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Thermal ionization mass spectrometry measurement for wraninm isotopes in
Hiroshima soil samples
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_ Masahary Hoshi® _
!Research Centre for Radiation Protection, National Institute of Radiological Sciences, 4-9-1 Anagawa,
Inage-ku, Chiba 263-8535, Japan
2?Research Reactor Institute, Kyoto University, Osaka, Japan,
Graduate School of Engineering, Hivoshima University, Hiroshima, Japan,
‘Researqh Institute for Radiation Biology and Medicine, Hiroshima University, Japan

Introduction
On August 6, 1945 “Little Boy” the **U bomb was exploded above Hiroshima and about twenty
to thirty minutes afler the explosion, there was “black-rain” in a wide area that extended outside
Hiroshima city éxtending to more than 30 km to the north-west direction from the hypocenter.
Subsequently, there were two reports summarised in Dosimetry System 1986 and Dosimetry System 2002
based on the radiation dose estimation due to gamma rays and neutrons received by survivors of the
Hiroshima A-bomb. There is less information on the distribution of radioactive fallout in the case of
- Hiroshima A-bomb (Little Boy) compared to the Nagasaki A-bomb. The a.fnounts"of fission produdt (FP)
generated by Little Boy were much smaller than those deposited in Hiroshima from other atmospheric
nuclear test explosions and analysis of FP contents in soil samples do not show the distribution of bomb
" fallout, According to some reports, about 51K g of ®*U was loaded in the Hiroshima bomb of which about
912g was consumed by the 16-kt explosion. It can be interpreted that one of the potential nuclides that was
unique to the Hiroshima A-bomb was U, There are various assumptions abaut enriched ZU present in
the A-bomb, ’

Urapium has three long-lived isotopes of masses 234, 235 and 238 with average abundances of
0.0054%, 0.720% and 59.275%, respectively. The principal isotopes e.g. “*U and *U are of primordiat
origin and 2 is present in radioactive equilibrium with 2°U. ®$U occurs in nature at ultra trace
concentrations with a “*U:*J atom ratio of 10™*. Anthropogenic uranium also contains small amount of
#577, formed by neutron capture of U in nuclear industrial processes and fo a lesser extent, the alpha
decay of 2Pu. Some U has only been found in geological samples specimens (e.g. samples from the
Oklo reactor) which can be explained due to higher reutron fluxes in uranium ores. B is a potentially
“ﬁugcrpﬁnt” for the presence of uranium originating from a nuclear reactor in the environment. The
zbundance of 10ng-iived radionuclides and their decay products pravide information én the chemicat
evolution of the system of their origin, In case of environmental sciences, soil and sediments are the most
suitable materials that would-be likely to preserve any remains of anthropogenically altered uraniam.
Natural isotopic composition of **U/*U = 0.00725. However, there are no two isotopes of uranium

which are int sccular equilibrium and not affected by any possible contamination. Therefore, determination

N
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of U isotopes in soil samples is expected to provide us with information to evaluate the poss{ble

contamination of uranjum.

Inductively coupled_rplasma mass specttometry (ICP-MS) and thermal jonization mass

spectrometry (TIMS)' have been used for determining total concentration of uraniym and isotopic

measurement of uranium from soil samples respectively. TIMS provides highest precision (normally 0.2%

‘at the 95% uncertainty level compsred with approximately 1-2% for ICP-MS. The advancement of

thermal jonization mass spectrometry with high abundance sensitivity enabled us to measure directly all

'possible uraninm isotopes. TIMS measurements produced deta with much better precision than

conventional alpha counting methods and reduced the sample amount as well as time required for
measurements, The purpose of our study is to make clear the ‘distribution. of uranium a5 well as precise
measurement of “*U/*U, **U/M*U and 262 ratios of urenium chemically separated” from soil
samples around Hiroshima hypocenter using a thermal jonization mass spectrometry equipped with a
WARRP filter to detect trace levels of nuclide contamination by artificially produced uranfum isotope.

2. Materials and methods

2.1 Samples ) . .

A sizndard reference material NBS U010 was used to check the reproducibility of the calibration
of TIMS. Eleven soil samples were selected for this study: sediment reference material supplicd by
Geological Survey of Japan (JLK-1) and surface (0-10 cm) soil samples coliected at a distance from 2 to
30 km from Hiroshima hypocentre in 1976 under the auspices of a project sponsored by the Ministry of
bealih and welfare, Japan. The samples were dried at 110 °C then crushed and sieved through a nylon

sieve,

2.2 Chem:’cal procedures ) ;

Digestion with an acid bomb was performed in a closed vessel (PTFE vessels) microwave unit
(MLS 1200 mega, Ttaly) using a mixture of HNOuIF-HCIO, for sediment sample, JLK-1 and soil
samples. After digestion, samples were evaporéted to dryness on a hot plate. Then the residue was
dissolved in 8M HNO; to yield a sample solution, ' .

2.3 Chemical separation

Three columns were prepared for each sample. Eichrom UTEVA resin in prepacked columns with
2 ml resin was placed immediately below the second column containing a strong anion exchange resin
Biorad Dowex 1X-8 (200-400 mesh, CI” form). Both cohmns were conditioned with 8 M HNOQ;. The
sample was transferred to the anion exchange column and eluent passed directly onto the UTEVA column.

The two cohumns were eluted with 10 m! of 8M HNO,, followed by 20 ml of 3M HNO;. Uranium was '

eluted from UTEVA column using 5 ml of 0.02 M HCL. Concentration of cluent was adjusted to 9 M HCL
The resulting solution was loaded onto an anion exchange column preconditioned with 9 M HCI and
washed with 10 m! of 9 M HCL Finally, U was eluted with 10 ml of 0.02 M HCI and the eluent was
evaporate& to yield a small drop in a Teflon beaker prior to TIMS filameat loading.
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2.4 Mass spectrometry

The isotopic analyses of utanium were performed on a single foeussing VG (Micromass) Sector
54-30 thermal jonization mass spectrometer (TTMS) at National Institute of Radiological Sciences and is
equipped with nine Faraday collectors and a Daly ion-counting system detector positioned behind axial

Faraday and wide aperture retardation potential (WARP) energy filter. The large ratios between decay

constants result in extreme isolope ratios in secular equilibrium, the analysis of which requires high
abundance sensitivity. This has been achieved with introduction of wide aperture retardation potential
(WARP) energy filter. Very high abundance sensitivity, high transmission, and high stability ion optics,
extremely low dark noise level, high linearity of the detection system and sophisticated sample preparation
techniques 10 minimize molecular interferences and contaminations of the sample are edsential to achieve
the ulimate precision and accuracy in TIMS measurements of very large isotope ratios. A triple filament
assembly was used for the thermal tonization of uraninm isotopes. Uranium isotepes 234, 235, 236 and
238 were measured dynamically using the Daly-jon counting system and three Faraday cups with mass
jumps,

3. Results and discussion

Concentrations of* uranium measured by TCP-MS in different soil samples are summarized in
Table 1. We have studied the {otal concentration of U from soil samples. The mean concentration of U
varied from 2.61 to 4.8 ppin. Taking into account natural uranium concentration, it is difficult to examine
the possibility of contamination due to wraninm. (Wedepohl has reported U in the earths crust as 1.7 ppm.}

We have carried ont the isotopic measurement of uranium from soil samples around the
hypocenter with the objective of detecting the presence and potential spurce c;f anthropogenic uranium. A
representative duplicate set of samples is given in Table 1. Samples from location station ESE fall in the
range expected for natural uranium. However, samples collected from other places SilOW a spread in
uraninm isoiope ratio well outside the 99.7% confidence 1imit, showing a li.l':ﬂe ebﬁchmem of B5UAU.

Table 1 -
Sample No Dimce* d:?slilty COIICSH[(JI-T:I.ﬁOn S 1Tl b : 235[lJ.”'“‘U
) kel (ppm) ,

ESE 4 1.21 4.01 5.51E-05 0.007258
ESE 6 1.33 2.63 5.48B-05 0.007269
N 4 115 2.61 5.56E-05 " 0.007278

N - G 291 S5.61B-05 0.007279
N 10 1.24 4.85 - 5.53E-05 0.007271
NWN 4 L 274 S72B05 0.007368
NWN 6 0.86 3,78 . 563E-05 0.007349
NWN 8 L4 341 " 5.508-05 " 0.007238
W 4 1.16 335 548605 0.007306

W 6 094 - 446 5.49E-05 0.007266

ESE-East-sontheast, N-North, WWN-North west north, W—West  *: Distance from hypocentre
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This indicates heterogeneity in the distribution of isotopically enriched U within the soil. Data
from duplicate rens of each sample, one can confirm that such deviations from natural ratios were readily
reproducible at statistical levels predicted by standard measurements. Therefore, we thought it worthwhile
to discuss Z*U/AU as well as 2°U/*U ratios. )

When we use >*U/P0 ratio, disequilibrium ratio varies from lowest ie. 1.005 to the highest
1.117at sampling point - which is within 10 km radius from the hypocenter. In case of secular equilibrium,
B with a half-life of 4.47x10° years would be in secular equilibrium with all its daughters, including
DY with halllife of 2.45%107 years. Therefore, “*U/*U atomic abundance ratic would be
2.45%10%/4.47x10% = 54.8x10° (or 54.8 ppm) which is the expected ratio. This indicates about ~1% of
enrichment of #*U is present in soil samiples. The results reported here arc comparable with Takada ot al,,
whose data was obtained with an alpha-spectrometer.

3628 patio in the soil samples varied between (1.1-4.6)x10%, The presence of P1J in the soil
-samples can be attributed to some nuclear fallont from some nuclear accident (global fallout) or may be

due fo contamination i the black rain, Therefore, it still remains as a problem to be studied to estimate

seutron fluence quantitatively based on the data from soil samples to investigate the presence of 267 in

detail, ' .
All these studies are preliminary and joint efforts have been taken to assess doses to Hiroshima

residents due to the “black rain”. One of the main problems relating to dose assessment is eslimation of

qualitative and quantitative composition of fallout deposition. Tn case of 1 measurement, since thers are
no international stendards available, it will be desirable to calibrate TIMS measurement with accelerator
mass spectrometry (AMS). This will result in more accurate determination of P U™ U matio in soit
samples and will be helpful for the assessment of external doses due to radionuclides deposited on the

ground in the “black rain area™,
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FRET 20—30 S, BOHALIALEF R ORISR o O CERFR ORRE R Ho, =
RNEBWE SRR, B FSERRES BE SRR b b L, TOHROASTRICREE
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l“%l?i&’c 1, AR BN TR TER S BUBOME & LTS THh 38 U REBERTR

. U DRSPS, RIS PU, Hic & D P (Tin = 2342¢107 y, o-decay) BERERD, T
o&ﬁ_ﬁ%mﬁﬁa BT LEEE2 bR, TCs kivhbh 5 3HABY —A k223N S 5,
PR R RIEEATC 1 P50 RIS R BB Th o A BUE B OB & bRVWRERIEE
BERSUTER (TIMS) SRR R ATER (Ams) R EDTTHEEHIED ﬁﬁql@’ﬁ‘ﬁiﬁi #Ey
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22 HalEsEE
221 ¥'Cs BIY Pu BERIEE
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AR T Ll LEEETHS, W, AEREIEIR & B VOB o L ERREIT O
Motz 0%, BOHOBRTHEEOL I 2 —2 vhBEENTERER, RIETS5—F RED
7 DRRICIEE B R ode, 1976 L 1978 0, EAFFRRLERY, TR BT OB 30 ko BT
16 HECT, & D@ ERAORRETY, REBHEOREZT 27, HEEER O EVED
BB HERE WCs (T,,=30. 17 y) & Pc JUES T iz, 1950 G 1960 FEFUHIEThhk
¥ wﬁcﬁilf?i‘%ﬁb%cf)ﬁtimﬂﬁktﬁﬁ7ﬁ-—w7 &k (global fallout) DiwHic, EHERS

CRDTA—NAT O s O E R LRED THEChok, 03I, BRETHL 65

ERBLESBRBOTTAR. EEREO7+—AT D b (close—m fallout) DEE, bk, B
Wl & 6&%&%#%1&%&@& Erhoi

fRh T~ REETRI. VM LT REICH S global fallout intg close~in fallout ORH%
Bott, %@ih%’é@%{ﬂﬂzétﬁmﬁgi HETAILhAM, ERELLES Mﬁ&“{ﬁiﬁ::ﬂtﬁ
Li?tc\ global fallout OEEEFTF, LD close-in fallout OETREPEEL LR
Bz g A EE bhe, FV, TEORAPE L, FRHEK (-3 F) CREShCRITRET BN
eI FE D) ¥, DETFOLEAREERRE TR RENIZET Wes BlEEFRLSERE
Bl B L. wics Al Ehhid, *o Wics 13 closo—in £allout FEEOTTARMEATER [ =X 4N BT
V"-}V@ﬁﬁﬁ@ﬁﬂh#ﬁ oI, £, BUOTHOBETFAME close-in fallout ©5F & 0 BALRAE
BRIC b £ LT RRHDE D TEERE L,
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2, RPIBE0En )

E 1 &R H-HT R0 RROEES LT
ERTFT. 3-5 #7180 3en (RF 2/ LA AA
7R bem) MEFTOHERERLE, &
ZIORTBADREOR T LS, Tigo
POREEEFTINE,

ZIHEEBORMET L, BRahi 18
RIESEITANT B 2 < 2 TACTHER
DHL, BBE, 2m F0aid 2Ty, ik
BEFH L LI BE&LE, T
R ACRFFEETRLTE

L1 LLE LT

&1, TN ORIRmGE

-80.

