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Thermal ionization mass spectrometry measurement for uranium isotopes in
Hiroshima soil samples

Sarata Kumar Sahool, Hidenor Yonehara', Tetsuji Imanaka?, Satoru Endo” and
. Masaharu Hoshi* :
Research Centre for Radlation Protection, National Institute of Radiological Sciences, 4-9-1 : Anagawa,
Inage-ku, Chiba 263-8535, Japan
*Research Reactor Institute, Kyota University, Osaka, Japan,
 Graduate School of Engineering, Hiroshima University, Hiroshima, Japan,
4Researc_:h Institute for Radiation Biology and Medicine, Hiroshima University, Japan

Infroduction .
On August 6, 1945 “Little Boy” the **[J bomb was exploded above Hiroshima and about twenty
to thirty minutes after the explosion, there was “black-rain” in a wide area that extended outside
Hiroshima ¢ity éxtending to more than 30 km to the north-west direction from the hypocenter.
Subsequently, there were two repotts summarised in Dosimetry System 1986 and Dosimetry Sgstem 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 {o the Nagasaki A-bomb. The m:xlounts"of fission produét (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 shov;' the distribution of bomb

* fallout. According to some reports, about 51Kg of 2*U was loaded in the Hiroshima bomb of which about
912g was consumned by the 16-kt explosion. It can be interpreted that one of the potential nuclides that was
unique to the Hiroshima A-bomb was 25U, There are various assumptions about enriched *U present in
the A-bomb, ' '

Uranium has three long-lived isotopes of masses 234, 235 and 238 with average abundances of
0.0034%, 0.720% and 99.275%, respectively. The principal isotopes e.g. **U and U are of primordial
origin and U is present in radicactive equilibrium with 2*U, U ocours in nature at ultra trace
concentrations with a “U*U atom ratio of 10™*, Antbropogenic uranium also contains small amount of
2877, formed by neutron capiure of U in nuclear industrial processes and to a lesser extent, the alpha
decay of 2°Pu, Some #°U has only been found in geological samples specimens (e.g. samples from the
Oklo reactor) which can be explained duc to higher neutron fluxes in uranium ores. U is a potentially
“ﬂngerﬁﬁm” for the presence of uranium originating from a nuclear reactor in the environment.-The
abundance of long—iived radionuelides and their decay products provide information én the chemical
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 anthropogentcally altered uranium.
Natural isotopic compesition of Z*U/*J = 0.00725. However, there are po two isotopes of uranium

which are in secular equilibrinm and not affected by any possible contamination. Therefore, determination

!
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of U isotopes in soil samples is expected lo provide us with information to evalvate the possi‘bie

contamination of uraninm,

Inductively coupled_- plasma mass specirometry (ICP-MS) and thermal ionization mass

spectrometry (TIMS) have been used for determining total concentration of wranfem and isetopic

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

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

thermal ionization mass spectrometry with high abundance sensitivity enabled us to measure directly all
possible uranium isotopes. TIMS measurements produced data with much better precision than
conventional alpha counting methods and reduced the sample amount as well as time required for
measurements, The puspose of our study is to make clear the distribution of uranium as well as precise
measurement of “‘U/U, UMY and ZEJ%%] ratios of uranium chemically separated” from soil
samples around Hiroshima hypocenter using a thermal ionization mass spectrometry equipped with a
WARP filter to detect trace levels of nuclide contamination by artificially prodﬁced uranjum isotope.

2. Materials and methods
2.1 Samples ) .
A standard 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 supplied by
Geological Survey of Japan (JLK-1) and surface (0-10 cm) soil samples coliected at a distance from 2 o
30 km from Hiroshima hypocentre in 1976 under the auspices of a project sponsored by the Ministry of
health and welfare, Japan. The samples were dried at 110 °C then crushed and sieved through a nylen
sieve.

22 C‘h emical procedures ) ;

Digestion with an acid bomb was performed in a closed vessel (PTFE vessels) microwave unit
{MLS 1200 mega, Raly) using 2 mixtum of HNO;-HF-HCIO, for sediment sample, JLK-1 and soil
samples. After digestion, samples were evap‘urﬁted to dryness on a hot plate. Then the residue was
dissolved in M HNO; to yield a sample solution. ' .

2.3 Chemical separation ]

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

The two columns were eluted with 10 ml of 8M HNOQ,, followed by 20 m! of 3M HNO,. Uraninm was '

ehuted from UTEVA column using 5 ml of 0.02 M FICE. Concentration of cluent was adjosted to 9 M HCL
The resulting solution was loaded onto an anion exchange column preconditioned with 9 M HCI and
washed with 10 ml of 9 M HCL Finally, U was eluted with 10 ml of 0.02 M HCl and the eluent was
evaporated to yield a small drop in a Teflon beaker prior to TIMS filament loading.
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2.4 Muss spéc{rometry
The isotapic analyses of uranivm were performed on a single focussing VG (Micromass) Sector

54-30 thermal ionization mass spectrometer (TIMS) at National Institute of Radiological Sciences and is’

equipped with nine Faraday collectors and a Daly jon-counting system detector positioned behind axial
Faraday and wide aperture retardation potentiat (WARP) energy filter. The large ratios between decay
constants result in extreme isotope ratios in secular equilibrium, the S.ualysis of which requires high
abundance sensitivity, This has beep achieved with introducfion 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 to minimize molecular interferences and contaminations of the sample are essential to achieve -

the ulimate precision and accuracy in TIMS measurements of very large isotope ratios. A triple filament
assembly was used for the thermal ionization of uranium ismopes. Uranium isotopes 234, 235, 236 and
238 were measured dynamicaily using the Daly-jon counting system and three Faraday cups with mass
jumps. ' '

3. Results and discussion

Concentrations of uranivm measured by ICP-MS in different soil samples are summarized in
Table 1. We have stedied the total concentration of U from soil samples, The mean conceniration of U
varied from 2.61 to 4.8 ppm. Taking into account natural Uranium concentration, it is difficult to examine
the possibility of contamination due to wanivimn, {Wedepohi has reported U in the earths crust as 1.7 ppm.)

We have camied out the isotopic measurement of uwranium from soil samples around the
hypocenter with the objective of detecting the presence and potential source of anthropogenic uranium, A
Tepresentative duplicate set of sélmplm_is given in Table 1. Samples from location station ESE fall 'in the
.. range expected for natural uranium. However, samples collected from other places show a’ spfead in
uranhuin isotope ratio well ovtside the 99.7% confidence limit, showing a Jittle enrichment of **UAU,

Table 1
- T
Sample No Disﬁ;"* domsty  Concentiation. B0/ Bty
kg/D) (ppm)
ESE 4 121 4.01 5.51E-05 0.007258
ESE "6 1.33 2.63 5.48E-05 0.007269
N 4 L15 2.61 5.56B-05 0.007278
N - 0 I 291 5.61B-05 0.007279
N 10 124 4.85 © 553E-05 0.007271
NWN 4 © 113 274 . 5.T2E-05 0.007368
NWN 6 0.86 3.78 . 5.63E-05 0.007349
NWN 8 1.14 341° " 5.50E-05 " 0.007238
w 4 116 135 5 48E-05 0.007306
W 6 054 - 446 5.49E-05 0.007266

ESE-East-southeast, N-North, NWN-North west north, W—West  *: Distance from hypocentre

=70~

This indicates heterogeneity in the distribution of isotopically entiched U within the soil. Data
from duplicate runs of each sample, one can confirm that such deviations from natural ratios were readily
reproducible af statistical levels predicted by standard measurements. Therefore, we thought it worthwhile
to discuss 24U as well as ZU/U ratios. )

When we use 2MUAR0 matio, disequilibrium ratio varies from lowest ie. 1.005 to the highest
1.il7at sampling point - which is within 10 km radius from the hypocenter. In case of secular equilibrium,
By with a halflife of 4.47<10° years would be in secular equilibrium with all jts daughters, including
T with helflife of 245%x10° yeass. Therefore, “UMU atomic abusdasce ratio would be
2.45x10%/4.47%10% = 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 are comparable with Takada et al,,
whose data was obtained with an alpha-spectrometer.

263907 radio in the soil samples varied between (1.1-4.6)x107%. Thc presence of 2% in the soil
-samples can be attributed to some muclear fallowt from some miclear accident {global fallout) or may be

due to contamination in the black rain. Therefore, it still remains as a problem to be studied to estimate
neutron fluence quauf.iiatively based on the data from soil samples to investigate the presence of 26 in
detail. s

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 estimation of

qualitative and quantitative composition of fallout depositicm.-ln case of 2?(’U measurement, since there are
no intenational standards available, it will be desirable to calibrate TIMS measarement with accelerator
mass spectrometry (AMS). This will result in more accurate determination of ZU/U matio in soil
samples and will be helpful for the assessment of exiernal doses due to radionuclides deposited on the

ground in the “black rain area”.
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b 2o 53R LAEBREHIB LT ¥ % e PRHSHTH B, Lt b 2 LTESR
AREERAET Lo L RERTHD, YR, WERER BILERLROM - AR TR e
Poi, TOHE, BOEORTRECI2b—i CHBNIATERD, BETSF-FTRD
Jo IR R E b o, 197648 8 1978 iz, FAEERPLLRY, JE BT OO 30 km BN
16 Fhr T, & D DB ORRES ., BERNERORERZ{T>T. YA O B Y
BUA B ARTE 70s (T,,,=30. 17 ¥) % PicBES Tz, 1950 S5 1960 FELITLHETLR
* Y ORGSR b ORRORIRBET +—17 0 b (global fallout) Db, JhEEER

