (@
where o SR j
X £ external exposure during straight lipq interval, nmR,
R2 3T  exposure rate at the end of the iqtéxvnl, mxh-l,
Rl 3 exposure rate at the beginngng yf’thp ip:e;va}, “‘Ptlz _
t, E time post detonation at the end of interval, hours,
t; = time post detonation at the beginning of interval, hours,

n 3 slope of & straight line. a8

Data from 1l detonations during May, June, and July of 1958 (ShS7) indicated a
mean fallout deposition exponent of 18.8. This mean value was observed at
Utirik, Rongelap, Parry, and Wotho and was applied to early time post detonarion
of BRAVO to obtain the initial increasing exposure rate history shown on

Figures 26 and 26. This method yielded a fallout deposition period of 3.5

hours on Rongelap and 12 hours on Utirik. This Lime compares well with the

original observations reported by the Marshallese and by U.S. Navy personnel

A4 h R R o e JET e e LIy e T

stationed in the area (Sh57). Initial dose equivalents on "acute doses”

s

iy

are develaped in greater detail in another report.
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Figure 25 demonstrates.the external exposure following the 1938 testing s~

ries, 8ince treturn to Rongslap followed 3 years after the BRAVO contamination,

this series contributed in large part to the external exposure post return.

SUMMARY

The Castle BRAVO shot of March 1954 caused the contaninaﬁion of the
inhabited atolls Rongelap and Utirik. Evacuation from Rorgelap commenced 30
hours after detonation and from Utirik 33 hours after det§nati§n; During Jum:
1954 and June 1957 the return of the Utirikese ap;‘nongelépeoeéoccugred respen~
tively. Body burden data for dosimetrically significant nuclides ﬁire obtainad
throughout the residence interval post return primarily by direct ip vivo gamua
spectroscopy and by indirect radiochemical analysis of urfpe and bibod.

The dosimetric models psed in this analysis were tepfesepcat§ve of a
declining continuous uptake teghme. Diétary decline of ra?ioactivity include’l
radioactive decay of the source and a conglomerate of othe; factoré?uhich mighi
have included increased use éf imported foods and weathering of the source. 0i-
etary loss rate constants wefe estimated from sequential body burden data and
were comparable for both atolls.

Variation in body burden history dats for & particular nuclide on a pa:itic-
ular atoll was observed in whole hody counting data and urine bioaasay resuli:.
This was attributed principally to the statistical variation encountered when
small groups are sampled from a heterogeneous group of body burdens in peopl.,
and in the case of urine bioassay additional variation was introduced during the
laboratory analysis of samples,

- Daily activity ingestion rates were determined for all measured

radionuclides. In general, infants, children, and adults between 20 and 40
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years of age ingested more activity each day than _did adolescents snd persons

greater than 40 years of age. Maximum deviation from the average value of the

daily activity ingestion rate [fox members of an age subgroup was no greater than

a factor of 3. However, the population distributions illustrated a maximum fac-

tor of 5 times the mean gctivity ingestion vate value. - . :u
. ' St o, v
Dose equivalent rates poat return were determined for members from both

atolls. For Rongelap Atoll, the residenta received approximately 100 to 200

mRem per year during the firat 5000 days post return frau'internal emittexrs.

The principal contributing nuclide was 13703. For Utirik Atoll, the reaidents

received up to 15 Rem per year during the first 400 days past return, The-majvr

contributing nuclides were 6szn and 6000. Dose equivalent:ratas to the

Utirikese from internal emitters fell below 500 mRem per yesr at approximately

Can,

1200 days post return, ; A

The dose equivalent for population subgroups and for individuals was det.r

mined. Table 6 summarizes the results for the total body, thyroid, red marrow,
testes, ovaries, lower large intestine wall, and liver. The catenary compart-
ment model of Bernard and Hayes (Ber70) was used to determine doses to various

segments of the gastrointestinal tract. The Utirikese received significantly

more radiation dose from 65Zn, 6000, and SSFe than did the Rongelapese because

90

of short mean residence times of these nuclides in the environment. St dosas

to the Rongelapese were 2.5 time greater and 137Cs doses 1.5 times greater than

doses received by persons at Utirik. This occurred even though Utirik residen::

returned to their atoll J years earlier and somewhat reflects the degree

to which Utirik was less contaminated than Rongelap.
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Chronic Phase
Doge Equivalent Susmary’, Rem

Total Body Thyroid -
Utirik ' Rongelap - Utirik Rongelap

Nuc lide Adults Adults Adults Adults

90s¢ 012 .027 .00075 0017

53pe .033 023 .059 042
137¢y 1.1 1.7 1.6 2.4
- 60¢o .51 014 .36 .010

6%2n 13. .076 11, .067
Internal 14, ‘ 1.9 13. 2.5
External 3.2 2.0 3.2 2.0
Total 17. 3.9 16. 4.5
Red Marrow Testes-Ovaries '

904, 054 .12 .00075-.00075 ,0017+.0017

Sire .060 .042 .058-.062 .074=,043
1374 1.7 2.6 1.5-1.7 2.3-2.6

bt o .63 .018 44-1.8 0.12-.050
6.y 17. .10 11.-16. .069~,099
Inc -nal 20. 2.9 13.-20. 2.5-2.8
External 3.2 2.0 3.2 2.0
TOC-’;L 230 4'9 170-230 405-408

Lower Large
Intestine Wall Liver
90g ¢ .23 .57 .00067 0015
55Fe .067 047 12 .080
137¢¢ .59 .90 1.8 2.7
60co 4.7 .13 .79 .022
657n 15. .091 17. 14
Internal 21, 1.7 19. 3.0
External - 3.2 2.0 3.2 2.0
Total 24, 3.8 22. 5.0
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