&1, EAORVACHEETOLERREA O

BH Ne. 18 g8E BES BDB HHEHE REx
_ ' No. {cm)
H1  3428°347" 132 27°114" 1946 200872 |HI1 30
. HI-2 30
H1-3 30
H14 30
) HI-5 30
H2  .3428'38.6" 13226'43.8" 1947-1952 2009/2/17 H2-1 30
’ H22 30
. H2-3 30
H3 34 27°1817 132 25'291" 1948  2009/4/13 H3-1 30
H3-2 30
] H3j3 30
H4 34 26'27.27 132 26°482" 1946  2009/4/13  H4-1 30
. . H4-2 30
H4-3 30
H5 34 28°370" 132 27° 240" 1948  2009/413  H5-Y 19
H5-2 30
HE5-3 36
H6 34 28"067" 132 27°331" 1946  2009/4/13 H6=i 30
‘ HE~2 30
H6-3 30
H7 34 28°088"132 207118" 2 20094/13 H7-1 30
H7-2 30
. H7-3 30
FHES om BRATILRRATERNC LRI £ R
! H1 Unicvl;ertheidestrﬁyed house ! rome - R
! Paddy field i H2:Garden from 1947-1952

H1-f~H1-5

.81_

9.23 km fram hypoesnter
H2-1~Hz-3




TS50 ROHE
{H3:1948(built up 1943} E”m‘m =, b2, a3,

— T 1946
'H4: Underﬂoor Paddy field

Hi-i~He-3

RRBAENEIEDT
1. ETOLOEY LAUHHOB
C—1. BODELDRTOREES
DRBETLE-2, @3, WERE
o215,

Inside house,

1846
Dry fisld
He-t~H53

(ER), e ETITE, KFOMEOER 0034, D1, 8~
2,63, BRI E .

_82.

EI-!?. Under the eaves of house 1848
e Dry field

TR ETTY. Zﬂﬁﬂﬁﬂ?blﬂx H3—1, H3—~2, H3—3,

Wunderfivor e

H5{~H5-3

[ZR}. T
BAIEEE TR
TORMOREY EX2iE

3.357Cs BiTE

1B 60-80g B ¥ v —ICAN, &RKE B VAJPﬁkﬁﬁﬁiﬁiﬁELﬁzf%Zmﬁ% D Ge I
8T Vs OBIEERRA. TO—Hi% TRICFETE, EREMECES L TREHE 28 Lk
RoREEHoE (E2), BHEREREC 2N TH, ELITREORVEERE iz,

Al sr i - . 26 —-ﬁ E52keV l'”cs)J
B ERERT T @ 4 [ 865 koY (T1EI)
HE (@-2) . AN

E }”,f ,a'i ,',. .
! Analylical weight :78.02g é ;['\ ! Py ‘-*'n;\‘
=
', Megsuring {ime :37630.26sec. |

[} SV
hte oo oot )
Energy (keV]
101 -

10

Count

107

10

0 500 1000 1500 2000
Encrgy (keV)

o SHEEySARO—6 (HEHE)

Fre, BRLALEMESTICN LT ¥0s ORLENME MECHELREYT Y, M Ua

AP, B LUK OBRE) BRE L, LFESRERE. () WHRATEBSCEE L, TR

@ %5 13, HCl “C‘%'EH:‘[ L. Ve /¥ BT e s (AMP) @ Wes Zdbih &8, EFnsErr
0%LLETHY, Ee w%ﬁﬁﬁi:m$ﬁiﬁ&ﬁoto SFEOEYER, B W es 2 &1 LERE
TFxyd L, ZORET T s BIEEF 100%MHMIHHESD Z L 28R, 20 AP FREHIOWNT,

C HERELIEA Y 77 FRIEA TG SERRERORNBEETREED Ge RHE THIERTT

=, BRAERTRERL. PR SBRAGLBIO b2 A2RE LR LRSI ER
ETHD (E3), BIFEEE. +rAA 500 n OEE)AY 055 270 p O bl RigREDES
270 mwe) iZH Y, T 1000 n LV FAHTHEZ O ERLEVEBOT r~BE Rl 55

EEAEOREN TR TH D BEBE Ay 7 77 FHRON -~ RIEER (Go UMMM 18

BERATEY, Ay s /7Y FidED V100 TER Ly 77 7255 (FROBHEEM). ]
T OHRHIBT AP RR R ME LSRR 3 ILRLE, B4KFET L5 CHE s V-0 215,
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. Measurement of low fevel 137Cs: Ogoye Unde;g;round
! Laboratory {OUL) of Kanazawa Univ. (LLRL} '

Sepi 20 v, : Comparison of backuround spectra in OUL

T = Neutron intoncity: 113007 - ‘ ~ with ether facilities in Japan
‘4) L

Nolu Peni.mul.'\l : - " _
’ )-& } = Umdergrotinl Laborstony
. L e e
& T =
al o . 5
& . h ; 7y :
e ! ; -
oo et i y - UM Ge
Kanazana o | =N\ % 17 110% Anti Cain.
Komalsy Toyaama K s, ! LEcOR PR SRR "M‘, ; ‘ § 3 40% Ge
S iRy B oy} -
¥, o Tasunokuchi d o - g ] 2% Ge (30 mwe)
- ! {LLAL) o) - ':7"%;:- — < e o1 % Ge (30 mw
I s E \\ . = F
agoyau [T = i . - .'E e _'-\‘% 3 E i
A R ey o E
hsine - 4 ‘-"L_,_I_‘_ Hiroshima 23% well typeGe
_’( \ on ‘With Azt colacidence
. 0 . E
taken - ® 20w 430 e wer  wees R 3 i
25 min from u_m_ and Rmt e ] 28em 2 planar Ge
35 min from Komatsu Alrport. Denth profile of muan Intensity from Miyake, Prac, g Tiowe) 835% Ge 2t Ogoya
) ] 45* Int. Cosmic Ray Conk. Rep., 5, 3638(1973], Danver . 0.001 § )
§ Inside of tha QUL L L L L AT o
i dneide ol tha AL 0 00 800 1200 1606 - 2000 2400 2800

Shielding:
Lend.20-25cm B
tran: EBIE0.152m ¥E

Dirwn s DA BHAE
WLBOREHEAASSRIER o e e . . ot
LTS

1 Example of 137{:5 measurement made by usmg extremely low-
f background Ge detector installed at the Qgoya underground

i
1
i La\buratory at LLRL
! 10 ==
1 1. Non-destructive LLRL {4324 min)
J ! i - | 2. LLRL-Background {5567 min)
P i m o 3. Ogaya(8310 min): AMP after Chem. Sep.

Depth Profiles of Muon lntens:ty and Background
Count Rates of Ge Detectors in the OUL and the
CELLAR

>The muen intensity decreasas with
TTraraE i b o
2 38 e e RS e st depth, but the beekground count

B0 cpdie 10 rate of the detactors does not
} — e e decrease so much.
. v >The background count rates of the
- = O UL defectory (green points} are:
\ . : ’ v about 1 /100 of the
\ - - aboveground values.,
’ +almest the same Jevel as in {
1iti e 1 '
e Focillies deaper than 1000 ' : o 400 600  B0O. woo _ 1200 1400
. >Active shield [veto counter] makes ' keV :
s sogn  zeoe  zove  esss  Sess backgraund effectively reduce Energy ( } .
apts frwre} [obout 90%). ) . ]
“Data are Pormnllzed fa aboveground values, ) : @4 %i]\@jﬁ'FG) Ge ﬁ%ﬁfﬂﬁ L’E AMP ﬁﬁ@ﬁ‘)?ﬂ?\’\g ]-"}'V (fé
> Solid lige: muon Ntensity from Miyake, {1973) - __ . o
*Orange: CELLAR (patsive shield) FETOREEZDI N DTSR - AR Hb@tﬁ?ﬁ)
«Blues CELLAR {oative shinld) ) }
aZracp. OV Y [ver <hlelc) - 4

M3, BNENTUEEOME
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4 HERREER

F2r, CHETREERLEERETT, chbo7F—#it, BEARTSELTORENSHD.,
EREPERCREFMRELDLOTI I CRMEE] & LTRLTEL (ERICY - TRER.

AE, WELEETOREST Yos B &h, LoyUlid, 100 By/u® SUF DA (10-80 Bo/n?)
& 100 Ba/n? £#8% B HLE (200-500 Bo/u®) RAMH Ehin. Bl Eivi ¥es i3, BBFRO close-in
fallout KHETALDOEEXBNEHE, Ll b D THEMAD LHF AR, BRRE. KT
TROBSERR R X BT TE LI HARNPSECH L, BHATHRITAERERS {55
AL L b ETOHSIIET 90s BRHENE D ERESILESEND Y. SROBRT LA
SAHRE. &bz, BVFOBTAT L close-in fallont D4R & OEMEHE ISV BT,

%2 |Result of 1*’Cs measurement in.soil
,...:..-m...;.-ﬂ-.-,_&u.a:,-«f':«,.«..av,n.»/...‘.,_,-a;:.w. Ay e VO 32t B

{All data are as of the measurement date}

Site  Sampling Underground Ge after Chemical Sep. - Non-destructive (LLRL)

(Built year) No. Cs-137 Cs-137 Cs-137
{Bafkg)) . {Bayfm”) {Baim®)
H1 Hi-1 0.028 3 0.004 10.2 1.6 e
1946 H1-2 i ;
(1248) H1-3 Llow
) Hi-4 :
H1-5 -
. HZ H23 1.613 £ 0.033 354572 276.4:1£18.6
. (1947.1952) Hz2 - 1.755 % 0.021 5009 £ 6.0 |ich | 417.6 +24.3
H23 1.494 & 0.029 4021 % 7.0 =SS avg 6243
H3 H3-1 ,0.487 = 0.024 1606+ 7.7 .
1948 H32 - M
vae H33 . ek, 25084262
H4 He1 00291 0.004 87 £ 15 .
11938) He2 0.027 % 0.004 C9AE4E L ow
H43 0.222 + .009 785 31 e
H5 . HE1- JRST
{1848) H5-2 0.090 £ 0.011 3443 | ow
HF3 - 0.131 & 0.007. 524428 —
H6 HE-1 ] .
{1946} . HE2 1.073 £ 0.017 3136250 HJgh 268.3:£29.2
HB-3 1.496  0.053 2718 % 9.7 205.3+21.2
H7 H7-1 0.086 £ 0.006 15241 ;- - -
e} HE-2 0.239 4 0.044 520+239 . low
HT3 . B
HY-4

-86.

J U TR

PEFOAE R S - £ Cs i, BT RUMO R L3 Gs 2 M5 k KOBERORES
549 .

EECOREDRBELE (Zicdh) o ¥ is FEEERTFET A7 HI0, 2009 Fi2E 5 RET@
ST 30em EES 0 EREEE Ui, P0s HIEOFESR, 1000-2500 Bo/n® OFEE ¢ RH & 41,2000 Ba/n?
MEOEHERHE - LR h ok,

® 2009 (30 cm

NWN4:3.04 km from
" Hypocenter

NWN8:7.67 km from
Hypocenter

RS

B5. 2009F0XRBETHRIVTIVY

TRLOEEMNS, HEBEIRO close-in fallout'¥Cs iX global falloutWCs & &¢e 2000 Bo/n’ D op
KEERhTWRZ LR, TOBERELIDPLAPIST(EEIITLE, :

.87.



1945 1963
50:1300.Bg/m?;

|44 times | <

Around 10 km N, NWN

' {Dét'ectéd”;TGs i

Close-in fallout in
sml under floor

Time elapsed: 64y

fAccumulated lavel of ¥7Cs (Bq/mﬂ ‘ ~30g Baim?
Close-inin 1945 50 500 1500 187Cs inventory ai open areas
< L o .
Decaylo2009 10 100 350 } oop 2000 Bg/m
Global falioyt 1990 1900 1650 Global fallout 2920Pui¥Cs ratio
__ﬂid_ﬂpu__ = ta_ 0.03 ;
Giobatgs” 0030 0.032 0036 ’— !

Discrimination between close-in and global fallout ¥7Cs by using
23240py (13705 ratio seems to be very difficult.

.6 21RaE ¥Cs (close—ln—fallout) Ciﬂﬁiﬁﬁﬂ"?%ﬂ ¥Cs (global
fallout) MEF

ERRICAY X 5 BRI 2000 Be/u? > s AEML T Y. S oW, ERERCHE
¥+ % close-in fallout “Cs ¥ 10-300 Ba/n* & M TV 5 LIRS h 5, £ROH 1/10—-1/100 {2
Wi, FIBETHLT O 60 EEBL TV AO TR T LI TR SR Viis REMEHETS &
WO TR, 50-1300 Bo/ii? & PEEND, ZNET PP/ T0s BHEEN D, ERERER
Wcs OMBIFTEEM: R RAT LT & 28, RO LS OFIED b ORM P LI RBEThH 5, L

fEiL 50-1300 Bg/m® & XERERH B, SERELLMA (HEE) T 1000-1500 Bg/nd DT &M

FRIHERD,

S HEDZZ 2RO BORRBRSHE Sl B, #< Wiﬂﬁfﬁﬁﬁﬁihﬁﬁéﬂ
e RROE TR OREFITVO. close-in fallout D FHMH & L EEE D 2 L MR R A
E+5LCRECTHS LEX TS,

s

KTEROT 7Y JC TRAROE RO TR ERO SR, 26 TN Cs oLEN iz
BORWE () ANBRREESEOSRIZEHELET, '

_88.

LEEROSEC &6 SHERSEED 5 DEHRSREOREY

ST
RERERTF IR

. SRS FERDER
ﬁi&ﬁ&ix_l“%ﬁ?@:ﬂ:ﬂ’ E;:ltﬁjiﬁlu%té WS CRARRES o L ERECHENTHD, &

VTE & B EE (Za—AT7 T R) IE20 TR, TR Tke L PRERIThh TE

Fe i, LS f BRSO R Y ZaERRES T, [HAEFNSE - RETHTEK
A BEASRE o o A%, LSO o] LBRENZZ b bbhot,
}2:.% Elﬂ@?ﬁtlui 6@%&%&&0%16514&&& B THES i Ds02 75%\1\&‘3%‘(\;\
Ak i3 B AN T —F 7 F—T (WG) DA & LT D02 OEEERICSBNL, DSO2
a)f’ﬁ%:ﬁ%:bo 200447 B i, BAR WG D E kh o & LT KRR FREE T D0z
(BT B EPIEIE S S B LAc[l), TOR. BERERICHEE LT BRIV TS 2]

' B, BVTHGR IOV CHRREL b4, B EREBSEERTol, TOREEZREET

AEE AL, kL3 RERAR) oD TRRAVNEERE LD kol
¢-a%-%ﬁﬁ8®mﬁﬁﬁ.%m@m&%ﬁﬁ@ﬂ%%%%m—ﬂﬁ@iﬁnﬁE.
 DERERIETAE, EEXDIESROUNTOL S BERSE ThA,

.o [RNEOE-RMIE) & HREHSSROGHRIE] BREoTHD.