DT H AT T s DR BT L SED TEM T2k, TOK i, ERETAE 65

EEB LS BIBWTTEL, BBFBOT7 4 —47 7 b lelosein fallowt) DEHE, Ehbiz, B
b‘ﬁil\_J:Z)&ﬁ%ﬁﬁ#fﬁiiﬁﬁ?&@iif’&)o 7o

R~ EREEFRE, VWi LTXk&EIz#H S global fallout 75\6 close-in fallout MIER%
RO, %ﬁitﬁiﬂ%tﬂ%%fdﬂ‘ﬁ?ﬁl BATHIEEhBER, ERLEIDK B THRERRI
L—ificx global fallout AT FY, LR close-in fallout OETHREERIZLTNER
oA AR SR, £, TEOEARGELh. FREHE (-3 %) KRR CRIRREET D Bl
R Bonl . TORTOENEEZRETHRNENIZ LT Bios PIEE RS IESE
Bf. b L. s A AnduiE, @ YCs iE close-in fallout RO A BT IZEL . BT
L AL S ARATRH I B IS0, Fiz, ﬁ‘f‘ﬁmﬁg:?ﬁ:ﬁ‘?}: close-in fallout D43# & OEAGEH
Bﬁltﬁﬁwcﬁﬁfﬁﬁéé—fﬁﬁﬁﬂxﬁim
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2, RrXEoREm

B 12T HI-H7 R REOEEB LT
FRTT. 3-5 y PR 30en (AF 2 VRS
7 EfR Son) TEAFCOHEEFERLE, -

%1. EBORVRICHOE FO LTINS OB

SENe. #E  £E  BEF SRE BN RE

IRFRTESORROE T b b, 3 TR No.  {cm)
PORHERFTO 2, H1  3428°847" 132 27 114" 1946 2008772 HI-1 30
FLICRE O2E BRLE, HEREhi- 4% . Hi-2 30 .
HERIFHCDH B L 22 TAS 7R HI1-3 30
DH L., gefi%. 2mm S5V H &7, HE Hil4 30
BEFH—IRD LS ICHF - BALE, F . HI-5 30
EERRMAOBETF3EETRLTEL, H2  .3428'38.6" 13226"43.8" 1947-1952 2009/2/17 H2-1 30
: S : v 5 R
. H23 30
H3 34 27°19.17132 25'26.1" 1948 2009/4/13  H3~1 30
H3-2 30
' H3-3 30
HA 34 28'2727 132 26'482" 1946 20094713 H4-1 30
: : Ha-2 30
Hé-3 30
HE 34 28'270" 132 27°240" 1948  2000/4/13 W51 39
H5-2 30
H5-2 30
H6 34 280677132 27°33.1" 1946  2009/4/13 H6-1 30
‘ He-2 30
H6-3 30
H7 34 28°088" 132 29°119" 72 2009/4/13 H7-1 30
: H7-2 30
H-3 30

*HES om DAT VLA JERANT LR T 2R

} H1: Under the destroyed house © 14 jmTm o ey
’ Paddy field ) H2:Garden from 1847-1952 | 923 km frams hypacentar

gma iakinaa

E1. FTLEANORRE
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.H3 1948[buﬂt up 1948) awg@%u:ﬂﬁ’guﬂ& H3 Under the eaves of house

. RIEEEEITE, ED!EGE‘F#‘&JZ H3—1, H)—2,H3—3,
BEI23EH,

Ter At 1945 L R B R st 1348
'HY: Ugt_i_gr‘fjoor Paddy field "H5: Under floor Pasdy fleld
e Haal ~H4-3 ToTTrTrm T H51~H5-3

RIZAAEESEEST

¥, ETOL QMY LRHD B (). E
B, BB R RO RELE BAIEH AT T
PROECED-2 00, KERE TORMDEY EH>1-8
e DBEArEIE.D—
side
st b 1.@-2.@3, ERH2
1946
mﬁ Under floor
Y fiopr Dry fiald
o353

(ZR), RT3 Tr, ETOMNEL SR 63%, 81, §—
2,83 880021 .
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IFCs |IE

B 60-80g 2 & v - ATL, &IRKFE - {&V«Jbﬁﬁgiﬁg%ﬁﬁﬁﬁkﬁzf% BDIEFD o Bt
BT Vies DAERRAI, CO—FE FRICTTS, BRMAETES UCRIERbR 38U & ik
ROREESHo (M2), RUSALREIZISWTYL, EoitHEORWEERZE .

JEeEEIRIE B Go2KeV [PTcay |
AT EREIgY T ” .f"'i 648 hev 097 |
. HE (@-2) . BV A
. +§ sorhpgte et A
[ Analytical weight -78.02g | G P
F |
", Measuring fime 197612850, | o

2 wa [ %
Energy {keV)
1o
107
g
3 19%
L]
10
1 L A t
0 500 1000 1500 2000

Encrgy (keV)

B2 JEEy -SEEn—p (HEEE

FIC, HRULEHEREATICN LT Yes ofL2aM MECHEL2505 Y, M oA
P, BEUK DRE) 2ERELE, LEMER. () ANRESESSCEELE, it
™ YCs ik, HCL G L. Vel FF BT E=0n () |2 ¥0s 2388, {hFENET
UL ETHY . Hx ORBEIREHEST ok, MFHEORLMT, B VCs %S Tr-LEMNE
TF=wy L. ZORETT Yes FIEIE 100%MBHES 2 E2RLDE. 0 M REIEONT,
SERIBIE Ay 7 75 2 FRERTHRL S ERERORNB FRESD e HHETHELT
ok, BABHTRESE, BRARRELEHEO F 3V 2FA L TEbh I MBAHEEES
HThs (H3). HEER, PR G500 nOES)AD IS 270 n OFRE KEREORS
270 mre)icd Y, HIF 1000 m & 9 BOMTRIEZIC T 2 RERVVESHON S il 5 i

AEHROBESTRETHD, BERE Sy 777 FIERON v REERE (Ge FH{ERH) 18

BEELTEBY., Ay s /70 FIdEgED 1/100 TRy 77 ZRi2h D (FEOEHLSBR),
ORISR T AP RERE UCREREE h_;r Uiz, B4y &5 e s v¥- ;; zi%,
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; Measurement of low fevel 137Cs; O_gbg}a Underground :
i Laboratory {(OUL) of Kanazawa Univ. (LLRL) :

Depth 3 270 m wie. ‘ ~ Comparison of llﬂl:](!ll‘l]llllﬂ spectrain OUL

Muon tensity: 13007

= Neutron Intensity: 113007 ' with other facilities In Japan .
-~ el :
I :
Noto Peninsntn : »
"f "f 1(1‘ l& = l..kmpun;‘llabumm
’ i / 2N \Shgnet
o T T g
& . . F 5
5@' . 1 0y = r'
. R AN - gl 0o mmce
Kanazaua S 71 I ‘6_""“—-}{ q,_,,_,, 113 Ant Coin.
. e Tazama f . E RiEe e
Komatswe K )7 LE.0¥ P P R, N i. E Y 40% Ge
) . | A %
1.;%):0" TBP?EEE{;!C!)J o o - — L : - "‘:'T T % G (30 mwe)
- 5 . T 017
Ogoya_ . ota Foreor [y : £
iy te dim ! . l ¥ e g E
1o T - E Hiroshima 25% wall type Ge
’ | il \\ 4 with Anlf colcidence
-1 104 . 001 .
® - - - ram ana e e Teon . 3
25 min from LLRL and et pwre) r 28em 2 plonar Ge
35 min from Komatsu Alrport. Bepth praflle of muon intensity frorm Miyake, Proc. n {FEmve] 93.5% Ge 2t Ogova
. N 434 in1, Cosmic Ray Cont. Rep., 5, 3638(1973), Denver 0.001 3 () pawe}
* E T 3 T T
E__!?_‘JU.EE.!L"‘LOE': : | T T T T T T T T T

Shiglding:
Laad-20:25cm B
tron; E¥fiZio-15cm [FE

Dawande 0 15 B RE
RLBNEHEANGTRIZ
[AS5T)

A 800 1200 1600 2000 2300 2800

( Example of 137(:5 measurement made b-; usmg extremely low- :
l background Ge detector installed at the Ogoya underground |

rote of the detectars does not
decrease so much.
#The background count rates of the . N
CUL detectors {green points) are: - 10
vabout 1/100 of the
ahbovegrouwnd values,
~+"almest the same level asin

| laboratory at LLRL
: 10 oo
i : . ! : 1. Non-gestructive LLRL. (4324 min)
M i ’ ! : ' i 2. LLRL-Backgrotnd {5567 mn)
[ i ]__ﬂ . 2, OgjoyatB31n min): AMP after Chem. Sep,
- e S =TT ) . I - h . E T
Depth Profiles af Muon lntensny and Background ‘ 10° N R i’ WIGs 510 ean bm
Count Rates of Ge Detectors in the OUL and the B o ¥ - /
CELLAR o :
Py T *The muan intensity decreases with T 102 .
: :2 .u-«fkunn:';‘-’u weL depth, but the backgraund caunt - =
=BG ¢pd %l {OUL) o
o

— ::Tfllries deeper than 1000 . 1 U 260 400 500 800 1000 1200 1‘1“10
. . FActive shieid [veto counter) makes Energy (kQV} :
“'". o xees  aere aeee  Ses backgrownd effectively reduce . : E )
o {ahout 90%). . ) ’ "
*Dara are nnrmulizad IO‘::OVeg:ound values. . ' @4 Ei]\@iﬁ?@ Ge EH:‘I%%—G:&!IE LIE AMP ﬁﬂmﬁyvﬁ:{,\g 'PJ'L’ (t&
+ Solid fine” muon intensity from Miyake, {1973} g -
+Ocanges CELLAR (parsive shield) | © ETOUEEBONY DTT U - AR M LOHED)
«Blues CELLAR (actlye shiald) . . . : .
L__+Srean: ORI, pgssive shiald] ‘

®3. %!J\QTE'FEJEEGJHE
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A HFEREL B

F2lo, CRECKARLERESE T, “hb0F—4it, BERAEESEL T3R50,
EPELERICRETEELHHOTI I TIIMEEE) & LTTRLTEL (ERAKY - TRES).

48, QIRLE2TORET ¥ts AR, LU, 100 Be/n® SUF o (10-80 Ba/n®)
& 100 Ba/m’ %38 % Z K (200-500 Bo/n?) HMRH Shiz, B i ¥es i, KERIRD close-in
fallout KHETBLOEEX BRBH, LUbbED TRIULAO LRI ARR, BRI, KT
EEOBHRILR YO EEX TS IR RMPLE TH D, BRI TRM T~ RENSHS
2, EhETOESEEBNT ¥iis BBHERED ERFEFICERRED Y, SHOBET L%
SATEREA, X, BOFOBE TS L close-in fallout D47 & DREIFMBICS TR,

=2 |Result of 1*’Cs measurement.in soil.

(All data are as of the measurement date}

Site  Sampling Underground Ge afier Chemical Sep. Non-destructive (LLRL}

{Built year) No. Cs-137 Cs-137 Cs.137
(Bglig)) {Ba/m?) {Bafm?)
H1 Hi1 0.028 £ §.004 10.2 16 :
(1946} H12 : o
H3 : Low -
Hi4 .
Hi-5 .
Hz H2-1 1.613 £ 0.033 354.5 £ 7.2 276.4+18.6
{1947-1952) H22 - . 175520021 §00.9 £ 6.0 | 417.6+22.32
H2:3 1.494 £ 0.029 4021 k£ 7.9 -EES 278.6%21.3
H3 H11 .0.497 £ 0.024 160.6 = 7.7 )
1948} H¥2 . Hi
peds) H:3 ‘ . ih, 250.8:4:28.2
H4 He4 - 0.028 £ 0.004 97+ 15 |
(1945} He2 0.027 % 0.004 T Y2
H43 0.222 = 0.009 785+ 31 e
Hs . OHEA. [
(t948) Hs-2 0,090 £ 0.011 BAE 43 {ow
HE3 - 0.131 & 0.007. 2428 ——
HE HE1 .
(1946} HE2 1.073 L 0.017 3136 £ 5.0 - 268.3:1+29.2
HE-3 1.496 + 0.053 2719 & 8.7 208.3%21.2
H7 H4 0.086 % 0.006 15211 ;- -
et HE-2 o239+ 0,014 52029 ; low
H7-3 . e
HY-4
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KFOSERH &R L85 s 1L, %Tﬂﬁﬁmiﬂﬁmﬂsﬁ* Wicg LHetn L YOBERDES
557 : .

BB TORED KB (Ficdk) o Vs EMBEERMET SHiT, 2009 FI2H 52T
AT 3en BEOHEEER Uiz, ¥0s MEDER. 1000-2500 Bo/u® O T RH &h., 2000 By/m?
BiEOEFRRHD L L BShoiz,

Sampling points
of sajlsunder: -

® 2000 (30 cm)

NWN4:3.04 km from
" Hypocenter

EaRY L - *

NWNB8:7.67 km from
Hypocenter

§5. 200950XBILRY YUY

ZhBORENE, ERIFHRO clese-in fallout'Cs {3 global fallout'¥Cs &&tr 2000 Bo/n’ OH
EEATWAZ LIZRS, 30335%%"!3 3 LgnYed{E6IFLE, '
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Time elapsed: 64y

{sasms] 2t
= 5 LIl Close-in fallout in
e soil under floor

(Accumulated layet of 137Cs (Bqlmlu ) 19 ~3Q0 Bgim?
Close-inin1945 50 500 1500 1¥7Cs Inventory at open areas

- . - 2
Decayto2008 10 100 350 } ove 2000 Bq/m
Global faliout 1990 1900 1650 20 Global fallaut Z%24%PuI7Cs ratio

e ] =ca. 003!
Global 7Cs .0'030 0.032 0.036 . |

Discrimination between close-in and global fatlout 1%7Cs by using
239.240py {13705 ratio seems to be very difficult.

@6 BUOREE PCs (close-i n—fallout) EHBRIRIEE T ¥TCs (global
fallout) OESE '

ERRIZRT L D BT, KRICIEET 2000 Be/m® @ WCs BEELTE Y., Zohic, KRGS
Fd % close-in fallout “'Cs 4% 10-300 Ba/n* EFN T 5 L& h D, £ROK 1/10-1/100 12
His, FBETHOTTUMERBLTWAO THRTLETRB S e BRBERETS &
YEFORE T RIZ, 50-1300 Bo/n? & FHREN S, ThoET Bpy/NCs HREHS S, TR FSHE
Wies OMPITTEEE RN LU e, REOTRIOREE» LORNILIIRETH S, FHELEL
s 50-1300 Bo/u® L KERIBSH DA, SEAE L AibA () T 1000-1500 Bg/n? DR T HA
TS,

S, kDL 2BE BVEISBRohE 2D BY. £< mﬁﬁﬁffﬁi&ﬁ«&k%ﬁéh
EERBEORTHEOERETV, close-in fallout OB THIFE & L-ULEEET5 2 L BHIREEE
ETHLCEECHL EHEL TS,

Eibid

R FLHEOY 7Y v S THARNERORUIBREROEE, 725 UM Cs @fk&«j}ﬁ- e

AR (Ea‘) AMRREBGLOURICTEHRRLET,
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HEEEOREC & EE SHEREEEN SOEIREHIREDRED

At
R RSERTIRREET

. BEREEEHROR

J?E@&l_r%ﬁmitmedmjmmata WEETRWESLs D bR MbOATHD, B
VR L & bicko R (74 —AT T M) ZonTi, ZhE T4 BTRSHEER TP TE
F . LRS- = BV EORE R ET 2 A RRREN T, [TABESODE - RRBET
ﬂﬁﬁﬁﬁ%otﬁ\mﬁ%mﬁtﬂﬂﬁﬁﬁtﬁotﬂk%ﬂéhé:k%botn'

B - BRI AT BOH SR OFEICHEE, ARSACREShE DS AV o T

B, &P LEREEMNT-F ST A—T (WG) BF AL LT D802 OHERESML. DS02
DR - T M 20044E7 BT, B WG DE L HOS L LT REKERTFRERE T D502
i A SRS BR L0, OB, BEERERICEREL T, BRI VTS P2
R, BUOTRESRRIZ-oWTRRE(E). Fuld). BRI, BE6PREER{Tol, TOSEFHIRET
Z:f@?%‘c'%wi‘ W k5 RERAR Y oD TRAVPEELD L) itk k.

& B% - SEHROEIEE, B \HIC L BB RAAEERO—HCBEED S,
- O ERERIEF A, AL BEEoRORUTOL S RERNLTHS,

e [ROEOR o] & IRAESROS O EHBE] b‘EDTb\%’:.

1. GEOENRICESESESEER (B TICRoE:E (B Bl

L2 SE Bk & OSEOUAIOIRIE. IEARERDEELRAOY ) S ERHE S

RCEE - BAREI R S ROTE b Ui, —7, BUBFEICHE Rkt (Bai=i
R X ) KO RSV DR H T IR0 SR K b6 L)
L3 LD Thol, OEROEII., (1976 ErFbh i Bomko SRRIEER T, FiRH
EoELy L TARDLOALNoI LD Ho O [EEOXMEELT. GEERREITE b2,

| BT b B A BRI b Ao 1] 0 D HEA b s T, B L EREICEIL. BL5
%ENHW#&%?E%®¢MT&OKLT%$M§Tﬂ&w .
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B, BETEV LR oL FEY b 4 VREREMOETHEL, BRAEEWI X0, FE»LIE
DEMIZHH LTINS,

* ERCEHET. B EEORSE HEOBRaNRE TS,

Fimre B 1

2. BEOHRIIEEER (51 1945.11.1) LREORSAEEE (& 1945.10.1.8)) [71.

BHOBOHOGRELER LV S RP oL Fb T s, BEO% ) 3 SEilicin. 20
HAH BRI & 0 RS TR, B2 E0ERDE - BAMKOEMEESE M 42, R/h
THEH, ARORETUMEORAMIL 10805 Rh 70T 3, BRERIE (58 l6kon, i

2lkton) . fREEE (EH 600m, RWFS03m), SRGH BH6HL8I90) 22258, KRT

b REFRICAREOR FsRihof b LTLRBBCRAZY, :

* - AUOEEYZ AL —Y a3y TIHEESEICRY 2Ky el obsN :
B3, 1991 0 [ROTFFIRRM] OBITbRLERRY 2 b—v s VRES KBRS
B3, BBCBTSNLRTERICLD 8 6 B 0 FAbEA 15 FE Tl B L