21. RBEORWVRICESEORERSSH (¢ [TICHOEE (5) (B8l

L0 2 oOEEHAE & &S BOMORIL. [EARERDESURNOF /7 S BN
NCEE - BARKI RN ST EVTE b b L, —H, BRI R Blimia
S BEIR L ) AROFHERARE ) ORLEEICHNT (EREOPR) KR bRb L)

F3 O Tho T, ZORROREICHE, (1976 EICTbN i ROTERO HERFAZED) T, R
YDy A BTRED b0k T & biho T IGEEOKFMEHC X, (FREHIETE b5 <),

T B D BRI b iAo ] LU DM S-S e, B L AREC RAE, BL3

AE LA U BB RO B Th 272 LT %$E‘%Tlﬂ:fm"
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Fr, FRTEC LR FRES Y R EREMOE TN, BRE LS L b, EER Bk
DHEMZFR LT3, ’

* EBCERET. BLEHEORS MR ORE ISR > T,

P B

B2, REOWSESE (£ 194511.1) EEBOMSIEESER (5 19451 0181 [7].
REORVCHOBETRRIZER L WSR2t EbATHD, RWBOXF ) 2B EMzH#h, 0
ﬁk&‘fﬁ'é?%?.‘elifﬁ%; DIEL Clidote, M2EDEEDIE - FA RO THRRERKEN 42,2 R/
THLE, BRORENUBEORKEIL 1080pRh & R-TWS, BEFE (5B 16kion, B

Zikton), IREEE (KB 600m. £ 503m), SBEKFE BB 6HL8AIR) 282 AL, LAT
SRMFRIC LI OB FHB RS> & LCORBETIZRL,

* Sl AUDREY I3 L —¥a Y CRIBEHAICHy 2Ry B3, :
B 312, 1991 .00 TROFEMIRRM) ORICFDALER L I 2L —v 1 VR AR KR TS

B3, ERCETENLFTARIILY 88 6 BFN RS LEE 16 5% T EiB T LA
HEHESRE N bORT 12 BRHEICHT 58E< BEF (mRL). MREE 1 mR i, 6.7
pGy b LTREY— v RETE S, '

el I AT AR L 1NN
H3a FRENPLEBLURME LTOET LAKBEDE.

N . -90-

MFEESTRELTLE-2b0THA4], BYVEANEORTHIEE, 2 - AR TR,
FEFEOLERC 2> T 5, g6 12 BAE TOZMREBOREREL LT, 12TRhE)
REREFELATVS, ’

2. iRFHOBEEEE
EOERFERLYNY S DA T3 T, RTOBRELRNTSI L LT,

A RESERICURESIOREEREITONTWED D | .
FEOSPRE [EHRBEE TR REEREEED] Tt Lk 3o, FRERICIImES
DFEFEREZRESLTORY, FEF—LRTROBRERRABHECF 1L 212BA 3,

HEREEOHETE, SOZAOTEERELHEShEN-FLZ L EEEL TS THS D,
' B. ZOBROIWBEETEORRTCE. FBREGRORSESXSERESONRE (FO-/N

AL PIHEERRITERP L. ‘
B8 11976 4£5 LU 1978 EOISEE TR [ER- B ORBHHENTE] & 199 FOLEREHICL
BHIREVHICET 5 EMFESEREFIORE] Til<bh T k51T, 1970 FRAOLEHE T,
ERFREVFEBROMHEIE (€20 A 137) &, TORORIBHEERICL DS S o—rLiniFi

S ERBITE Aok, THE, FREEERIER o LD I TR, TOROBERIELT

LE- LR TE D,

C. KREPHRDREBEERIGRISEREROEI T A 137 BRHEINE.

fElnE [ s TORVWHORIERREI 20T CRALGRTVS & I i, RRERICHINEGRT
NEF LY X EREHRPERP L, BHBROEI YA 137 BRHENTHNS, HESSE TH
HENTOHEARERER, B - REAREOER VL1 ) —RAEICAENLO0, BrFict
b7 5 AR T OSSR CERE > D L 2R LT D,

D. BHOBHZRNCZYSVRNEIEER T, WRSTRTISY 236 SfERSnE. 8
EARCKBF—HG0, RSREHRISYNE SHEHETETLEN,

Sahoo HETH:. TIMS (REEHAERS) MEkz AV TERBREREEDRIYF Y 235

¥ 5 1 236 ARV THIEO LR ICEBE S NTO S, —F. AMS UNESEESH) REEzfve

EORETR. B8Ehi 05 2361, FOSMREIREI L, Fu—rNT73—AT U EE

Zbh5, 0K TIMS & AMS ORIESRICTF—E# B biv, ZORREOMRE S LTIH

EWBRE] #EREL TS,

E Bigi. REBIO—/U T2 LPI M ECESNICRESNEBORT LIS Y &

137 ISEIFESNE. .
BUOFREE ik, 1950 SLATRR T O FROR TR, TOROBERS 0 AT 43—V T ¥
P Lo TRERIATRELT. FrofErbBlEhEEd v A BTIILERRBHRObD LS
EBIERTES, UEBECHHLE S, FORTHE,LESY T A 137 B BH Thicn b, B
WRAREC B SRR RIEL L BT LB TE D, (ROBROFMAKE &M FALIA A TERTRENERL,

Ihdb Y T REST h =y AORIECHIETS,)
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F. BOWECHTSEREPT - ML DL, 2X - SRBESRNEHEDNIETH 2 12,

By RMEOERT i — b ERT LEKRRSICE I L, BUFSEohLfig, Sz
HRANIZGEESEIIRSETHY . [T - BEMERRROB - I Thoted W IZ2FE—
BLTWE,

PEDMREREY S L, B L FRERLMENCKSE, CITE, ASFELY, B IFBHRE
BRL~L) LRE EE, DRSEORNEHE, A5, Tr05E, EHEXE - FRTAHAR
b, EENESETS t‘o)fit;b\

& B - BENXONEEER, %b\mL.é:%’zﬁi@&ﬁﬂ%ﬂjﬁ‘éﬁa‘%@*“ﬂtﬁgﬁrb‘oT’

T EROEHIIENTILOELT, Wiz, Ehl B‘f‘mﬁﬁﬁﬁﬁ’ﬁi%‘ L. &l bW ofmlih-
edp b VIHIEEIR S,

3. AESREBEORED :
T O, 65 FEATICE = o MU RS L RS AL B EETH Y, £ 2 R Tl e s
BETAZEPRELRS, BONIENIRL BVE PR, TRESHEFEEORDP &) TEE

T 3. ThELDEER, FHboaH0LHT FEEN)] LBDIIELREALLob Y 28, + .

SR B I LATRTRET, TS L] (FMRRWE S &, EFANFRA—FOF 2—=Y)
DA-KEELHS = L 2EELTEL, . DD TORED ) MR Y T, FREEESR
RE P EROFEE S E TR,

3—1. HEFR

FRFRAR. M4 RTIIR, MErva 137 Wmtﬁsﬁm%ﬁzil & Friwa 137 B
% ) QEMEEBOIE] O 2o OWSDRAALETHS, (HE] 23, v b OEESNbR
WOER, BohkF—FLihEcoanRiblic. TCOBRELSI] LEAELBZL,)

@ mylHBROBEE
137Cs BANMAIRA(] KBg/m?)&it) |8
L Oib& ImiRGRREOHE

8R6B0

CSIEREROIEE

P 1945 LHORBESTOER

B4 ATRBEORROTIE .
O CEBIFE CLROBFERKE <, BEASMER) £y 5137 0 TMLEE] (G
kBohn®) OFEREERET D,
@ BURMEEBIIE LA CBREORH 1) ORMEIR (20 HXTH MWD THEEL,
EBATHER BHH S BHIBORS 2EELT, Ty v 137 FUILHE | KBy % U Ol

.92_

# 1 TORHERE (CHEES ] 2R3 (B : (mGyhr) ~ kBgm D7 4 137)),
@ [OX@] ko7, BHIELER (KM ) TOEOBFTOHHBRE (uGyh) HkE D,
EHATIER S OEMIIRE > TV B 0T, (L LERREIBBE T L > LEEoT3
LEELT) TOROKRSEEDR L EHARROBBE LY HET S,
@ DTELNLERGRROY—7 LEREY GHAOREENE LAbY) Thid, E%o
MEZAE (mGy) FRLRS, '
r OWETHRL, [0 YVME L35 F1 R 2 EBRR OFE TORBHEEBRIC 2 b 5 A
BEHMTOEHDICRELELOTH B[10),

3—2. RWEiETOEY A 137 DASEYIEOHRRE

> 1976 FHRRE
(IO BLFIT 20T, ZHETH - & bERITbREHEL 1976 SOFEAZRERETH S
[9], BV HESE & SIS b3 T RS 107 EOY & 5 137 HH AT RT3, BSint b,
1960 SEROBREBRIC LD [FA—rU0 - 77 —A T ¥ b OBERRE ., BOFETOEERE
ks Ta—pA 7 r—ATo ] OEBE2RHDZ RS0, LREERTHD,
SEIDF—¥ EERE L. T UL 137 OFREE (1~<y ) —) OLA ST L ERE
HTeFoy FLESORES THE MNNW RABVWFFAY »FATSENMBRERYT I,
HUERIHEHEALT. BORHA (ss FLTN) HEHE @49 TN OTNERDER
R LrnEFHETDE,
o BINEIEM: SRR (GM) =2.31kBg/m’ SAEREREZE (GSD) =1.07
o HEHW: HBMHES (GM) =202kBgx’ SEEREE (GSD) =111
« EE0E GHESWCRI) =114 Z0ZEDGSD=113
Eirh, HobbERNILRALIR LS, RWRHRLE HEIFRMOBOEIEHBICSEEETIRR

30

O Control: S-E direction
. M Black rain: N-NW direction
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Theoretical consideration of fallout particles formation in case of atmospheric

nuclear explosion and assessment of deposition density due to Hiroshima
“black rain™

E.O. Granovskaya', G.A. Krasilov?, S.M. Shinkarev!, V.N. Yatsenko', M. Hoshi".
‘Burnasyan Federal Medical Biophysical Center, Moscow, Russia
% Istitute of Global Climate and Ecology, Moscow, Russia
] *Research Institute for Radiation Biology and Medicine, University of Hiroshima, Hiroshima, Japan

On August 6, 1945 an A-bomb “Little Boy” exploded above Hiroshima. In about 20 minutes it
began to rain from the radioactive cloud. The rain.drops were black and big as balls [1]: The ¢loud moved
north-west from the hypocenter. Precipilations ffom the radioactive cloud covered the area of about 66
km® hereinafter referred to as the “black rain” area.

Since 2008 joint international efforts to assess doses 1o Hiroshima residents due to the “black rain”
have been under way. One of the central problems relating to dose assessmenl is estimation of qualitative

and quantitative composition of fallout deposition. So, the purpose of this work is to reconstruct a realistic

radioactive contamination of the “black rain” area on the basis of known theoretical statements, analysis of

a few experimental measurements and'plausible' thoughts.
Three tasks have been set:
1) reconstrection of redioactive particles formation in case of an atmospheric nuclear explosion;
2) estimation of the radionuclides deposition density due to Hiroshima “black rain”;
3) preliminary assessment of external doses due Lo radienuclides deposited on the ground in the
“black rain area™.

-Reconstruction of radioactive particies formatien in case of an air nuclear explosion

An air nuclear explosion that has the reduced height of burst more than 100 mikt'? is called “air
explosion”. Under these conditions the expanding fireball doesn’t touch the ground surface. Hence, no
soil is involved in the fireball. In this case a single-phase multi-component thermodynamic system,
formed in the fireball soon afier the explosion, consists of device construction materials vapors, nuclear
fuel, fission products and device-related activation products and hot-air, Then the fireball begins to cool
down. It inevitably leads to vapors condensation resulting in creation of the liquid phase in the form of
ferrous oxide drops because ferram is the main construction materiel of the device. While drops are
growing, molecules of radionuclides are condensing on these dnips in accordance with- their )
thermodynamic properties. This procéss coptinues till the drops have solidified and changed into
spherical st;lid particles with practically uniform volume distribulicm of radionuclides.

To obtain numerical results a two-phase mu]}i-cémponent vapor-liquid system in
thermodynamic equilibrium was considered, This system can be described using several assumptions.

The first assumption: the processes, which progress in both phases of the system, can be considered as
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combination of consecutive short-time events. All equilibriim conditions are kept in every event (so-
called quasi-thermodynamic eql;ilibriun{ principle}. The second assumption: the liquid phase, which is a
combination of great amount of different size spherical drops, is a highly diluted multi-component
solution, which behaves as an ideal solution. The third assumption: vapors of solvent and solyble behave
as ideal gases.

We can break the process of fallout particles formation into several intervals acmrd{ng to the
fireball temperature. ' .
The first interval: 7> 1641 °K. Under this condition vapor phase molecules interact with liquid drops
of ferrous oxide. Consolidation of the drops totally finishes by T = 1641 °K. Within the frame of this
interval behavior of radionuclides in the fireball could be described according to one of kinetic
interpretations of Henry law. Firstly, radienuclides of refractory elements and their oxides formed till
consolidation of the liquid drops are concentrated in the volume of these drops. Secondly, most of
radionuclides of halogens, noble gases and volatile elements, such as rubid_ium and cesium, remain ‘in
vapor phase. ’

The second interval: 373°K < T < I64I°K, The radionuclides remained in vapor phase or ne.l.nly
formed according to the comresponding decay chains are adsorbed on the surface of the solidified drops
in accordance with Langmur physical adsorption theory,

Langmur’s assimptions were as follows: ‘ .

- there s a certain quantity. of adsorption sites on solid body (adsorbent) surface. Vapor phase
molecules can be adsorbed on these sites;

- adsorption site is an atomn or 2 molecule of adsorbent, which possesses an unsaturated bond., This
bond creates force field. It should be noted that each adsorption site is able to capture and to
keep on its surface for some time one and only one strange molecule which has entered its force
field; '

- adsorption sites are equivalent, each adsorbed molecule is equally strongly bonded to the
adsorbent, Surface migration of the adsorbed molecule is impossible.

" In case of equilibrium between isobars adsorbed on the particles surface and isobars remained in
vapor phase only a part of adsorption sites is occupied.

Isobars of decay chains involve wide range of compounds from noble gases and halogens to
refractory metallic oxides. Their bebavior in the fireball after consolidation of the particles depends on
their thermodynamic properties. Firstly, time of res1dence on the pamdes surface of refractory isobar
molecules is rather large and the probability of theu- sotption is close to I, Secondly, radionuclides of
volatile and intermediate elgments are partly adsorbed oo the particles surface, Thirdly, sorption of noble
gases on the surface of condensation particles is improbable. Finally, radionuclides not related to the
particles are presented as a part of aerosols and form global fallout. '

The third i nterval: T<373°%K. B.y this moment ‘adsorption of the radionuchkides practically finishes.
Intensive condensation of atmospheric moisture vapors begins. Then this moisture evaporates or
sublimates resulting in loose aerosals.
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Fig. 1 Temperature of the fireball versus time.

According to Fig.1 we can conclude that consolidation of drops finishes in about 15 seconds after
the explosion and formation of fallout particles finishes in about one minute after the explosion.

Estimation of the radionuclides deposition density due to Hiroshima “black rain”
Several assumptions have been made in order o estimate the deposition density. They are as
follows: L
+  the “black rain” hegan just afler the explosion;
«  fission vield of the explosion “Little Boy” waslequal to 16 kt;
+ the “black rain” area was equal to 66 km?;
. To assess deposition density we need to estimate the fraction of the nuclear explosion particles
deposited in the “black rain” area. . .
The ¥ surface density in the “black rain” area is mainly determined by natural uranium and it is equal
to phk: " .
£ — soil density at the soil sampling point, g-cm™;
# — soil depth in the case of the standard sampling, which is equal to 10 ¢cm;
k — relative mass content of natural uranium in soil at the soil sampling point.

My

ae . . 22
. The ¥/ deposition density can be written as:

a— the fraction of the nuclear explosion particles deposited in the “black rain” area;
S— the *“black rain” area, which is equal to 66 km®.
U _amy, 1 my @
"Wy TS phk ponS k.

0
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Let's assume that energy release of the A-bomb “Little Boy™ was 16 kt in TNT equivalent. Taking
into account that there are 1.45 107 fissions per 1 kt, we can assess that 2.32 10* atoms or ~905g of

U were fissioned.

The ratio between radioactive-capture éross-section and fission cross-section is equal o 0.0738.
Hence, during nuclear fission 0.0738-2,32 10%=1.71 10® atoms or 67.1g of **L/ were formed as a result
of radioactive capture. So, mys= 67.1 g.

236U

’E% -is an experimental ratio which characterizes the soil sampling point.

We can estimate the magnitude of the % using equation (1) and experimental data [2]. It {airly ’
characterizes a certain average value for the “black rain” area, In accordance with the caleulations,
L3 =2658.
k

Uranium is a rock-fonming but rather trace element. The clarks content of natural uranium is equal
t0310°%. However, density of natural uranium essentially depends upon a kind of rock, so it can vary over
rather a wide range. Therefore & depends upon composition of the rock, which forms sub-base at the
sampling point. Assuming k& is equal o the clarke of natural uranium, we obtain that
@ =2658.3-10" =~ 0.8%. '

Values of surface contamination density were caleulated using the following formula:

. . - N- .
@,-145-10% g1, Lo .
E JNr

Y KT I : @

where: @; - independent yield of j-th isobar decay chain in case of ®*U fission by fission

spectrum neutrons;
1.45 10™ fissions per kt - amount of fissions which corresponds to the fission yield of 1 kt;
- fission yield of the explosion “Little Boy” which is equal to 16 kt;

A § -decay constant of the main isobar of j-th decay chain,s™;

R A the fraciion of j-th decay chain isobars which relates 1o the nuclear explosion particles
1 :
{according to our estitnate); ] .
‘@ —1the fraction of the nuclear explosion particles deposited in the “black rain®™ area, which
is equal to 0.8%;
3.7 10" - decays per second to Ci conversion ceefficient;
8 - the “black rain” area, which is equal to 66 km”.

- 105 -



The values of independent yields of isobar decay chains wt;re copied from the guide {3}
and the values of decay constants were calculated using data presented in the guide [4].

Values of ratio L for the series of jsobar dcca;y chains which take place in case of an atmospheric
N, '

']

atommic explosion with fission yield of about 20 ki and average values of fission ﬁ'dg;mcnts contamination

density of the “black rain” fallout are presented in Table L.

Table 2, Preliminary estimates of external doses.

Table 1
. ' N
The ;lzc;g;ham The main radionuclide Tin *N_j g, kBg/m*
. ty

39 g 50.55d 0.0023 4.44

90 e 286y . 0.012 0.11

91 :sﬁf 58.51d 0,056 1.15 107

05 Zr 64.05 d 1 )
Vb 32.97d 1 2410

99 Mo 66.02h 0.94 4.81 10°

103 TR 39.35d 0.44 110°

106 TRy 368.2d 0.20 8.51

131 l;zll g804d 042 37110

Te 78.2h 045

132. kT 2.3h 0.45 1.4 10°

137 Bes 30.174y 0.015 0.19

140 TR, 12.789 d 0.28 3
T, 1634 028 2810

141 Hee 32.5d 0.62 2.3 10’

143 'DCe 33.0h 1 9.6 1¢7

144 0. 284.31d 1 5.9 10°

Based on our results we can make some conclusions: 1) Condensation particles mainly are the
cause of radioactive contamination in intermediate fallout zones; 2) Such radionuclides as *Sr and ¥'Cs
©are predouuuantly condensed on the atmospherlc dust particles and acrosols and form the basis of global

fallout; 3) Qualitative and quantitative composition of radmacm(e contamination of air explosion particles
"depeud upon & nuclear explosion yield. .

Preliminary assessment of external doses due to radlonucltdes deposnteﬂ on the ground in the “hlack

rain” area

We have obtained deposition density of different radionuclides in the “black rain” area. Hence, we
can assess external doses due to the “black rain”. Preliminary estimates of external doses for the first year
after deposition from different radionuclides are presented in Table 2,
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Radionuclide Exmmai:é;o;i_:}ed dose,
St 264100
. Y 3107
. 952:1'/9 ij 14.5 -
Mo 24
Ru- 26
Ll 145
_TTe 142
]37Cs 4 10.3
032/ La 93
‘]‘HCE 0-7
_TCe 54107
TCe 0.23

According to our calculations the preliminary maximum estimate of the external dose accumulated
during cne year afler the explosion from all deposited fallout particles to the residents in the “black rain”
area is about 46 mGy. A

Main conclusions are as follows:

1. The process of radioactive pamcles formatlon in case of an air nuclear cxplos:on has been
reconstructed step-by-step

2. Quick fractionation of the radionuclides took place in case of Hiroshima “black rain”. Mixture of
deposited particles was depleted with such radionuclides as ¥sr, 8r, 'Y and ¥7Cs..

3. Radionuclides not related to the particles were condensed on the atmospheric dust parhcles and

"loose aerosols.

4. The deposition density of various radionuclides due to Hiroshima ‘black rain” has been estimated.

5. Condensation particles mai.nly are the cause of radioactive contamination in intermediate fallout

zones. .

6. Only small amouat of fission products was deposited in the “black rain” area. Such radionuclides
as *Sr and *'Cs were depleted in fallout particles. The major part of ﬁssum particles was globatly
deposned ’

7. Qualitative and quantitative composition of radicaclive contamination of fallout particles depend
upon conditions and yield of a nuclear explosion.

8. The preliminary maximum estimate of the external dose from all deposited fallout particles to the

residents in the “black rain™ area is about 46 mGy.
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Methodology on estimation of internal dose due to Hiroshima “black rain”

E.O. Granovskaya!, §.M; Shipkarev', G.A. Krasilov?, V.N. Yatsenko', M. Hoshi®

lBuma.syan Federal Medical Biophysical Center, Moscow, Russia
? Institute of Global Climate and Ecology, Moscow, Russia
*Research Institute Jfor Radiation Biology and Medicine, University of Hiroshima, Hiroshima,
Japan :

On August 6, 1945 an A-bomb exploded above Hizroshima. Shortly it began to rain from the
radioactive cloud. The cloud moved north-west from the hypocenter. Precipitations from the radiozctive
cloud covered the area of about 66 km®, so-called the “black rain” arce. Deposited radionuclides could be
the cause of external and internal exposure to the Hiroshima residents. The purpose of this work is to
present the rnethod of reconstruction of internal doses to critical organs for the inhabitants of the “Glack
ain” avea.

In 2000 the methodology “Assessment of absorbed and effective doses from ionizing radiation to the
populations living in areas of local.fallout fiom atmospheric nuclear explosions” was developed by
Russian scientists (K.I. Gordeev and colleagues) {17, This methedology has been adapted to the Hiroshima

““black rain” fallout conditions. Also the paper By H. Muller and G. Prohl “ECOSYS-87; a dynamic model

for assessing radiological consequences of muiclear accidents” [2] was used. The resulting methodology is
described. :

The main input parameiqrs related to the nuclear explosion were as follows: 1) date of the explosion:
August 6, 1945; 2) type and comgposition of fission matexial: “*U ~ 80%, U ~ 3%, **U ~ 17%; 3) total
yield of the explosion: g = 16 kt in TNT equivalent. '

We have made several assumptions related to residence history and dietary habits: 1) the inhabitants
permanenily lived in the “black rain” area at the time of the explosion and at least a year following it; 2)
diet wasn’t changed after the deposition.

Absorbed dose in organ to age-group k from internal exposure of radionuclide 3 (D) is equal to the
sum of dose from inhaled nuclide i {Dip;1) and dose from mgested nuchde i (Ding):

Diseix= D+ Dingix . Sy

Let’s consider internal dose from inhaled nuelide i. It is directly-proportional to the integral
concentration of miclide i in air, which in its furn depends upon deposition velocity of muclide i: .

Dinix~ Coo =§‘ _ @

where o

Cm is integral concentration of nuclide i in air;

& is deposition density of nuclide i;

Vy is deposition velocity of nuclide i.
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In case of dry deposition Vu = 0.1-0.3 m s, while in case of wet deposition V= 5-10 m 5. So we
can conclude that in case of wet deposition internal dose due to inhalation is ~ 100 times less than that i
case of dry deposition. It’s well known that usually (in case of dry deposition) the contribution to total
intemnal dose from inhalation intake is much less than that from ingestion intake. Hence, we can assume
that in case of Hiroshima, where wet deposition took place, internal dose has been totally determined with
the dose from ingestion intake:

Dingike = Dingie © (3

Let’s consider interns! dose from ingestion of radionuclides. The first task is to determine the main
route of intake. We have resulis of some interviews of Hiroshima residents regarding typical diet in 1945,
which was kindly furnished by Professor M. Hoshi, We have carefully analyzed it and made the following
conclusions: 1) Consumption of leafy vegetables was less than in case of Chemabyl and Semipalatiosk. So
we can neglect this route of intake; 2} For the Hiroshima residents the goat’s (not cow’s) milk was
determined 25 typical, Furthermore, it’s well known that concentration of 1 in goat’s milk is 5-7 higher
than that in cow’s milk. We can conclude that intake of radionuclides with goat’s milk was predominant.
It should be noted that it is correct only for those people who used to drink goat’s milk. On the basis on

the foregoing the intemal dose from ingestion of nuclide i can be written as follows:

Diagix=DF ing..i,l: X Ve X f Cmd (t)dtfpm.i.k 4
P

where
DEunixis age—dependent organ dose factor fromingestion of i-th nuelide, Gy Bq ;
' «is age-dependent milk consumption rate, L. d;
() is concentration of i-th nuclide in milk, Bq L';
t; is time limit for integration, d; .
Pmix iS agé-dependent fraction of intake of nuctide  with milk in the entire intake, dimensionless.
To assess concentraiion of nuclide i in milk we need to know concentration of his nuclide in pasture
grass,

Total intake of **'I is determined by ingestion intake during the first two months after the explosion,
Taking into account the Chemobyl experience, the ingestion intake of '"*Cs and *'Sr during the first two
months after the explosion is about 10% of lifetime dose. So, we will consider internal doses due to Hies
and ™8r intake during two months in order to make an estimate of total lifetime dose. It is worth noting
that the concentration of "*'Cs and **Sr in pasture grass during the first two months is mainly determined
by -aerial‘contanﬁntion of pasture vegetation. .