HHEMESbORT 12 MBS BT 58I < SEE (mRMh). BEHEE 1 mR X, 87
rCGy ELTEEI—~IZBH T D, ’

o e PR, \ a1 -

H3a FFESHLEBLURE LTOET LAKIHEDE.
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LS THRELTLL b0 THA[4], BUOTEMEOR TR, o2 BEMECREL,
%ﬁﬁm®M%ﬁu&orw5,Eﬁmauﬁﬁﬁﬁmgﬁﬁﬂ$®%kﬁkbr~mmmawﬁ
KERENBLA TS, '

2, {EERmEETi
ROEREARENE IPEHEIT T, BUTOFERRN T ELE,

A, BREERCIESORAEEREGTONTHEDE, .
FEOSPHE [HRFBEH TR ERERE] TR Lk . FUSER U
OESREREEIEESA VAV, BEF—ATROREEEEIE CF-HE2 2L B2S,
BGEEDFERAR. SbIADFES Y bREShEhoZ L LIHEL TS TH S,

B. Z0ROIERELLOBRTHE. AEREOROBSESIASERERORE (JO-/UL
A= PO FEERBITERD oL )

B34 11976 £ LU 1978 £ QOIS EBEIED [ B - RGO A EERZE] L 1991 FOERTICL

BAITEVHICIET A EMRFESEREFIOEE] CHAbhTHa L 31z, 1970 S o HERE T

GRBERECTBEROBHETE (B7 A 137 2, TOROAKEAEERIZL D o—r ini5h

T RFRRTE Aot DL, ESBBRREES bl nS T LTREC, TOROBRIIBhT

LEaL LAFRTE B,

C. BETAOREEHIIAENS RIRHEDE - U A 137 HRBShE.

BHEE [ ZhETORVAOAFERFICOVT] TRAGW TS L5 I, FRERICHNEET
MHHrTY Y ENEHERAT R, BREROE LY A 137 BRESN TS, BHEAE TR
BTN D HHIERER., TF - MFEOBRL A LD BTSN b OO0, BOMIE
b2 > MR T RS R CEE o 2 LETRL TS,

D. BHORGEREDSYBIEFAEERTY, WESTETYSY 236 SBEESNEY, B
TECEBF~HOHD. CREGEEISYPESINIEETETLVEN,

Sahoo 45 THL, TIMS (REEIEKRAT) BEES AV TEBEBNKEBbhEY5 0 85

VT ¥ 236 A RVTHUED LIRPICRB STV D, —F. AMS UNEBHERSH) REEEHE

WO#ETIR, BEShiy Ty 86, TOSHERENREIL L Fu—riVZ3—ATo b LE

xbAB, ZOL ST, TIMS & AMS DEIESRIF—FA580 biv, =~ OPIBOMRE AL T8

BBl #EHEL TS,

E, EiRE. MEBRIO—/ULI7—ILPD R CEIHICEESNFEORTLEISEL T 4
13T HRAIEENE. g

BV Ao o, 1950 ELAIICR TS hEFERORTIL, TOROERB S n—r AT 1T T
MR TidBRanTELT. ZooLEr B SN VA BTRERRBhEO LD LE
ZBTEETED, WABELHB LI, ZOKFLENRLEL 7N 137 BRHENEZ EE B
t\ﬁiﬁﬁﬁfiﬁEIcEﬁ"?‘ZaEﬁﬂﬁ R Y B2 T B TE D, (EOBROFEAL EBHIAALIEFREERL.
“hint oS ARG b2y AOBIECHRIET 5.) :
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F. BNECHETBERPUT - HCLDE, 2F - BRBRISBORBEROETSH /s,
BOWRHEOERT > 4r— FEMTLCARRSICE-IL &, BOEiiBo oLk, SR
HEEMMIZLIEEFRILES TH Y, [OF - BAMEIIREOE - Z Th-7i) L iExFe—
BELTn3,

UEOMREEETSL, E & FRTHEBIENICER, CIbig, A BERET. B EiBoR
ﬁ%y&»mﬁmam@\naéﬁmmﬁﬁﬁ\eaa.&ebaa\ﬁﬁftﬁ-%wfaﬁﬁw
b5, BERIEET 5B OR2,

+ % - SRBROBSHEDL. RUNICIDRERNEESRO-BICRERD 5.
'iﬁmﬁﬁﬁmﬁTéﬁkaT\&w‘Eh(&woﬁm%m%$b.En<6w®&ﬁﬁbo
el D BEICE B,

3. AEIRIBEOREYD
T OIEREIL, 65 EATIE & SRS R LR A REL 2 EETH Y AT R TR RRER
BRETHILBEEL LD, BORGERALNL GVEEASE, REShEREDREN,E] I2H#F

T5, FhEThoFEER. FHRHEOMEORNT [FRN] & BLhoEEFEALE2L 088, + .

SrizIERT A Z AT, [ UME) (FPFRAKE S k., EFAAGA—FDFa—=2 )
DATERELHD 2 EEIHELTEL, £k, 22 TORED ) RANHEERT ¢, TRESRY
AEVHSEROTMITISETDRY,

3—1. #EFIE

- HEFRE. B4imdiIl, Meiys 187 Eﬂ%%ﬁﬂo?ﬁﬁ-ﬂ & [riowh 137 Biprics s
%Y OEMBEROEE] O 2oOBHOBEADETHS, [kE] i, B FOERSP LA
WORER, BohiF—FPihE TR b L. [COBEELI] LRBELD L L)

8A6E @  RetsakoEs
e it 137Cs BAHIEREE( KBa/m?)Lt)
SHIEIS ROHE | onEImEHEEE0HE

% 1905 LBORNBEZORR

B4, HESHBREORRDTIE
@  (FEEEERL ri&o&%ﬁzﬁ*ka& <., BRI tvl?la 137® T@E‘lﬁifﬁﬂ (L :
KBg/nl) OEHEEZHEETS,
@ BOTE L bIIA LIF GRREDRHE 1) DRHIZER (&1 5HITHEN 2HEL,
HRREP LI SN2 ANROBE FEE LT, T v h 137 ALEE 1 KBym %) Of

.92_

%=1 mTOHHRESE (ZRIGEE)] 2RDH S5 (B (mGyhr) ~ By’ D74 137),
@ [OX@] ko7, KHIELEE (i 1) TOTOBRFORNBES (mGyb) BRE 5,

EHHIERA OLPMIRE > TV BOT, (LHF L AHESBREFIILo L BE> TV

LEELT) £0%OREEROR L ERARROREELEHET S,
@ OTEBLAEZNEEROI —7FHEHES EHMIOREEORLES B Thil, LF#0

FHEE#E (mGy) #ELh3, '

T OREEER, 1B YEE 25 F R S SRR 0N T ORISR & b2 ) AR
BRI B - HITHR L b OCh B[10)

3—2, BLOEETORY A 137 DERERTEOHEE

> 1976 ELIEEE
IWERO BV 2WT, TAETE 2 & bERIRTORE-EERL, 1976 E0REEHERHETHS
9] BV S & SRR Ao % T AR 107 D2 37 b 3T AT TN TW B, B s b
1960 ELDHEERIC LD To—0 - Z7—A-F & bl ORBARE L BOVEBRTOLESEER
s fuo—aA7r—ATY ] ORBE2EHHI iR, LREShTWS,
LEIOF—FEFRIL, T27 5137 OBREE (40 =) DR M T ARRE
BE7ry b LEBoRRS THD (NNW BBVWRAWY V74T SERHRERY M.
MEERSHEEAL T, BWEFA (58 FrAN) REEE @9 FUTA) OFNEROLEM
gt oERHETDE, .
o BUTHM: SEY (GM) =231kBgm’ BTIENEMEE. (GSD) =1.07
v WELW: BRETH (EM) =2.02kBg’ SAEmEE (GsD) =111
o LEOE HEIHTIER) =114 0D GSD=113
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Theoretical consideration of fallout particles formation in case of atmospheric

nuclear explosion and assessment of deposition de‘nsity due to Hiroshima
“black rain>.

E.O. Granovskaya', G.A. Krasilov?, .M. Shinkarev', V.N. Yatsenko!, M. Hoshi®
'Burnasyan Federal Medical Biophysical Center, Moscow, Russia
2 Institute of Global Climate and Ecology, Moscow, Russia
) 3Re.s-earch Institute for Radiation Biology and Medicine, Umversuy 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 radicactive cloud. The rain drops were black and big as balls [I]: The cloed moved
north-west from the hypocenter. Precipitations from 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 to Hiroshima residents due to the “black rain”
have been under way. One of the central problems relating to dose assessment 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 ihe basis of known theoretical statements, analysis of
a few experimental measurements and‘plausible thoughts.

Three tasks have been set:

1) reconstruction of radioactive 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 to radionuclides deposited on the ground in the
.“black rain area”.

‘Reconstruction of radioactive particles formation in case of an air nuclear explosion

An air nuclear explosion that has the reduced height of burst more than 100 m/kt'? is called “air
explosion”. Under these conditions the expanding fireball doesn’t touch the ground surface. Hence, no
soit is involved in the fireball In this case a single-phase multi-component thermodynamic system,
formed in the fireball soon after the explosion,-coxisists of device construction materials vapors, nuclear
fuel, fission products and device-related activation products and hot-air. Then the fireball begins to cool
dowmn. It inevitably leads to vapors condensation resulting in creation of the liquid phase in the form of
ferrous oxide drops because ferrum is the main construction material of the device, While drops are
growing, molecules of radionuclides are condensing on these dréps in accordance with- their
thermodynamic properties. This pmcéss continues till the drops have solidified and changed into .
spherical 'so‘lid particles with practically uniform volume distribution of radionuclides,

To obtain numerical results a two'-phase multi-cdmpunent vapor-liquid  system in
thermodynamic equilibrium was considered. This system can be dcscnbed using several assumptions.

The first assumptlon 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 equilibrium conditions are kept in every event (so-
called quasi-thermodynamic equilibrium principle). The second assumption: the liquid phase, which is a
combination of great amount of different size spherical drops, is a highly dituted multi-component
solution, which behaves as an ideal solution. The third assumption: vapors of selvent and soluble behave
as ideal gases.

We can break the process of fallout particles formation into several intervals according to the
fireball temperature.

- The first interval: T> 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, radionuclides 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 ¢lements, such as rubid_ium and cesium, remain in
vapor phase,

The second interval: 373°K < T<164I°K. The radionuclides remained in vapor phase or newly
formed according to the corresponding decay chains are adsorbed on the surface of the solidified drops
in accordance with Langmuzr physical adsorption theory,

Langmur’s assimptions were as follows: )

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

- adsorption site is an atom or a 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 ope strange molecule which has entered its force
field; ’

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

* In case of equilibrivin 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 behavior in the fireball after consolidation of the particles ﬂepends on
their thermodynamic properties, Firstly, time of residence on the particles surface of refractory isobar
molecules is rather farge and the probability of their sorptien is close to 1. Secondly, radionuclides of
volatile and intermediate elemenis are partly adsorbed on the particles surface. Thirdly, sorption of noble
gases on the surface of condensation particles is improbable. Finally, radiomiclides not ‘related to the
particles are presented as a part of aerosols and form globat fallout. '

The third i nterval: I'<373°K, Bjr this moment ‘adsorption of the radionuclir_ies' bractically finishes.
Intensive condensation of atmospheric moisture vapors begins. Then this moisture evaporates or

sublimates resulting in loose aerosols.
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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 lo estimate the deposition density. They are as
follows: .
*  the “black rain” began just after the explosion;
- fission yield of the explosion “Little Boy™ was‘__equal 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 ®*U surface density in the “black rain” area is mainfy determined by natural uranium and it is equal
to phk: )
£ — s0il density at the soil sampling point, grem™;
5 — soil depth in the case of the standard sampling, which is equal to 10 cm;
& —relative mass content of natural uranium in soil at the soil sampling point.

My

fe . . o
. The négy deposition density can be written as:

& — the fraction of the nuelear explosion particles deposited in the “black rin” arca;

5~ the “black rain” area, which is equal to 66 km”.
n ﬁg____ @iy 1 my o
"By S phk phSk

n
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Let’s assurme that energy release of the A-bomb “Little Boy” was 16 kt in TNT equivalent. Taking
info account that there are 1.45 10% fissions per | kt, we can assess that 2.32 10% atoms or ~905g of

B were fissioned.

The ratio between radioactive-capture cross-section and fission cross-section is equal to 0.0738.
Hence, diring nuclear fission 0.0738-2.32 10%=1.71 10® atoms or 67.1g of B8 were formed as a result
of radioactive capture. So, mas = 67.1 g.

236U

—ﬁ;ﬁ -is an experimental ratio which characterizes the soil sampling point.

We can estimate the magnitude of the % using equation (1) and experimental data [2]. Tt fairly ’

chamclerizes a cerlain dverage value for the “black rain™ area, In accordance with the czlculations,

Z 658,
%

Uranium is a reck-forming but rather trace element. The clarke content of natural uranium is equal
103 10%, However, density of natural uranium essentially depends upon a kind of rock, so it can vary over
rather 2 wide range. Therefore k depends upon composition of the rock, which forms sub-base at the
sampling point. Assuming & is equal to the clarke of natural uranium, we obtain that
@ =2658-3-10" = 0.8%. '

Values of surface contarnination density were calculated wsing the following formmla:

. . N F
,-1.45-107 - g4, N—fa :
v, ‘ @

o,=
4 37.100.5

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

spectrum neutrons; )
. 1.45 10 fissions per kit - amount of fissions which corresponds to the fission yield of 1 kt;
q— fission yield of the explosion “Little Boy" which is equal to 16 kt;

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

. the fraction of j-th decay chain isobars which relates to the muclear explosion particles
Ij .
(according to qur estimate); . ]
'O — the fraction of the nuclear explosion pariicles deposiied in the “black rain” area, which
is equal to 0.8%;
3.7 10" - decays per second to Ci conversion coefficient;
S - the “black rain” area, which is equal to 66 k.
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The values of mdependem ylelds of isobar decay chains were copled from the guide [3]
and the vatues of decay constants were calculated using data presented in the guide [4].

Values of ratio ﬂ for the series of isobar decay chains which take place in case of an atmospheric
N, i
4
atomic explosion with fission yield of zbout 20 kt and average values of fission ﬁ'agmenr.s contamination

density of the “black rain” fallout are presented in Tab[c 1.

Table 2. Preliminary estimates of external doses.

Table 1
. N,
The :ic;g;ham The main radionuchide Tz ‘ATJ‘ a, kBg/m?
. 4

89 “Fsr 50.55 d 0.0023 444

90 "gr 286y . 0.012 011

91 iy s8.51d 0.056 1.15 107

05 B7r 64.05 d 1 5
BNb 34.07d 1 2410

99 Mo 66.021 0.94 481 107

103 TRy 39.35d 0.44 110°

106 R 368.2d 0.29 8.51

131 :"WI 8.04d 042 371 10°

132 T?e 78.2h 0.45 L4 10°

1 23k 0.45 ‘

137 370s 30174y 0.015 0.19

140 - ™5, 12.789 d 0.23 N
i a 1.68d 0.28 2810

141 e 325d 0.62 2.3 1¢°

143 e 33.0h 1 9.6 10°

144 “TEce 284.31d 1 5.9 10°

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

fallout; 3) Qualitative and quantitative composition of radioactive contamination of air explosion particles

'depend upon a miclear explosion yield. .

Prehmmary assessment of external doses due to radionuclides depusnted on the ground in the “black

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 External absorl_aled dose,
i mCy y.z
St 2.64 10
Ty 3107
BN 14.5 -
*Mo 24
Ry - 2.6
Bl 145
Tie 14.2
¥igs 4107
R} 4 93
Blce 0.7
Wce 5.4 107
MCe 0.23

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

Main conclusions are as follows:

1. The process of radioactive pa.rtlcles formatlon in case of an air nuclear explo.smn has been
reconstructed stcp-by-step

2. Quick fractionation of the radionuclides took place in case nf Hiroshima “black rain”. Mixture of
deposited particles was depleted with such radionuclides as ®3r, *Sr, 'Y and ¥7Cs..

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

".loose aerosols.

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

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

Zones. ' .

6. Only small amount of fission products was deposited in the “black rain” area. Such radionuclides
a5 *Sr and #"Cs were depleted in fallout particles, The major part of fission partxcles was globally
depostted '

7. Qualitative and quantilative composition of radioactive 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.

REFERENCES
1. E.A. Melvin-Hughes, Physical Chemistry (Russ:an translation), Vol.2, Izd. Inostr. Lit., Moscow
1962

2. T.Imanaka. Private commumcatlon
3.  M.P. Grechushkina Tables of instantaneous ﬁssxon products composition for U-235, U-238, Pu-239

Atomizdat Moscow 1964
4, N.G. Gusev, P.P. Dmitriev Radicactive chains. Atomizdat Moscow 1978
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Methodology on estimation of internal dose due te Hiroshima “black rain”

E.O. Granovskayal, SM Shmkmevl, G.A. Krasilov?, V.N. Yatsenko', M. Hoshi’

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

On August 6, 1945 an A-bomb exploded above Hiroshima. Shortly it bepan to rain from the
radioactive cloud. The cloud moved north-west from the hypocenter. Precipitations from the radivactive
cloud covered the area of about 66 km?, so-ca]:led the “black rain” arca. Deposited radionuclides could be
the cause of external and internal exposure to the Hiroshima residents. The purpose of this work is to
present the method of reconstruction of internal doses to critical organs for the inhzbitants of the “black
rain” area. ' ’

In 2000 the methodology “Assessment of absorbed and effective doses from jonizing radiation to the
populations living in areas of local fallout from atmosphetic nuclear explosions” was developed by
Russian scientists (K.I. Gordeev and colleagues) (1. This methodology has been adapted to the Hiroshima

“black rain” fallout conditions. Also the paper by H. Muller and G. Prohl “ECOSYS-§7: a dynamic model

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

The main input pa:amefqrs related to the nuclear explosion were as follows: 1) date of the explosion:
August 6, 1945; 2) type and compositionof fission material: °U ~ 80%, 20 ~ 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
permaneni[y 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 infernal ex‘posure of radiopuclide 1 (Dyyix) is equal to the
sum of dose from inhaled nuclide i (Dins,i10) and dose from mgested nuchde i (Dingix):

Dineix= Dianite + Ding i g . 6]

Let’s consider internal dose from inhaled nuclide i It is directly-proporﬁonal to the integral
concentration of nuchde i in air, which in fts turn depends upon deposition velocity of nuclide i: .
D~ C,, = T—/; ‘ @

where
C, is integral concentration of nuclide i in air;

¢ is deposition density of nuclide i;

'V is deposition velocity of nuclide i.
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In case of dry deposition Vo= 0.1-0.3 m s, while in case of wet deposition V4= 5-10 m s, So we
can conclude that m case of wet deposition internal dose due to inhalation is ~ 100 times less than that in
case of dry deposition. It’s well known that usually (in case of dry deposition) the contribution to total
intemal dose from inhalation intake is much less than that from ingestion infake. 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:

Dinie 2 Dingix T3

Let's consider internal dose from ingestion of radionuckides. The first ask is to determine the main -

' route of intake. We have results of some interviews of Hiroshima residents regarding typical diet in 1945,

which was kindly fumished 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 Chernobyl and Semipalatinsk. Sa
we can neglect this Toute of intake; 2) For the Hiroshima residents the goat’s (ot cow’s) milk was
determined as typical. Furthermore, it’s well known that concentration of "\ in goat®s milk is 5-7 higher

than that in cow’s milk. We can conelude that intake of radionuclides with goat’s milk was predominant.