1t was an air expiositm. Consequently the 3ize of the fallout particles dida’t exceed 10-25 microns and
the average size was less than 1 micron. Hence; all fallout particles were related to biologically active
fraction and were readily retained bi! the pasture grass. Equation to assess the conceatration of nuclide i in
grass can be written as follows:

N AGA ‘ 6

where
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o ; is deposition density of the i-th nuclide in the “black rain” area, Bq m>; _
Y is yieldof pasture grass in the “black rain” area, kg m™;
hoz; i5 Weathering removal rate of the i-th radionuclide from pasture grass, d”';
2; is radioactive decay constant for the i-th nuclide, d™;
tis time counted from the date of the explosion, d.
Now we can write an equation Lo assess concentration of nuclide i in milk:

Cri(D= I},x'I‘mez ij .(T)X,Qfxﬂ,q’,*e'uri,l”r)"(f‘l') dr . 0

where
TFp;is feed-to-milk transfer factor for i-th nuclide, d 7
Qris daily Intake raie of pasture grass by goat, kg & wet;
Aj;and A; are empirical constants related to biological removal rate of nuclide i from goat’s milk;
N=I (one component model) for *'Tand N=2 (two component model) for *’Cs, *Sr
B is solubility of nuclide i in the fallout particles;
A1 is radicactive decay constant for the i-th nuclide, at
When intetnal dose is defined by ingestion intake, the following cases should be considered: 1) internal
dose to thyroid from . 2) internal dose to red marrow from %8r; 3) internal dose to whole body from
3¢5, Hence, we need to know concentration of 'L, *Sr and '*'Cs in goat's milk.
The equation to assess the time-integrated concentration of 'I in milk during two menths, Cy,131(0 -
1), can be written as follows: ) :
Cro131(0 - &) = Co13:(0 - w0} = XX, Q)
where )
Xo= B TFmp(ay ¥)xQexAcy;
X= (%J"'Msl)'x("c.l"‘?vnl);
=72 menths. - )
The equation to assess the copcentration of s and ®8r in milk, Coi(t), can be written as follows
- {Muller and Prohl, 1993]: :

2 ! gy 5
Cad = Pix TR 3 A, X JC o, (F) % Qp X Ry x @7 Vil ®)
J=t i} .
For cesiunt;
Ay =08 and A.z cs=0. v du:nensmnless, . ,
herc=0.46 d* and Xeac=0.046 d™ are biological removal rates of cesium from gaat to goat s milk,
corresponding to A; and A, respectively, dt.
For stronthum: ]
A, 5=0.9 and A;5~0.1, dimensionless;
hers0.23 &1 and A5 ~0.007 d* are biological removal rates of strontitm from goat to goat’s milk,
corresponding to A; and Ay, respectively, d™.
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The equation {8) can be written as follows:

Cai(0-t) = Woax (Wi + W) ' ) ®)

where
04 = B X Cp A MO
W= Ayixheri / Querimhgs) % (Zo—Zy)
W= Asihea i/ (Rea-Aged) % (Zo— Z2)
Zy = [1-expl-hgrixta)]) / Agry

= [L-exp(-Aerxta)] / Acy ;
Zy = [1-exp{-hext2)] / Aea;
1, =2 months.

According to our assessment the preliminary estiﬁ]ate of internal dose to thyroid from "I for
children of about 1 year who constam[y consumed 0.3 L d” of goat’s milk in case of maximum solubxhty
of " in fallout particles can be up to 1 Gy.

Main conclusions are as follows:
1. Due to the fact that wet deposition took place in the “ﬁlack rain”’ are;, the contribution to
the total internal dose from inhalation intake can be neglected. So, internal dose has been
totally determined with the dose from ingestion intake.
2. According to anatysis of Hiroshima izhabitants typlcal diet, the main intake route was ingestion of
radionuclides with goat’s milk,

'3. Ingestion intake of 'L, ""'Cs and *'Sr during the firét two months afier the explosion has been
considered. Hence only aerial contamination of pasture grass should be considered to assess
concentration of nuclide i in pasture grass. ’

4. All fallout particles were related to biologically active fraction and were readily retained by the
pasture grass.

5. According to our assessment preiiminary estimate of internal dose to thyroid from '*"1 for children
about 1 year who constantly consumed goat’s milk in case of maximum salubihty of ¥ in fallout
particles can be up o 1 Gy,
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On the unusual distribution of Pu/Cs activity ratios in Hireshima soils. Can .

they be used to locate Black Rain sites?
N.E.Whitchead', M. Yamamoto®, A. Sakaguchi® and M. Hoshi'

{Research Institute of Radiation Biology and Medicine, Hiroshima University, Hiroshima
Low Level Radiation Laboratory, Kanozawa University, Kanazawa
3Faculty of Science, Hiroshima University, Higashi-Hiroshima.

‘Abstract. The previous conclusions of authors are confirmed: One cannot use by present methods,
(s analyses alone, 1o detect fallout due to the Black Rain. Work by Yamamoto et al. {1985) also
showed that no soils he analysed for ®*?**Pu and '*'Cs could be used to detect sites of black rain.
The present paper greatly extends that analysis with many more points and confirms that the
Pw/Cs ratio still cannot be used to detect black rain by current methods. In passing it is shown that
the *¥'Cs results of Hashizume et al. (1978) are systematically too low compared with analyses of
the same soils by Yamamoto et al. When this correction is made it is found that the resulting data
points cannot be distinguished from global fallout. It is calenlated that the Pw/Cs ratio ﬁom the
Hiroshima bomb would have had a value of 0.00055, and the lowest result in the data series is
about 0.01 — much higher. There is therefore no trace of local Hiroshima fallout detected — it is
hidden by the large amounts of later fallout from global testing. The likely chemistry of black rain
is surveyed and it is concluded that the carbon created could have had many of the characteristics
of activated carbon and absorb many of the radionuclides which normally would stay volatile.
This would be a possible explanation if the refractory/volatile ratios in soils and wall streaks differ
from those found from other fatlout in soils.

105 is not a good sole indicator of black rain .

According to (Shizuma et al, 1996) (following carly collection by Nishina) the *'Cs in soil at
Hiroshima collected soon afier the explosion was much less than the subsequent global fallout from
nuclear weapons testing, The contrast is shown in Fig. 1. This means the task is very difficult,

2500 T
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Shizuma (1996)

Fig. 1. Effects on global testing on '¥Cs
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The following diagram (Fig. 2) shows that even at ane latifude there is much variation in '’Cs deposition.
This is often due to differing rainfall. This diagram is due to (Aoyama and Hirose, 2003).
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There is more rain-with greater height. A world-wide rule-of-thmmb is that there is an increase of

. 100mm of rain a year with 100 m increase in height. Since fallout deposition depends heavily on rainfall,

it should increase if we compare the amounts found, for example by (Hashizume et al. 1977) with. th.e

heights of the sample sites from a topographical map; we should find that there is an increase. This is
shown in the following diagram (Fig. 3): . .

These points were taken from a southem traverse supposed to be rzlatively free from local fal}out,

because the bo;nb dehris was blown away to the north-west. The diagram shows an increase with height,

Fig. 3 Hiroshima, E,ESE {>8km}
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but anly 12% of the relationship is explained that way — in other words, there is lots of scatter; the ¥Cs
deposition is erratic. This is because the local rainfall does not depend just on height but on the local
topography and may vary a lot in just a hundred meters horizontally, even at the same height.

Nevertheless an attempt was made to comect for the effect of height on 'Cs deposition. From the
above graph "'Cs increases by about 300 Bqun? for each 100 m increase in height. When it is
remembered the amount sought as local fallout (black rain) is about 100 Bq.m™, it is obvious that this may

oot succeed. However the estimated deposition at each sampling helght wag caleulated and subtracted

from the actual data and gave the following graph (Fig. 4).

Fig.4 . Hireshima Cs-137 Predicted less Found
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The above diagram shows that there is no significant trend with distance from the hypocenter, but _

an increase would have been expected, as '7’Cs is increasingly deposited. This means we cannot detect
black rain by *Cs alone, at least using this method. However the approach adopted by Dr Cullings which
examines the data by a different mathematical procedure to see whether nearby points are more like each
other than would be expected has a better chance of detecting black rain.

The conclusion of this section is that the approaches above using 'Y’Cs alone, are not sensitive
enough to detect black rain. -

B9240p, AT . .

It is commonly thought that ratios of fallout radionuctides should give more information. This is
because in general they both are attached to particles and both precipitate in rain. The amount of rain is
hardly important. This principle has already been applied o several Hiroshima seils from the Hashizume

- et al. survey by (Yamamoto et al. 1983). Al values of the ratio were caleulated as they would have been at

the time of the Hashizume ef al. survey in the last part of the “70s. The values were as Tollows {Fig.
5:"Density” means the nuinber of observations for a particular X-axis Pu/Cs ratjo);
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Fig. 5 Histograms {Var1)

Density
s
LA

i) 201 a0z aLz fafaris) 03
Vart

Vari

&

The median is about 0.015, and that was the global mean at that date. The authors concluded that
there was probably no evidence of black rain, or local fallout. T

The best set of similar seil data from, that time is from the UK. (Cawse and Horrill, 1986; Cawse et
al. 1988) They are as follows (Fig. 6):
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These data appear similar to the above Yamamoto et al. data. .

However the number of samples in the above Yamamoto sample were lmuted and subsequently
our author from Kanazawa analysed many more of the soils from the survey for ¥'Cs and ®**pu. We
present the results shortly, but first calerlate what Pu/Cs ratio would be expected at Hiroshima,

Using the detailed neutron fluxes between 10 keV and 1 MeV for the Hiroshima bomb. published
in (White et al. 2005), and **U(n,gamma)™*Pu cross-sections for the same energy range published in
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(Panitkin and Tolstikov, 1972) which correspond well with previous estimates, the weighted mean cross-
section which would commespond to this energy range is 128 millibamn.

We can calculate the estimated 2°Pu production and get 5.5*10'° Bq compared with 10* Bq for
Bies, ora Pu/Cs ratio of 0.00055. This is much less than 0.015 for glabal fallout. But selective early Pu
deposition as (e.g.) found between the Semipalatinsk testing ground and Dolon could increase this to
0.0055. : )

Black rain ought 16 have a distinetive signatuwre; quite low PwCs ratios. But the results from the
data were as follows (Fig. 7):

—

Fig. 7 Hiroshima and Global Background Pu/Cs
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The above diagram is a kind of histogram, but presented as a graph, and the expected values are
the background values from Cawse et al. The two curves aré offset and it seems that the medians are not
the same. It would seem that the observed values have a median of about 0.02 instead of 0.015, This is the
apposite of what was expected - to detect black rain one would imagine obtaining Pu/Cs values lower than
the global ratios. . ‘ )

The above diagram used the Hashizume et al. #Cs values. Our second author had analysed many
of these same samples for *"Cs. The next diagram (which eliminates one obvious outlier) compares the
two analyses (Fig. 8). If there are no analytical prablems, the points should all lie tightly clustered along a
line with a slope of 1.00.

- 73.9% of the variance is explained which is reasonable, but the slope of the line is 0.71, not 1.00.
This implies that there is a systematic error in the Hashizume data. Accordingly the Hashizume data are all
divided by 0.71 and compared again against the background data (Fig. 9). This assumes that the
Yamamoto Cs analyses are corest, but they have been tested internationally.

This shows that the two distributidng are now almost coincident. They could be tested by a Chi-
squared-test to confirm this, but the numbers are rather small and the sensitivity would be not very great.
A better test is a Normal Plot. This tests in a visual way whether miore than one distribution is present. In
the present case because the data look log-normal, a logarithmic transformation was used. The results of
this plot for the Hiroshima data and the Cawse et al data looked complex, but generally the same except
for three points with umisual!y low Pu/Cs ratios in the Hiroshima data which might have ‘been local fallout,

Perhaps those lowest three points are black rain? These Pu values are fairly typical of global fallout
but the Cs valucs (7311, 5575 and 3304 Bq.m™) are high compared with the mean of sbont 2000 Bq.m?*
for Hiroshima. Since we expected a2 maximum of 100 Bq.m‘z, for black rain it is clear we are insfead

seeing plobal fallout, ever for those three lowest points. I -
We expected a Pw/Cs ratio of 0.00055 and instead the lowest value is about 0.01. There is therefore
no evidence by this method of local fallout, or black rain.

Fig. 9 Hiroshima Corrected Pu/Cs Ratios
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The entire data set for Hiroshima with other analyses is being prepared for publication. It may be
that the best demonstration of black rain at Hiroshima remains the work of (Fujikawa et al. 2003) which
found anomalous **U/”*U ratios, However the precision required is high and MC-ICPMS, TIMS or AMS
would be needed. Some of this data is being produced by Sahoo et al. from NIRS at Chiba, and we believe
is being reported elsewhere.

Some other characteristics of the carbon barﬁcles within black rain.

It was universally observed that the colour of the mushroom cloud was mostly white and other colours
(including black) were minor. This arises from the chemistry of the cloud, which consisted of bomb
particles, wood decomposition products including water vapour, and other debris from the ground.

First the many tonnes of the bomb material were volaﬁ]ized_ and all chemical compounds
decomposed, then rapidly as temperatures dropped most elemenits became oxide particles, chiéfly ferrous
oxide. Secondly and very rapidly, products from the decomposition of the buildings of Hiroshima were
added.

Meteorologists from the Hiroshima Meteorological Bureau observed and sketched the mushroom
cloud (sketches are in the Memorial Peace Museum) and recorded that black smoke was sucked up
- towards the fireball even in the first seconds and continued for hours afterwards,

The fireball which created temperatures on the ground of about 3-4000°C instantly created a
mixture of black pyrotysed wood, (partial ashing, the black smoke) and further decomposition products of
it. It is the partial ashing which gave the black particles visible in the black rain. Ashing of wood at higher
temperatures of about 700°C gives a residue of white carbonates and silicates, chiefly of potassium and
calcium, with some other more minor elements. Minut_e particles of silicon dioxide from the silicon
content of wood would also be produced directly or indirectly. At the much higher temperatures of the
bomb these ﬁl[ decompose, first to the elements, but as temperatures drop, to the-oxides of the elements.
Much of the organic matter is transformed to carbon dioxide and lost. It is only at temperatures much
lower than 700°C, that unburnt carbon survives from the pyrolysis of wood to be carbon particles.

This carbon was therefore presumably mixed with radiomclides and could absorb them. The first
black rain was recorded within about 15-20 minutes, and increased thereafter for several hours. It
theoretically would coptain absorbed radionuclides, and also less vxsxble patticles from the ashing of wood,
. which had also adsorbed radionuclides.