- It should be noted that it is comrect only for those peaple who used to drink goat’s milk. On the basis on

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

Dingik= DFing:i,k X Vg ¥ Cﬂ!-i(t)dtfpm,i.k : 4)
0 .

where
DFinixis agﬁ-depéndent organ dose factor fiom ingestion of i-th nuclide, Gy Bq";
Vi is age-dependent milk consumption rate, L d”;
ot} is concentration of i-th nuclide in milk, Bq L*;
t, is tirne himit for integration, d; .
Praik 18 age-dependent fraction of intake of nuclide i with milk in thé entire intake, dimensionless.
To assess concentration of nuclide i in milk we need to know concentration of this nuclide in pasture
grass. )

Total intake of "' is determined by ingestion intake during the first two months after the explosion.
Taking into account the Chernabyl experience, the ingestion intake of P15 and P81 during the first two
raonths after the explosion is about 10% of lifetime dose. So, we will consider internal doses due to Wi
and S intake during twe months in order to make an estimate of total lifetime dose. It is worth noting
that the concentration of s and **Sr in pasture grass during the first two months is mainly determined
by aerial contamination of pasture vegetation.

Tiwas an air exploslon Consequently the size of the fallout particles didn’t exceed 10-25 microns and
the average size was less than 1 micron, Hence, all fallout particles were related to biologically active
(raction and were readily retained bj/ the pasture grass. Equation to assess the concentration of nuclide i in
grass can be written as follows:

Cri) = (oY) exp(- (lm«m)xt) ' )

where
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o ; is deposition density of the i-th nuclide in the “black rain” area, Bq m?;

Y is yield of pasture grass in the “black rain” area, kg m™; '
Agrj is weatheting removal rate of the i-th radiomuclide from pasture grass, d’;
A4 is radioactive decay constant for the i-th nuclide, ali
t is time counted from the date of the explosion, d,

Now we can write an equation to assess concentration of muclide i in milk:

Cr (0= ﬁqumez ,,xj'c (@G, x A, xe P : ©
J=l . )

where
. . "I'Fm., is feed-to-milk transfer factor for i-th nuclide, d L
Q¢ is daily intake rate of pasture grass by goat, kg a7 wet;
A;;and Ay are empirical consianis related to biological removal rate of nuclide i from goat’s milk;
N=1 {one component model) for *'T and N=2 (two component model) for *'Cs, *Sr
B is solubility of nuclide I in the failout particles;
A’y is radioactive decay constant for the i-th nuclide, d”;

When internal dose is defined by ingestion intake, the following cases should be considered: I) iutcma_l
dose to thyroid from 'k; 2) internal dose to red marrow from %4r; 3) internal dose to whole body from
05 Hence, we need to know concentration of '1, ®8r and 'Cs in goat’s milk.

The equation to assess the time-integrated concentration of '*'1 in milk during two months, Cg,13,(0 -

13), can be written as follows:

Con0 - t2) = Cropnn(0 - 00) = XofX, Q]
where .

Xo= BixTF oax (o V)X QA

X= (xsxﬁllll)'x()‘ﬂ-'.lli]);

t,=2 months

The equation to assess the concentration of 137Cs and *°Sr in milk, Cri{t), can be written as follows

[Muller and Prohl, 1993]:

2 J o
= Ay 12(f-7) .
Cri) = Bi x TFp% ZAJ.,,. % ngr,,.(f) %O, % Ayi%e dr (&)
j=l 0
For cesium: }
Aje=0.8and Ay 0~0.2, dimensionless; ‘ .

Aty Q—O 46 d" and A c=0.046 d?! are biologica! removal rates of cesium from goat o goat’s milk,

corresponding to A, and A,, respectively, d”.
For strontium:
Ay 5=0:9 and A ~0.1, dimensionless;

et 52023 47 and A 570,007 &7 are blologicat remaval rates of strontium from goat to goat’s milk,

corresponding to A, and A,, respectively, d*
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The equation {8) can be written as follows:

Coi(0-1;) = W (W3 + Wa) : - )]

0 = BixfnxCyp 0)% Q¢
W= Al,i><-3-c1,i/ (eriAg) ¥ (Zo—Z)
Wai= Agdei / (Aeai-hgs) % (Zo— Zo)
Zy = [L-2xp(-hgrotts)] F Ay
= [L1-eXp(-he1 ixt2)] / Acr;
Zy = [1-exp(-Raixts)] / Rer;

t, =2 months.

According to our assessment the preliminary estiﬁlate of internal dose to thyroid from I for
children of about 1 year who constantly consumed 0.3 L d”* of goat’s milk in case of maximum solubility
of "'l in fallout particles can be up to ! Gy.

Main conclusions are as follows: )
Due to the fact that wet deposition took place ia the “black rain™ area, the contribution to
the total intemal dose from inhalation intake can be peglected. So, intemal dose has been
totally determined with the dose from ingestion intake.

. According to analysis of Hiroshima inhabiants typ:cai dict, the main intake route was ingestion of

radionuclides with goat’s milk.

'3. Ingestion intake of "*'T, *'Cs and *Sr during the first two months after the explosion has been .

considered. Hence only acrial contamination of pasture grass should be considered to assess
concentration of nuclide 1 in pasture grass, ’

- All fallout particles were related to biologically active fraction and were readily retained by the

pasture grass,

. According to our assessment preliminary estimate of internal dose to thyroid from "'1 for children

about 1 year who constantly consumed goat’s milk in case of maximum salubility of 1 4u fallout
particles can be up to I Gy.

REFERENCES ]
- K. Gordeev et al. Assessment of absorbed and effective doses from jonizing radiation to the

populations living in areas of local fallout from atmospheric puclear explosions. Methodical
guidance MU 2.6.1.1001-00, Official publication. Ministry of Public Health of the RF, Sanitary
State Service of the RF, Moscow. 2000 (in Russian)

. H. Muller and G. Prohl. ECOSYS-87: a dynamic model for assessing radiological consequcnces

of nuclear accidents. Health I’hys 1993 Mar;64(3): 232 52
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On the unuswval distribution of Pu/Cs activity ratios in Hiroshima soiis. Can .

they be used to locate Black Rain sites?
N.E.Whitehead®, M.Yamamoto’, A. Salv:aguchi3 and M. Hoshi'

!Research Institute of Radiation Biology and Medicine, Hiroshima Unfversity‘, Hiroshima
*Low Level Radiation L&borafary, Keanazawa University, Kanazawa
*Faculty of Science, Hiroshima University, Higashi-Hiroshima,

‘Abstract. The previous conclusions of authors are confirmed: One cannot use by present methods,
Wiy analyses alone, to detect fallout due to the Black Rain. Work by Yamamoto et al. (1985) also
showed that no soils he analysed for #**°Py 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
Pu/Cs ratio still cannot be used to detect black rain by current methods. In passing it is shown that
the "7’Cs results of Hashizume et al, (1978) are systematically too low compared with analyses of
the same 50ils 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 calculated that the Pw/Cs raiit; fmm the
Hiroshima bomb would have had a value of 0.00055, and the lowest result m the data series is
about 0.01 — much higher. There is,ﬂlcrf;fore 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/volatilé ratios in soils and wall streaks differ
from those found from other fallout in soils,

37Cs is not a good sole indicator of black rain .

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

2600

Maximum from
Hiroshima bomb

Shizuma (1996) . Global Faliout

Fig. 1. Effects on global festing on "'Cs
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The following diagram (Fig. 2) shows that even at one latitude 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 thumb is that there is an increase of
.IOOmm 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- tkte
heights of the sample sites from 2 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 relatively free from local falfout,
because the bo:inb debris 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 only 12% of the relationshiy is explained that way — in other words, there s 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 correct for the effect of height on '*'Cs deposition. From the
above graph 'Cs increases by about 300 Bqm® for ezch 100 m increase in height. When it is
remembered the amount sought as Yocal fallont {black rain) is about 100 Bq.m, it is obvious thiat this may

not succeed. However the estimated deposition at each sampling height was calenlated and subtracted

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

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

an increase would have been expected, as *'Cs is increasingly deposited, This means we camot detect
black rain by "*'Cs alone, at least using this methad. However the approach adopted by Dr Cullings which
examines the data by a different mathematical procedure to see whether nearby points are more Iike 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 "'Cs alone, are not sensitive
enough to detect black gain,

mazep, MO '

It is commonly thought that ratios of fallout radionuclides 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
bardly important. This principle has already been applied to several Hiroshima soils from the Hashizume

. et al, survey by (Yamamoto et al. 1985). AY values of the ratio were calculated as they would have been at

the time of the Hashizume et al. survey in the last part of the “70s. The values were as follows-(Fig.
5:"Density” means the number of observations for a particular X-axis Pu/Cs ratio):
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The median is about 0.015, and that was the global mean 2t that date. The aathors conclunded that
there was probably no evidence of black rain, or local fallout. )

The best set of simildr soil data from, that time is from the UK. (Cawse and Horrill, 1986; Cawse et
al. 1988) They are as follows (Fig. 6):

Fig. 6 Histogram {Pw/Cs-U¥)
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These data appear sirnilar to the above Yamamoto et al. data.