It should be noted that the black particles particularly were formed in a time range which extended -

much later than the bomb particle formation. This could easily lead to differences in radionuclides
absorbed. :
Particles of either bomb fragments or completely volatilized wood would be similar, in that both
would be oxides, and *’Cs and other volatile elements would not attach well, One figure frequently
encountered in the literature is that perhaps 1.5% of 7Cs would attach to such oxidic particles in general.
Even less would attach of volatile elements as Iodine, Xenon and Tellurum. Other radionuclides are

. generally known fo attach much more readily to such particles, particularly the rare zarth elements. )
Eventually, but on a time scale of many days Mg particutarly, does attach to larger particles and .

precipitates with rain.
It should be noted that the volatilization of wood structures leads to another oxide — water - which
when temperatures are low as in the upper atmosphere, will form rain. This did not happen in the desert
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Trinity test in Nevada where negligible organic matier was volatilized. The appearance of some parts of ‘
the mushroem cloud at Hiroshima was thought by the observing meteorologists 1o be very like cumulus
clouds and did contain much water, obviously enough to produce rain shortly thereafier.

The oxidic particles are mostly very soluble in water and if they predomjnaté; any rain will be
transparent, but may still have significant radionuchides attached. The fact that rain was not black is no _
guarantee of radiological safety.

Is the chemistry of the carbon particles any different from that of oxide particles? Does *'Cs attach
to black rain patticles and precipitate as black rain? This brief survey will answer that indeed, even
elements normally thought volatite attach to black rain particles in a way not seen for the higher
temperature oxide particles, Black rain particles are a Kind of sponge.

' This is because buming most material of vegetable origin even under relatively uncontrolled

.conditions creates the substance called activated carbon, though controlled burning js necessary for good

yields, By zctivated carbon is meant a very spangey structure caused by extreme volatilisation of volatiles
within the solid. This substance has been well known for mauy years for its absorptive properties, (both in
the gas and liquid phase) and this depends not en chemical bonds but on physical absorption. Almost all
substances are absorbed regardless of chemical form. Thus non-volatiles will be absorbed, but so will the
volatiles. In fact activated carbon is already well known for absérbing lodine, rare inert gase;s, like Radon,
Xenon and Krypton, (which usually do not react chemically with other compounds) and was used
historically for removing “’Cs and "1 from reactor waste water streams, though now supplanted by more
eflicient extractanis. o )

There are two possible consequences of the presence of carbon particles. The first is that their
chemistry probably leads to absorption of different radionuclides from other oxide particles. The second is
that their occutrence may not be the same in time as the other oxide particles from the bomb, and they
may be exposed to a different composition of radienuclides in the atmosphere. This means that there could
be a different kind of element fractionation at early and later stages of rain. One would expect carly rain to
contain relatively few volatiles, including ‘'Cs. Thus there would be early preferential precipitation in
rain of elements such as the rare earths, and other refractory elements. If this process is continued long
enough, the radionuclides lefl in the air would be greatly depleted in refractory elements. This happens
even with dry deposition and is well known in soil samples from traverses away from Semipalatinsk, for
example, but will be even faster when rainout occurs. At the latest stages, it could be in the extremne case
that '"'Cs and the inert gases are predominant in the air and after absorption within activated car‘ouu are
deposited as black rain. This is hypothetical, but reasonable.

From the foregoing material we expect that some carbon particles are carried into the upper
atmosphere quite early, and absorb various elements, but that refractory elements are likely to be
predominant in any rainout. In late stages of black rain, we expect the composition may be quite different
and volatile elements may even predominate. ' .o

Although it is not known for ¢ertain it is therefore possible that the black rain visible particles
could affect the rain composition expected from other studies which do not involve it. Detailed modeling
might be needed if this was important.

This could be an explanation of the pattems noted by Imanaka if explanation proves to be needed.
He finds in areas where there is excess *°U in soils which is a marker of bormb influence, that calculated
refractory/volatile ratios should be high, as measured by U /¥'Cs ratios, but they are found to be not
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nearly as high as the 100/1.5 (about 60) expected. This suggests some influence already of carbon particles.

For black rain found in streaks on walls he calewlates that the ®'Cs™U ratio has 2 value of 1.9-163, in
other words the volatile element "*’Cs predominates.

Without a lot more data it is impossible o be completely sure that the sbove scemario is the
explanation for the results he found, but it is not unreasonable. '

Conclusion

A conchusion would be that probably all rain experienced at Hiroshima regardless of colour had the
potential to contain significant qﬁantities of radionuclides. In caleulation of dose, the :eﬁ'ac,tory!volatilé
ratios caleufated from the 25U/ ratios in soils are likely to be most generally applicable.
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A preliminary geospatial analysis of **’Cs measured in soil cores from
. Hiroshima

) Harry M. Cullings
Radiation Effects Research Foundation, Hiroshima and Nagasaki, Japan

Abstract h
-In the 1970s researchers collected a large number of soil samples at distances up to 30 km {rom the
hypocenter of the Hiroshima  A-bomb in various directions. Those samples were measured for
several key, long-lived fallout radioisotopes including 3¢s. The ¥Cs results are of particular
interest in regard to evalualing the possible presence of local radioactive fallout from the
Hiroshima bomb in places where soil samples were not taken in 1945 and area radiation survey
measurements were noi made in 1945. Unfortunately, various countries were testing nuclear
‘bombs in the 1950s and 1960s, in above-ground tests that ejected large amounts of *'Cs into the
upper atmosphere, producing fallout around the world. The deposition of this "‘.global fallout” at
different locations a few km apart can be quite different due to factors that affect local rainfall and
retention of Cs in the soil, Any fallout from the Hiroshima bomb that remained in the 1970s in
particular parts of the sampled area would have to be of a certain size in order to create a pattern
that would emerge from the noise of the variable global fallout. A key statistical problem is to
establish the relationship between amounts of residual '*’Cs from the Hiroshima bomb and the
statistical power to detect a related pattern in the context of the global fallout, using methods such
as geospatial hotspoiting. A first step to solving this is to characterize the spatial covariance
structure of the measurement data. A simple variogram plots the squaréd difference between pairs
of measured values versus the distance between them, using a scalar distance for an isotropic
variogram. This shows some spatial structure, i.e., spatially closer pairs are more alike. We can
standardize the variogram by converting the measurements to counts and dividing each squared
difference by its expected value under the assumption that each count is a Poisson variate with
mean equal to some average deposition of 1%1Cg in mCifkm’ across the entire Hiroshima area, times
a“size” of the measurement. By “size” we mean a value in counts per mCiflom” that is proportional
to the product of bulk sample mass, chemical recovery of Cs, counting efficiency, and counting
time. The standardized variogram, under certain reasonable assumptions of stationarity in the
spatial process being measured, confirms a variation in deposition at different locations that is
much larger than the variation expected from the counting statistics. We explore the relationship
between 'Cs in mCifkm® and terrain elevation based on the idea that average annuzl rainfall and
the corresponding deposition of global fallout '*’Cs from the atmospheric inventory axe fanctions
of elevation. As the data on ¥'Cs in mCifkm?® appear lognormally distributed, we investigate the
application of a spatial scan statistic for normally distributed data 1o the logarithms of the data,

Infroduction

In 1976 the Japan Public Health Association collected 2 large number of soil cores from the Hiroshima
area as part of a program funded by the Mlmsﬂ'y of Health, and measurements were made by researchers
at Hiroshima University (Takeshitz et al. 1976). Those cores were collected af approximately two
kilometer intervals of radial distance from the hypocenter, along several traverses at fixe_d compass angles. ‘
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- The angles, measured clockwise from due north, were approximately 0, 30, 60, 90, 120, 180, 270, and 330

degrees. The angles are concentrated in northerly through westerly directions because the area of black
rain after the bombing, except at shorter distances within the main part of the city, was principally in those
“directions, and the direction of prevailing winds after the bombing at the level of the resulting cloud of
radioactive debris from the firebalt was to the northwest. The other directions were used for comparisons.
Areas where samples could be collected in the southerly directioris were limited by the areas covered by
the Seto Inland Sea. ‘

Among other radionuclides, the long-lived gamma emitter *'Cs, a common radioisotope in
radioaciive fallout, was measured in the samples. In soil that was exposed to rainfzll and essentiaily
undisturbed between 1945 and 1976, any deposition that occurred as local radioactive fallout from the
Hiroshima bomb should show up as an additive excess above the levels from global fallout that ocourred
during the peried from approximately 1948, when atmospheric nuclear weapons lesting began in the
former Soviet Union, until 1976. .

We began this work by looking for a way to compare areas of repérted black rain from other areas.
Conventional statistical tests did not find a difference between levels messured in the areas of black rain
as reconstructed by Uda et al. (1953) or Masuda (1989) vs. other areas. We then turped to the use of
geospatial hotspotting with 2 spatial scan statistic, which is a way of finding areas of high concentrations.
Along the way, we made a number of basic statistical calculations and exploratory analyses of the data,
which are reported hers.

Methods

Map Work
The sample locations sre recorded on 1:200,000 scale topographical maps of Hiroshima prefccture, which
were supplied in the form of digital images of the maps associated with the eport of Takeshita et al
(1976). In order to obtain accurate sample locations, we took the associated image rasters and located

* them in geographical coordinates, i.¢., longitude and latitude in the Tokyo datum, using their markings of
longitude and Jatitnde, For this work we used geographical information system (GIS) software: ArcGIS

(Earth Sciences Research Institute, 2009). This allowed direct comparison fo digital maps and other
features such as the DSO02 estimate of the Hiroshkima hypocenter. We used the tools in the GIS to qbtain
estimates of the geographical coordinates of sample locations marked on the 1:200,000 scale
topographical map, which we then used to obtain estimates of elevation above sea level with digital
topographic maps. For some calculations, we converted the geographical coordinates to simple Cartesian
coordinates in km, with an origin at the DS02 estimate of the Hiroshima hypocenter (Cullings et al. 2005),
by the approximations

x, = (fong, —long, {11111 1{c0{3§)’f )] -y, = (fat, - Iat, 1 11.111), where longy and laty are the

coordinates of the DBS02 estimate of the Hiroshima hypocenter in the Tokyo datum: 132.457307 degrees
east longitude and 34.391349 degrees nonh latitude.

Reconstruction of Raw Sample Counts
Unfortunately, the data available fromn Takeshita et al. (1976) mclude count rates and estimated standard
deviations of those rates based on counting statistics, but not actual counting times. To obtain estimates of
raw counts that could be expected to have Poisson distributions, we estimated the original counting times
as the count rates divided by the squares of their estimated standard deviations, under the assumption that
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the background count in the spectral region of interest for Bigg (i.e., the 662 keV peak) was small, Le., <
1/10 of the net count, for all samples. More details are given in Appendix L We also caleulated a “size”
for each measurement in units of counts per mCifkm’, by dividing the reconstructed count by the reported
value of mCi/km?,

+ Geospatial Hotspotting
For the purpose of geospatial hotspotting, we assumed that each measured location represents the average
deposition of ¥’Cs in a geographical area (geospatial cell) containing it that consists of a sector of radial

width 2 km and angular width -{;- {i.e., 30°) in the polar grid used to set up the sample locations. We used

the spafial sca Statistic SaTScan™, available online at www satscan org to search for “hotspots™ of Bicg
that would have a probability < 0.05 of oceurring under the null hypothesis assumed by SaTScan. The mull
hypotheses we used are described further under Results, for the specific settings that we used, but they
essentially amount to assuming that measurements at different locations are independenily statistically
distributed with means consistent with a uniform areal deposition of *'Cs across the geographical area
under consideration. SaTScan is a well-tested package that considers potential hotspots on the basis of
spatial proximity, i.e., the centroid of any geospatial cell can be the center of 2 hotspot, ‘and for various
radii, the collection of all cells within a given radius constitutes a zone considered as a possible hotspot
{Kulidorft 1997). Because of its method of censtructing candidate zones o be cougidered as possible
hotspots, SaTScan is generally limited to finding circular hotspots, although it has an option for a certain
range of elliptical hotspots. We did not use the settings for elliptical hotspots in this work, but the version
we used has good properties for detecting elliptical hotspots even though the hotspot as shown by the
softwars would have a circular shape (KulidorfY et al. 2006). Further details of the settings used are given
below in Resulls. ' '

Resnits

Map Work
Figure 1 shows the alignment of the 1:200,000 scale map that was done in the GIS using its markings of
longitude and latitude. In this image, the 1:200,000 map is shown as a transparent overlay, i.e., a black line
drawing of the miip and an associated array of rays and concentric circles for marking sample locations at
regular inteﬁmls in polar coordinates, which were part of the same image raster. One of the points used for
alignment is the small, circular, magenta-colored marker near the bottom-left corner of the picture. It is
aligned with the markings of longitode and latitude on the 1:200, 000 scale map, which are the vertical and
horizontal lines intersecting it, In the picture, the 1:200,000 map has been superimposed on portions of a
new, 1:25,000 scale map dated April 1, 2002 (the colored blocks), to confinn its alignment using visible
map features. Some features of the 1:200,000 scale map are not clear and well-defined even in the image
raster shown here, which is the best available copy. Alse, there are some areas along the seacoast-on the
newer map that are not shown in the older map, probably because they were reclaimed from the sea in the
time between the production of the older and newer maps. However, it seems apparent that the older map
is propetly aligned, based on the outlines of major portions of the seaceast, islands ete.

When the image raster of the 1:200,000 scale map is geogrephically located in the GIS as
described above, it appears that the hypocenter suggested by the origin of the sample grid of concentric
circles and rays is misaligned with the DS02 estimate of the hypocenter: it is about 750 m from the D502
estimate, almost due south. This relationship is shown near the top of Figure 1, in which the DS02
hypocenter is marked by a cross-shaped symbol, colored red to enhance its visibility,
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Figure 1. Alignment of sample map.