However the number of sampIES in the. above Yamamoto sample were lumted and subsequenfly
our author from Kanazawa analysed many more of the soils from the survey for '*’Cs and #**Pu. We
present the resnlts shartly, but first calculate what Pu/Cs ratic would be expected at Hiroshima.

Using the detailed neutron fluxes between 10 keV and 1 MeV for the Hiroshita bomb. published
in {White et al. 2005), and 23gU(n,galm.ma)mPu cross-sections for the same eﬁergy range published in
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(Panitkin and Tolstikov, 1972) which correspond well with previous estimates, the weighted mean cross-
section which would correspond te this energy range is 128 millibam,

We can calculate the estimated 2Pu production and get 5.5%10" By compared with 10 Bq for
¥iCs, ora Pl:lle ratio of 0.00055. This is much less :chan 0.015 for global fzllout. But selective early Pu
deposition as (e.g.) found between the Se:mpalatmsk testmg ground, and Dolon could increase this to
0.0055. :

Black rain ought to have a distinctive signature: quite low Pu/Cs ratios. But the tesults from the
data were as follows (Fig. 7):

—

Fig. 7 Hiroshima and Global Background PulCs
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The above diagram is & kind of histogram, but presented as a pgraph, and the expected values are
the background values from Cawse et al. The two curves are 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
opposite of what was expected - to detect black rain one would imagine obtaining Pu/Cs values lower than
the global ratios, L ; )

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 cbvious outlier) compares the
two analyses (Fig.'8). If there are no analytical problems, the points should all lié 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 correct, but they have been tested infemationally.

This shows that the two distributidns 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 gréat.
A better test is a Normal Plot. This tests in a visual way whether more than one distribution is present. In
the present case because the data Jook 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 unu.sually tow Pw/Cs ratios in the Fliroshima 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 values (7311, 5575 and 3304 Bqm™®) are high compared with the mean of abowt 2000 Bgm?
for Hiroshima, Since we expected 2 maximum of 100 Bq.m?, for black rain it is clear we are instead
seeing global fallout, even for those three lowest points,

We expected a Pu/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. Tt may be
that the best demonstration of black rain at Hiroshima remains the work of (Fujikawa et al. 2003) which
found anomalous 2*U/**U ratios. However the precision required is high and MC-ICPMS, TIMS or AMS
would be needed. Some of this data is bemg produccd by Sahoo et al. from NIRS at Chiba, and we believe
is being reported elsewhere.

Some other characteristics of the carbon particles within black rain.

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

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

Meteorologists from the Hiroshima Meteorologieal 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 instanily created a
mixture of black pyrolysed 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, chieily of potassium and
calcium, with some other more minor elements. Minute particles of stlicon dioxide from the silicon
content of weod would also be produced directly or indirectly. At the much higher temperatures of the
bomb these -WI'“ 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 unbumt carbon survives from the pyrolysis of wood to be carbon particles.

This carben was therefore presumably mixed with radionucfides and could absorb them. The first
black rain was recorded within about 15-20 minutes, and increased thereafter for several hours. It
thegretically would contain absorbed radionuclides, and also less visible particles from the ashing of wood,
. which had also adsorbed radionuclides. ) o

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 radionuctides
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 *’Cs would attach to such oxidic particles in general.
Even less would attach of volatile elements as Iodine, Xenon and Tellurium. Other radionuclides are
genetally known to attach much more readily to such particles, particularly the rare earth elements,

Eventually, but on a time scale of many days Cs particularly, does attach to larger particles and .

precipitates with rain.
it should be noted that the volatilization of wood structures fads 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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‘Frinity test in Nevada where negligible organic matter was volatilized. The appearance of some parts of A
the mushroom eloud at Hiroshima was thought by the observing metearologists to be very like cumtug
clouds and did contain much water, obviously encugh to produce rain shortly thereafter.

The oxidic particles are mostly very soluble in water and if they predonﬁnaté; any rain will be
transparent, but may still have significant radionuclides 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 particles and precipitate as black rain? This brief survey wilt answer that indeed, even
elements normelly thought volatile 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 buriling most material of vegetable origin even under relatively uncontrolled

~conditions creates the substance called activated carbon, though controlled burning is necessary for good

yields. By activated carbon is meant a very spongey structure ¢aused by extreme volatilisation of volatiles
within the solid. This substance has been welt known for many years for its absorptive properties, (both in -
the gas and liquid phase) and this depends not on chemical bonds but on physical absorption, Almost all
substances are absorbed regardiess of chemical form. Thus non-volatiles will be absorbed, but so will the
volatiles. In fact activated carbon is already well known for absorbing Jodine, rare inert gase:s, like Radon, .
Xenop and Krypton, (which usually do not react chemically with other compounds) and was used
historically for removing *’Cs and "'l from reactor waste water streams, though now supplanted by more
efficient extractants. )

There are two possible consequences of the presénce of carbon particles. The first is that Li:leir
chemistry probably leads to absorption of different radionuclides from other oxide particles. The second is
that their occurrence may not be the same in time as the other oxide particles from the bomb, and they
majr be exposed to a different con"lposition of radionuclides in the atmosphere. This means that there could
be a different kind of element fractionation at early and later stages of raip. One would expect early 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 left in the ajr 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. extreme case
that ¥Cs aud the inert gases are predominant in the air and after absorption within activated carbon are
deposited as black rain. This is hypothetical, but reasonable. )

From the foregoing material we expect that some carbon particles are camied 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, ' - -

Although it is rot known for dertain 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. A

This could be an explanation of the patterns 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 bomb 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 calculates that the *’Cs/U ratio has a value of 1.9-163, in
other words the volatile element “’Cs predominates.

Without a lot more data it is impossible to be completely sure that the above scenario is the
explanation for the results he found, but it is not unreasonable.

Conclusion

A conclusion would be that pmbably all 12in experienced at Hiroshima regardiess of colour had the
potential to contain significant quantities of radionuclides. In calculation of dose, the reﬁ'actoryivolatilé
tatios calewlated from the 25U ratios in soils are likely to be most generally applicable.
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A preliminary geospatial analysis of ¥7Cs measured in soil cores from
. Hiroshima

Harry M, Cullings
Radiation Effects Research Foundation, Hiroshima and Nagasali, Japan

Abstract -

-In the 1970s researchers collected a large number of s0il samples at distances up to 30 km from the
hypocenter of the Hiroshima A-bomb in various directions. Those samples were measured for
several key, long-lived fallout radioisotopes including '*’Cs. The '*’Cs results are of particular’
interest in regard to evaluating 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
measuremenits were not made in 1945, Unfortunately, various countries were testing nuclear
‘botnbs in the 1950s and 1960, in above-ground tests that ejected large amounts of 'Cs into the
upper atmosphere, pmc}ucinjg 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 Jocal rainfall and
retention of Cs in the soil. Any fallout from the Hiroshima bomb that remained in the 19705 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 *7Cs 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 hotspotting, A first step to solving fhis is to characterize the spatial covarjance
structure of the measurement data. A simple variogram plots the squared difference between pairs
of measured values versus the distance between them, using a scalar distance for an isotropic
variogram. This shows some spafial structure, ie., spatially closer pairs are more alike. We con
standardize the variogram by converting the measurements to counts and dividing each squared
difference by its éxpected value ypder the assumption that each count is a Poisson variate with
mean equal to some average deposition of ''Cs in mCi/km® actoss the entire Hiroshima area, times
a *size” of the measurement. By “size” we mean a value in counts per mCifkm? that js 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 mCiflan® 2nd terrain elevation based ou the idea that average anoual rainfall and
the corresponding deposition of global falleut *'Cs from the atmosphetic inventory are functions
of elevation. As the data on *'Cs in mCi/km? appear Jognormally distributed, we investigate the
application of a spatial scan statistic for normally distributed data to the Jogarithms of the data,

Introduction

In 1976 the Japan Public Health Association collected a large number of soil cores from the Hiroshima
area as part of 2 program funded by the Ministry of Heaith, and measurements were made by researchers
at Hiroshima University (Takeshita et al. 1976). Those cores were collected at approximately two
kilometer intervals of radial distance from the ﬁypoceuter, along several traverses at fixed compass angles. '

-121-



- The angles, measured clockwise from due north, were approximately 0, 39, 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
radicactive debris from the fireball was to the northwest. The other directions wese used for comparisons.
Areag where samples could be collected in the southerly directions were limited by the areas covered by
the Seto Inland Sea.

Among other radionuclides, the long-lived gamma emitter ®’Cs, a common radioisotope in
radioactive fallout, was measured in the samples. Tn soil that was exposed to rainfall and essentially
undisturbed between 1945 and 1976, any deposition that occurred as local radioactive fallout from the
Hiroshima bomb shauld show up as an additive excess above the levels from global fallout that occurred
during the period from approximately 1948, when atmospheric nuclear weapons testing 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 measured in the areas of black rain
2s reconstruted by Uda et al. (1953) or Masuda (1989) vs, other areas. We then turned to the use of
geosﬁatial hotspotting with a 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 here.