_ The implications of this misalignment for the sample focations depend on whether the sample
locations in the image of the 1:200,000 scale map were determined by the sample- grid, which is
misatigned, or by the underlying features of the map itself. It appears more likely that the sample locations
were determined by the sample grid, and are therefore about 700 m too far south. For example, there is 2
problem with the location of Sample No. 294, slightly less than 6 km south of the hypoceater, just cast of
due south, visible in the image of Figure 1 as the upper half of a black circle. (This location is more clearly
seen in other images of the same map, not shown here.} The sample location as marked is about 700 m
south of the southern tip of the small island associated with Ujina Port {(Motoujinamachd). That location is

“inconsistent with the map features on the 1:200,000 scale map because it is in the sea, but is consistent

with being drawn about 700 m too far south, We confirmed the misalignment by examining two of the
1976 sample locations, 12 and 14 km north of the hypocenter, that are depicted on much larger scale

(about 1:10,000) maps associated with a later sample collection in 1978 (Hashizume et al.). Tt seems likely *

that the most correct estimates of the 1976 sample Jocations in geographical coordinates, except for those
shown in the larger-scale maps from the 1978 work, are obtained by taking locations about 700 m north of
those marked on the supplied image of the 1:200,000 scale map, ie., the red circles in Figure 1. In the

original paper map, at 1:200,000 scale, this-700 m shift represents only a 3.75 mm misalignment, which *

could easily have occurred in manual work with a paper map and something such as a transparent overlay
of the sample lecation grid. -

" In'the remainder of this work, we used sample locations based on geographical coordinates 700 m
north from those marked on the map. That really only affects the elevations used for evaluating the
relationship between measured values and elevation—because it is & uniform transtation {all sample
locations move by the same amount in the same direction), it does not affect the spatial variograms or the
geospatial hotspotting described below. Unlike direct dosimetry with the A-bombs, the exact ground
distance from the hypocenter to the measured locations is not critical in this work and is not 25 serious an
issue in relation to the misalignment. For completeness, the map coordinates and the associated elevations
thai were obtained from digital topographic maps are shown in Table 1 for both sets of locations.
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Figure 2. Linear refationship of sizes and counting times for the samples.

Reconstructed Counting Times and Sizes '
The reconstructed counting times varied widely, with most samples being < 86,400 s (24 tus) but about £

'samples having considerably larger counting times. A regression of “size™ on counting time gave a

strongly linear and plausible relationship, as illustrated ju Figure 2, suggesting that the calculated “sizes”
in counts per mCifkm® were primarily deterriined by counting times, as one might expect, and determined
to & much lesser extent by variation in other factors, &.g., the mg amount of Cs recovered in each sample.

‘Distribution of Measured Values
Examination of the data revealed one extremely low value: Sample No. 529, 3.3 mCi/km®. That sample
has an unusually high estimated counting standard error of 0.059, ie, a coefficient of vartation = 0.17{1,
whereas the coefficient of variation of the estimated counting error is less than 0.067 for all other samples
and about 0.02 to 0.03 for aZlmost all samples. When Sample No. 529 is omitted, the logarithms of the
measured values are quite consistent with a normal distribution, based on standard statistical tests such as

o

4
log of mCikm*2

fitted nomnat densityJ

TS measwred values

. Figure 3. Distribution of logarithms of measured values.
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those using estimates of skewness and kurtosis. A histogram of the logarithms of the measured values is
compared io the normal distribution with the same mean (4.1) and standard deviation (0.52) in Figure 3. Tn
most of the remaiming work we omitted the result for Sample No. 529 and assumed the measured values to
be distributed logrormal. ’ -

Classification by Rainfall Patterns
Using one of the supplied map images on which the rainfall patterns of Uda et al. (1953} and Masuda
(1989) had been drawn, we classified the measurements as shown in Figures 4 and 5, with respect to the

~ rainfall pasterns. When we performed standard analysis of variance (ANOVA) procedures on ihe

logarithms of the data, separately for the Uda and Masuda classifications by rainfall level, no statistically
significant result was found. This is consistent with the relationships shown in the histograms in Figure 6.
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Figure 4. Soil core locations classified by the
rainfall patterns of Uda.

Figure 5. Soil core locations classified by the
rainfall patterns of Masuda.
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Figure ¢. Histograms of logarithms of measured values classified by rainfall pattern.
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Measured Amounts vs. Elevation -
The measured values are plotted vs. clevation in Figure 7, using the clevations detetmined by the “700 m
north” locations, The error bars are one standard deviation of the estimated counting unceriainty. The
value measured by Shizuma et al. (1996) in a very early sample taken three days after the bombing, for the
Koi-Takasu area of known fallout, corrected for radicactive decay to 1976, is shown as a red horizontal
line for comparison. The very low measured value of Sample No. 529 is shown in this plot as well, When
a simple linear regression (ordinary least-squares regression) of measured value on elevation is performed,
a statistically significant slope estimate is obtained, The result is shown in Figure 7 as a trend line.

However, a linear regression of this type is inappropriate for lognormally distributed errors.
Although one might consider a log-log regression, which would yield an estimated power function of
measured value as 2 power of elevation, there are problems with this approach. One is that the data appear
heleroscadastic: the dispersion increases with increasing elevé.tion; as seen in Figure 8, in which we plot
the logarithms of the measured values against the logarithms of the elevations, Another is that there are
substantial errors in the elevations due to uncertainty in the exact sample locations. For those reasons, no.
attempt is made in the followiﬁg caleulations to adjust for elevation based on the linear regression,

; TR -
H . LS
i ! .
} i E 5~ P - -._: s
. e
g, .- e
1 B -t .
i 2 S A ks
E ) + i l R LR R
= R . r Tm.
[+ E . P I
] et THRa At b ﬁ ST _ PR PO L
bomt B i " A o e rlymiind
. it s e .
; 3. LS .
C il 2
a
l ®op - — e e
qE -
H 1. - . e C e e e
: o 1 ? H 1 5 i 1
Hevation, m
: i 4 logarithm of elevaion,m

Figure 8. Logarithms of measured values

Figure 7. Measured values vs. elevation at L
vs. logarithms of elevations,

sample location.

Spatial Patterns and Spatial Covariance Structure
The measured values e plotted in two dimensions in Figure 9, using a cotor scale nmning jrom dark blue
(lowest values) through lighter blue, green, yé[low, orange, light red to dark red (highest values), to
illustrate the spatial patterns involved. To obtain an isotropic variogram (Cressie 1983) that is standardized
with respect to the variance in measurements expected on the basis of the estimated counting uncertzinty,
(A 4 )2

1
~2 a2
87 +67

we calculated for all possible pairs of measured sample locations {(i, j)}, where. &, is the

estimated standard deviation of the uncertainty in the measured value 4 in mCifkm’,‘ based on the

measurers’ estimate of counting errar. Then we divided the resulting values into 1,000 distance categories

based on quantiles of the scalar distances &, y Detween the locations in each pair, caloulated the average of

this quantity for each distance category, and used a lowess smoath with = bandwidth of 0.7 to produce the
plot in Figure 10. There is considerable covariance among measured values at distances less than about 20
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Hiroshima 1976 Cs-137 seil core data
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. Figure 9. Plot of measured mCi/lam” (marker coler) vs. location.

kn, as seen in the trend of the variogram at these distances. This is reflected i the pattems visible in
Figure 9, where local areas of similar measured values are evident,

Moreover, the variogram is >>1 for all distances, consistent with the data’s being much more
disperse than the counting statistics would justify. This is also apparent in Figure 7, as the vertical

dispersion of the plotted measured values is much larger than would be suggested by the error bars on the

individual plotted values,

Geospatial Hotspotting
When we set out to use the spatial scan statistic SaTSean to look for hotspots, we first tried using the
setting for Poisson distributed values, and applied it to the reconstructed raw gross counts. For that
exeicise, we calculated a “size” of each measured result, which SaTScan requires for Poisson data. We

Isotropic variogram of measured values

7?0 800 00 1000
1 1 1

quared differenca in measured values

600
1

standardized s

500

T T -

20 40
distance batwean sample locations, km

Figure 10. Standardized isotropic variogram of meastured mCifkm?,
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3

specified “size” S, In counts per mCifkn’, calculated from the data by simply dividing the reconstructed

raw count of a sample by its reported value in mCi/km?. That calculation embodies the measurers’ .
calculations that were based on the bulk sample mass, chemical and physical recovery of Cs, counting
efficiency, and counting time for each sample. Then we multiplied this value times the weighted average
value of mCi/km? for the entire set of samples, to obtain an expected value of the Poisson distributed count
for each sample that is consistent with the null hypothesis of the spatial scan statistic, that the true value of

mCifkm?, say Z, is constant over the geographical area of the measurements, and the variation Among

measurements is due to the variation in independently distributed Poisson random variables 4, one at

each measured location, with expected value E {A,. } =4, = S,Z .

The Poisson application of SaTScan yielded many apparent hotspots, > 10, many of which
consisted of individual measured locations, and those putative hotspots were distribuled throughout the
area covered by the sample grid. The result is consistent with the gross over-dispersion relative to the
Poisson distribution that is noted above, but it is not very useful.

A more realistic application of SaTScan is obtained by noting that the data appear to be
Iognorma'llf distributed overall, As SaTScan has a setting for normally distributed data, we can use this
with the logarithms of the measured, values. Unfortunately, there is no straightforward way to use SaTScan
for a compound model in which we would assume as a aull hypothesis that the true value at each sample
location is a sample from a lognormal distribution but is measured with uncertainty that depends on the
measurement-“size” through Poisson counting statistics and the “size” of the sample/measurement. For
example, attempting to adjust the analysis for the varying precision of the measurements by setting the
“number of cases” equal ta the “sizes™ of the samples in mCi/km® is not correct because SaTScan uses a
permutation routine in Monte Carlo trials to determine the distvibution of its likelihood ratio test statistic
under the null hypothesis for the normal model (SaTScan™ User Guide, available at www.satscan.ore).
The permutztion method used by SaTScan does not preserve the covariance structure of a “lognormal plus
Poisson” null hypothesis. .

However, we can assume that all measurements’ are eifecﬂvely measuted with equal uncertainty,
by setting the “number of cases” = 1 for all measurements in the SaTScan input. file, and we can apply
SaTScan, with a setting for normally distributed data, to the logarithms of the measured values. That is, in
doing so we assume as a mull hypothesis that the measured values are independently and identically
distributed (“iid”) lognormal, with parameters that SaTScan implicitly estimates by permuting measured
values among peospatial locations to form the distribution of its likelihood ratio test statistic in Monte
-Carlo replications under the null hypothesis. This is not strictly true, because we believe that there is an
effect of terrain elevation, and for that reason among others we might expect some spatial covariance
structure that violates the assumption of independence. However, spatial scan statistics have generally not
been developed for ‘null hypotheses involving known spatial covariance structures, and the “id”
assumption may still be a usefol null hypothesis for geospatial hotspotting in the present work. We just
need to be aware that any apparent hotspots might be due to effects of elevation or other factors with local
spatial siructure, on the deposition or retention of global falfout. It seems reasonable to ignore the variable
precision of the measurements in this analysis, in light of the fact that the estimated measurement
uncertainty has a coefficient of variation on the order of 0.02 to 0.03, maximum 0.066, as noted above,
which is much smaller than the coefficient of variation of the measured values among locations, which is .

-129-



0.55. The result is that 84TScan does pot find any statistically significant hoispots. The output from
SaTScan is given in detail in Appendix I1.

Discussion )
It seems reasonable that the spatial covariance structure in the data is due primarily, if not completely, to
factors such as terrain elevation and slope, soil type, and other factors 'that have similar spatial structure
and affect the deposition of global fallout and the retention after weathering of all fallout including that
from the Hiroshima bomb. The lognormal distribution of the data, which is a common observation in
environmental samples, is presumably due to a combination of multiplicative factors that affect the final
measured results. Some of these factors may be associated with the original deposition of *’Cs from
global fallout, which varies from p!acé to place, but many of them are undoubtedly associated with local
variations in the retention of all deposited '¥’Cs, both that from the Hiroshima bomb and that from global
fallout, under the process of weathering.

1t is unfortunate that we cannot make a simple adjustment for elevation that would presumably capture
the effect of elevation on deposition of global fallowt via its effect on leng-term average rainfall.
Unfortunately, however, it seems clear that this effect of elevation, even if we are certain it had a linear
effect on deposition, preceded a large part of the variation that produced the lognérma[ distribution of the
data, and therefore is multiplied by a succession of multiplicative factors that in the aggregate impart a
lognormal variation. Accordingly, if a simple adjustment based on the slope of the linear regression of
mCi/km?® on elevation is made to the data, they no longer appear lognormal in overall distribution, More
specifically, the simple linear regression is not correct for a number of reasons:

» _The-overall distribution of the data ameng sample lfocations is lognormal, not normal, and it is

reasonable to assume that the dispersion about the mean function in the regression should be a
combination of

o a lognormal variation in the true values of mCikm® at sample locations of equal elevation

“and
o amuch smaller measuretnent error that is dominated by Poisson counting statistics;
= A simple linear regression is not correct for lognormal errors; )
» The errors are heteroscedastic, as described above, i.e., they increase with increasing elevation and
the comesponding size of the mean function in the regression, which requires some form of
weighting or estimation of a variance finction in the regression; and
e There is non-negligible error in the estimates of site elevations (the independent variable in the
regression), which creates an “errors in variables” problem in the regression {Carroll et al. 2006).
Therefore, it does not appear io be possible to make corrections for elevation without 1) a specific and
rather complicated stochastic model for local area specific deposition and weathering and 2) a
sophisticated method for a regression or other estimation procedure to relate elevation to the eventual
measured values. This does not appear feasible at present,

Unfortunately, it is not possible to direcily compare the 1976 measurements to measurements of
1945 samples in the knowa fallont area of Koi-Takasu. The closest to Koi-Takasu of the 1976 samples is 4
km due west of the hypocenter. This is about 2.1 km northwest of the location of sample No. 7 of Shizuma
et al. (1996), which was much hotter than their other samples and s the sample on which the horizontal
line in Figure 7 of this work is based. The location of sample No. 7 of Shizuma et al. (1996) was part of an
area extensively reconstructed after the typhoons of 1945, with Terouting of the rivers (Yamate-gawa and
F\ilalshima-gawa), and it may have been impossible to find undisturbed soil for sampling in 1976 in the
generaltly acknowledged fallout area of Koi-Takasu.
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Hiroshima 1976 Cs-137 soil core data

E '
L] E]
L ]
. [ ]
al - .
- . -
. e . e .
. . » "
w0 1 ) . * N
- . *
"o ‘e * a'
cay ®, tr
L] L N
£ . *e
L - . .
R L
LI '.
. .
l‘ ¢ ‘d
Jor- . .
N - .
ID . ..
.
g .
. 3
L)
.
)
L z . L - . L+
-0 ) ke Q © £l £l
X, km

Figure 11, Measurement size. Key: marker size = measurement size marker color = mCi/lom®

Because the application of SaTScan for normat data to the logarithms of the measured values does
rot produce 2 significant hotspot, it would be of interest to know how large an original deposition of *'Cs
from the Hiroshima hotspot would have a given probability of being detected by this method. Although it
is generally accepted that a deposition similar to the known local fallout area at Koi-Takasu would not be
détectable in the context of accumulated global fallout (Shizuma at al. 1996), and that appears to be
correct, even if spatial methods are used, larger amounts presumably would be detectable. Future work
may focus on using altermative models of deposition and weathering/retention to make such calculations
by Monte Carlo simulation, akin to 2 statistical power calculation. Because of the asymmetrical geospatial
distribution of the measured locations, simulations must make fairly specific assumptions about the
locations of areas of deposition in relation to sampled locations, at least for the original deposition fror
the Hiroshima bomb. They could be performed for complementary models that assign all of the lognormal
variation to deposition vs, models that assign all of it to weathering, They could also include an effect of
elevation on deposition of global fallout. It may also be possible to use a hierarchical model to add some
form of patial covarance to the simulations, similar to what is reporied here and described in the
variogram. .

. There is another problem with evaluating the power of the geospatial hotspotting to detect an
effect of some specified size and pattern, which relates to the way in which the sample “sizes” were
determined by choice of counting times, ‘which is not random. The sample sizes are shown in Flgure il,in
which the size of each masker is proportional to the size of the sample and the color of the marker is
related to the measured result in mCi/km® as in Figure 9. As shown in the figure, almost all of the really
Tarpe sample sizes are in westerly to northerly directions, and involve relatively low measured values. It 3s*
logical to surmige that those came about because the measurers extended the measuring times of some of
the samples, mainly those initially yielding low results in areas where higher resuits were expected.
Corrcoting for that intervention in a post hoc analysis, especially without detailed knowledge of how the
decisions about counting times were made, is a very difficult statistical problem. It may still be necessary
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to rely on the assumption, as noted above, that the variation in counting precision can be neglected
because the counting uncertainty is small compared to the assumed variation of the true values of mCi/lem?®
among sample locations.

Conclusions

Under reasonable statistical assumptions for a mull hypothesis (i.e., that the measured values are
independent samples (single values) drawn from a single lognormal distribution, due to effectively random
variation in deposition and retention of global fallout at each sampled location, with a variance much
larger than the variances of the measurements due to counting statistics), the spatial scan statistic found no
significant hotspots. An interesting question that remains to be answered is, if we assume as an alternative

hypothesis 1) a specific amount of deposition in 1945 from the Hiroshima bomb in specific areas

associated with the black rain, 2) a later deposition of global fallout that has a certain spatial variation
from place to place in the sampled area, and 3) a model for removal of both of these by weathering; how
big would the deposition from the Hiroshima bomb have to be, in order to have a given probability of
being detected with the spatial scan statistic under the null hypothesis described above? That question can
be answered under certain restrictive but reasonable assumptions with a future simulation study.
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Appendix I - Reconstruction of Raw Couuts for the Hiroshima University Data on W05 Measured

from Soil Cores - ,

Assumptions and notation: .
e 1is the counting time in seconds.
e Npis the total count in mp channels selected as the region of inierest (ROT) for the 662 ke¥' peak.
¢ Npis the total count in mp neighboring channels used to determine background.

m L
e The sample net count is calculated as N, =N — Ny —" and the sample net count rate cps is
. my

—_nel,

calculated as cps =

s Npis distributed Poisson(uz), ‘where U is the same for all semples (assuming no significant
artifacts due to interfering sigoal in the areas selected for background, which should be true, and
no ignificant changes in signal gain or other causes of a change in pg from count to count).

« Npis distributed Poisson{pg + is), where pip is the true mean net count rate in the peak ROI for the
sample being measured. )

N+ ——N 2
m
s SDis calculated as SD = £

N, “&Nn

B

This results in the rclauonsh.\p 7 = fm—
SD N, PLYY 2

(3

G
» For very low net count rates, %—«-3- 0 as N, -2 m —£ N, ie., as the sample net count rate
5

approaches background for a proper blank containing no '*'Cs.

. Athlgh net count rates, for N, >> —HZNB, ng >t
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Appendix Il SaTScan Results for the Assumption of Lognm"mally Distributed Values

S4TScan v7.0.3

Program run on: Fri Apr 09 14:52:22 2010

Purely Spatial analysis -
scanning for clusters with high values 4
using the Normal model. :

SUMMARY OF DATA

Study period.......oenne
Number of Iocatlons .

MOST LIKELY CLUSTER

1.Location TDs included.: 429, 424, 494, 419, 289, 414, 444, 449
Coordinates / radius..: ( 27.5827,9.81943) / 10.02
Number of a5 ...l
Mean inside..
Mean outside....
Unexplained variance..; 1195.75
Standard deviation....: 34.58
Log likelihood ratio..: 7.518513 : : *
Monte Carlo rank......: 302/1000
P-value 0.302

SECONDARY CLUSTERS
2.Location IDs included.: 264, 209, 269, 204, 504, 259, 509,
254,514,219, 454
Coordinates I radins... (0 164747,21.2153) / 10.83
Number of cases.......;
Mean inside... 94.63
Mean outside,.........: 66.00
. Unexplained variance..: 130107
Standard deviation....; 36.07
Log likelihood rati
Monte Carlo rank.
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"Table 1. Locations, elevations and mCi/km” of *"Cs measured in samples.

As marked Shifted 700 m north

.

Sample  mCi/

longitude latitude longitude latitude

234 382 132.45%104 34411089 3 132.459104 34.417389
239 59,1 132451157 34.422679 27 132451157 34.428979
194 412 132.455462 34.438573 I8 132455462 34.444873
199 788 13245778 34456124 150 13245778 34.462424
214 79.6 132.454468 34.474667 39 132.454468 34.480967
219 826 132.455462 34.4922138 408 132.455462 34498518
254 150.7 132.458111 34.509437 261 132.458111 34,515737
259 66.2 132456124 34.53063 420 - 132456124 34.53693

204 1169 132456786 34547187 168 132.456786 34.553487
209 67.9 132.461422 34563743 218 132.461422 34.570043
264 33.7 132459104 34,582287 180 132.459104 34.588587
269 389 132.45778 34.603149 370 13245778 34.609449
504 60.9 132459436 34.620699 378 132459436 34.626999
305 128.5 132459104 34.637256 411 132.459104 34.643556
514 97 132 459767 3465878 754 132.459767 34.66508

134 81.1 132477539 34.5%4902 3 132.477539 34.401202

15 77 132.494856 34.402239 39 132.494856 34408539
17 835 132.511879 34.413059 17 132511879 34.419399
14 - 891 - 132527435 34426013 - 168 132.527435 34.432313
19 79.6 132.541523 34.440982 161 132.541523 34447282
.24 86,9 132.355611 34452428 98 132.555611 34.458728
. B4 80.3 132.562949 34.471506 35 132.562949  34.477806

139 837 132.577037 34.483301 155 132.577037 | 34.491601
499 437 132.622823 34.468278 331 132622823 | 54474573
149 BLY 132607561 34.511423 149 132.607561 34.517723
524 273 132.660392 34.484127 307 132.660392 34.490427
529 272 132.68035 34,491758 253 132.68035 . 34498058
534 26.1 132,69531% 34.497041 403 132.695319 34,503341

339 7 0 132.712342 34.515825 412 - 132.712342 34522125
544 - 383 132.736703 34.515233 434 132.736703 34521538
&0 779 132476072 34.374943 2 . 132476072 34381243

244 106.6 132.486638 34358214 2 132.486638 34.364514
65 - 414 132513934 34.355572 3 132.513934 34361872
249 367 | 132529783 34344126 17 132.529783 34350426
70 122.8 132.550622 34338255, 245 132.350622 34.344555

75 49 132.567938 34.329744 257 132,567938 34.336044
89 834 132.590538 34320645 252 132.590538 34.326945
94 863 132.606094 3431184 . 349 132.606094 34.31814

99 95.7 132.62341 34303035 197 132.62341 34,309335
194 933 132.643075 34.293643 165 132643075 34209943
s - 452 132662153 34.284544 577 132662153 34250844
i14 140.7 132.68035 34.27573% 504 132.68035 34.282039
119 53.6 132702363 34.267228 504 132702363 34273528
124 21.8 132.715864 34.260771 158 132.715864 34267071
129 318 132.736409 34249324 137 132736409 34.255624
574 44,9 132459342 34.364964 0 132.459342 34.371264
339 343 132.463745 34352931 3 132463745 34359231
294 73.1 132.463745 34.332385 13 132463745 34.338685
344 121 13244496 34312721 10 132.44496 34.319021
299 36.6 13245582 34.275139 36 132.45582 34.282039
304 54,8 132.45582 34.258423 7 132.45582 34.264723
309 41.3 132471963 34237584 2 132.471963 34243884
314 215 132460516 34.207353 97 . 132460516 34.213653
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mCi/
k2

51.2

159.2

433

1976

107.1
86

As marked
longitude latitude
132.453765 34120449
132.458168 34.174187
132.452004 34.153935
132448776 |, 34.139554
132.306133 34312134
132287349 .34.303035
132.269152 34.294523
132.24713% 3428836
132.228643 342775
132.213973 34.263706
132194015 34.258423
132,177872 34253726
132.412968 34.383455
132.390956 34.387858
132.370117 34.385216
132.347811 34.385216
132.327559 34,38551
132305546 34.385803
132.283827 34,38551
132263575 34.385216
132.240005 34.38551
132210744 34.394021
132.190786 . 34.396076
132166425 34.389912,
132.138249 34.376117
132419425 34.401946
132.39888 34.415153
132382738 34423372
132361312 34427187
132.354561 34.445971
132.329613 34.450374
132.308481 34.456537
132292925 34465343
132271793 34475909
132.249193 34.476789
132235399 34.494106
132.236902 34.528462
132.200472 34508194
132.156446 34479724
132.161729 34527565
132.442025 34.30813
132.436155 34415447
132425589 © 34.43159
132415316  -34.446558
132.404163 34.462701
132.393597 34477376
132383325 34493519
132.367475 34.507314
132.357496 34.524043
132.350746 34.541066
132343995 34.560438
132,339886 34.572471
13232433 34.58744
132.308775 34.604463
132.296154 34.620899

elev,,
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Shifted 700 m north
tongitude latitude
132453765 34.195749
" 132458168 34.180487
132.452004 34.160235
132448776 34.145854 -
132.306133 34318434
132.287349 34.309335
132.269152 34300823
132,247139 3429466
132228648 "34.2838
132.213973 34.270006
132.194015 34.264723
132.177872 34.260026
132.412968 34.389755
132.390956 34394158
132.370117 34391516 |
132.347811 34391516
132327559 34.39181
132305546 34.392503
132,253827 3439181
132263573 34.391516
132.240095 34.35181
132.210744 34.400321
132.190786 34.402376
132166425 34.396212
132.138249 34.382417
132419425 34.408246
132.39888 34.421453
132.382738 34429672
132361312 34433487
132354561 3445071
132.329613 34456674
132.308481 34.462837
132292925 34 471643
132271793 34,482209
132249193 34.483089
132235399 34.500406
* 132.236902 34.534762
132200472 34.,514494
132.156446 34.436024
132161729 34533865
132.442025 34.40443
132.436155 34.421747
-, 132.425589 3443789
132.415316 34.452858
132.404163 34.46%001
132393597 ~ 34.483676
132383325 34.499819
132367475 34.513614
132357496 34.53(343
132350746 34.547366
132343995 34.566738
132339886 34.578771
132.32433 34.59374
132308775 34.610763
132.296154 34.627199

elev.,

479
42
189
39

152 -

38
338
400
583
533
219
538
492
506
775
598
681
.4
300
316
110,
149
318
156
312
512
107
a6t
281
159
325
536

HHOIC _ :

HADOERTHIRAL L 5 I, FREEFIFRBRTCHRE L D502 FREOME#E
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LHicE X UHE, FTE FREEO B ROFRFC I HMNEREIS VT, BVE
HORNEEUHE, —F. KROREALLBECE 5 2MEEHE Lo Tk 5T,
HOHRHEFOY 7 S ATREEZHRL T, BORBIRO & 7 236 07 —F & RE
TLHIMER Dok, F7—SADTF—FISWTHRBEA (YREARER b
discussion ’5_'?31%&57275% B, [95 1236 F—F BIRB BB RSO break through 2
BYEHE] LEWRLSHEE IS, EATRFOF,E [BOTHEEEOEERAICHE
THRHE] 2RV EVOTHEALTELNE W3 ER A2 TER, 4 T XOM &
DT LR LA~V BE> T B0 T, FTBE I DICEBIET 5 L T 5iibhotesl,
THRE—HOTHBOZLEEDREVL L LEIROT, TRFBELT TR LD TORN
LEEVEON 2008E2 A o7, ' A '

EETHHEE LT, BHE0ERE b - TRV FHROFERERERILEO L i@
s, S BEEHD, TOMBIIEMRTES L, ReyOEEORREEORIZISDE
BhrlIB5ThhB. LALERG, FEOLRTMEERICHLTLED b, EH@HIZLS
MEBMAI LS, PrrCHRECHBERTSE Licks, HAMICHE, TBREOEKE -
LLTRoTVBATH-T, TTHER TR 2 TNIALERN] LW RZ A THDL
D TNEM, RERBNEARERN TN, TIT, B2 EMCHEN LTHEEORHL
LT [ES “BWH" BHERFER] LV SHEELSETLb-EREThH ST,
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