Methods

Map Work
The sample locations are recorded on 1:200,000 scale topographical maps of Hiroshima prefecture, which
were supplied in the form of digital images of the maps associated with the report 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.e., longitude and Iatitude in the Tokyo datum, using their markings of
longitude and latifude. For this work we used geographical information system (GIS) software: ArcGIS -
(Barth Sciences Research Institute, 2009). This allowed direct comparison to digital maps and other

features such as the DSO2 estimate of the Hiroshima hypocenter. We used the tools in the GIS to gbtain
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 leoshlma hypocenter (Cullings et al. 2005),
by the approximations

x, = (fong, —Iangn)(lll.lll{co{s?;x)], -y, = (lat, ~ fat, ¥111.111), where longy and Jat, are the

coordinates of the DS02 estimate of the Hiroshima hypocenter in the Tolgyo datum: 132.457307 degrees
east longitude and 34.391349 degrees north latitude,

Reconstruction of Raw Sample Counts
Unfortunately, the data available from 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 e squares of their estimated standard deviations, under the assumiption that

-122-

the background count in e spectral region of interest for ¥'Cs Gi.e., the 662 keV peak) was small, ie., <
1/10 of the net count, for all samples. More details are given in Appendix I We also calculated a “size”
for each measurement in units of counts per mCifkm’, by dividing the reconstructed count by the reported
vatue of mCi/km?,

Geospatial Hotspotting
For the purpose of geospatial hotspotting, we assumed that each measured lecation represents the average
deposition of '*’Cs in a geographical area (geospatial cell} containing it that consisis of a sector of radial )

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

the spatial scan statistic SaT8can™, available online at www.satscan.org to search for “botspots™ of ¥Cs
that would have a probability < 0.05 of occurring under the null hypothesis assumed by SaTScan. The null
hypotheses we used are described further under Results, for the specific seitings that we used, but they
essentially amount to assuming that measurements at different locations are independently statistically
disteibated with means consistent with 2 yniform areal deposition of *'Cs across the geographical area
under consideration. SaTScan is 2 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 a hotspot, and for various
radii, the collection of all cells within a given radius constitutes a zone considered as 4 possible hotspot
(Kulldorfl 1997). Because of its method of constructing candidate zones to be considered as possible
hotspots, SaTScan is generally limited to finding circular hotspots, although it has an option for a certain
rangg 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
software would have a circular shape (Kulldorif et al. 2006). Further details of the settings used are given
below in Results. ' '

Results

Map Work
Figure 1 shows the alignment of the 1:200,00¢ scale map that was done in the GIS using its markings of
longitude and atitude. In this image, the 1:200,000 map is shown as a fransparent overlay, i.e.,a black line
drawing of the map and an associated array of rays and concentric circles for marking sample locations at
regular intéwa_ls in polar coordinates, which were part of the same image raster. One of the points used for
alignment is the gmall, circular, magenta-colored marker near the botiom-left corner of the picture. It is
aligned with the markings of longitude 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 confirm its alignment using visible
map {eatures. 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 cop.y. Also, there are some areas along the seacoast on the
newer map that are not shown in the older map, probably‘( because they wete 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 properly aligned, based on the outlines of major portions of the seacoast, istands etc.

When the image raster of the 1:200,000 scale map is geographically located in the GIS s -
deseribed 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 DS02
estimate, almost due south. This relationship is shown near the top of Figure 1, in which the DS02
bypocenter is marked by a cross-shaped symbol, colored red to enhance its visibility.
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Figuve 1. Alignment of sample map.

_ The implications of this misalignment for the sample locations depend on whether the sample

locations in the image of the 1:200,000 scale map were delermined by the sample. grid, which is

miszaligned, 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 jis a
problem with the location of Sample Na. 294, slightly less than 6 ki south of the hypocenter, just east 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 southem tip of the small island associated with Ujina Port (Motoujinamachi). That location is
‘inconsistent with the map features on the 1:200,000 scale map because if is in the sea, but is copsistent
with being drawn about 700 m too far seuth, 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 ef al.). It seems likely '

that the most correct estimates of the 1976 sample locations 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 seale map, 1.2, 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 location grid. -

" In‘the remainder of this work, we used sample locations based on geographical coordipates 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 a uniform translation (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 as serious an
issue in relation to the misalignment. For completeness, the map coordinates and the associated elevations
that were obtained from digital topographic maps are shown in Table 1, for bath sets of locations.
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Figure 2. Linear relationship of sizes and colnting times for the samples.

Reconstructed Counting Times and Sizes
The reconstructed counting times varied widely, with most samples being < 86,400 s (24 hrs) but about 8

Asamples having considerably larger counting times. A regression of “size” on counting time gave a

strongly linear and plausible relationship, as illustrated jn F igure 2, suggesting that the calculated “sizes”
in connts per mCi/km? were primarily determined by counting times, as one might expect, and determined
to a 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 connting standard error of 0.039, Le., a coefficient of variation = 0.174,
whereas the cocfficient of variation of the estimated counting error is less than 0.067 for all other samples
and about 0.02 to 0.03 for almost 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

4
log of mCikm*2

BT measured values

fitted normal density

. 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 to the normal distribution with the same mean (4.1) and standard deviation (0.52) in Figure 3. In
most of the remaining work we omitted the result for Sample No. 529 and assumed the measured values to
be distributed lognormal. ) ’ -

Classification by Rainfall Patterns
Using one of the supplied map images on which the rainfall pattems of Uda et al. (1953) and Masuda
(19'89) had been drawn, we classified the measurements as shown in Figures 4 and 5, with respect to the
rainfall patterns. When we performed standard analysis of variance (ANCOVA) procedures on the
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
raitifall patterns of Masuda.

Hiroshirna fallout measurements
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Figure 6. Histoprams of logarithms of measured values classified by sainfall pattern.
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Measured Amounts vs. Elevation -
‘The measured values are plotted vs. elevation in Figure 7, using the elevations determined by the “700 m
north” locations, The error bars are one standard deviation of the estimated counting uncertainty. 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 knawn fallout, corrected for radioactive decay 10 1976, is shown as a red horizontal
ling 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-squates regression) of measured value on elevation is performed,
a statistically significant slope estimate is obtained. The result is shown in Figure 7 5 a trend line.

However, a linear repression of this fype 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 a power of elevation, there are problems with this approach, One is that the data appear
heteroscedastic: the dispersion increases with increasing clevation, as seen in Figure &, in which we plot
the loparithms of the measured values against the logarithms of the elevations. Another is that there are
substantial errors in the elevations due to uncerlainty i the exact sample locations. For those reasons, no,
attempt is made in the [ollowing calculations to adjust for elevation based on the linear regression.
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Figure 8. Logarithms of measured values

Figure 7. Measured values vs. elevalion at :
vs. logarithms of elevations.

sample location.

Spatial Patterns and Spatial Covariance Structure
"The measured values are plotted in two dimensions in Figure 9, using a color scale running from dark blue
(lowest values) through Lighter blue, green, yéllow, orange, light red to dark red (highest values), to
illustrate the spatial patterns involved. To obtain an isotropic variegram (Cressic 1983) that is standardized
with respect to the variance in measurements qxpected on the basis of the estimated counting uncertajoty,

: (Ai "Aj)z " . . - .
we caleulated ———=5—for all possible pairs of measured sample locations {(r, J)}, where. &, is the
gl +d; -

estimated standard deviation of the unceriainty in the measured value 4 in mCikn?, based on the

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

based on quantiles of the scalar distances o between the locations in cach pair, calculated the average of

this quantity for each distance category, and used a lowess smooth with a bandwidth of 0.7 fo preduce the
plot in Figure 10. There is considerable covariance among measured values at distances less than about 20
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Figure 9. Plot of measured mCikm’ (marker color) vs. location.
km, as seen in the trend of the varjogram at these distances. This is reflected in- the pattenis visible in
Figure 9, where local areas of similar measured values are evident,

Moreover, the variogram is >>1 for alf 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 SaTScan 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
exercise, we calculated a “size” of each measured result, which SaTScan requires for’ Poisson data. We

Isatropic variogram of measured values
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Figure 10. Standardized isotropic variogram of measured mCifkm?,
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specified “size” s, in counts per mCifkm?, 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 countiﬁg 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

mCifknr’, say A, is constant over the geographical area of the measurements, and the variation among

measurements is due to the variation in independently distribpted Poisson random variables A4;, one at
each measured location, with expected value £ {A, }= M= 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 distributed throughout the
area covered by the sample grid. The resull 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
lognormzilly- 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 null 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 to the “sizes” of the samples in mCkm® is not correct because SaTScan uses a
permutation routine in Monte Catlo trials to determine the distribution of its likelihood ratio test statistic
under the null hypothesis for the normal model (SaTScan™ User Guide, available at www satscan.org).
The permutation methed used by SaTScan does not preserve the covariance structure of a “lognormal plus
Poisson” null hypothesis.

However, we can assume that all measurements’ are effecﬁvely nieasurcd‘wilh equal uncertainty,
by setting the “mumber of cases” = 1 for all measurements in the SaTScan input file, and we can apply
SaTScan, with a sefting for normally distributed data, to the logarithms of the measured values. That is, in
doing so we assume as a null hypothesis that the measured values are independently and identically
distributed (“iid”) lognormal, with parameters that SaTScan implicitly estimates by permuting measured
values among geospatial locations to form the distribution of its likelihood ratio test statistic in Monte
-Carlo replications under the null hypothesis. This is not stricily true, because we believe that there is an
effect of terrain ¢levation, 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 “iid”
assumption may still be a useful null hypothesis for geospatial hotspotting in the present work. We just
need to be aware that any appa:eﬁt hotspots might be due to effects of elevation or other factors with local
spatial structure, on the deposition or relention of global fallout. 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 vatiation of the measured values among locations, which is
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0.55. The result is that SaTScan does not find any statistically significant hotspots. The output from
8aTScan is given in.detail in Appendix IT.

Discussion

1t seems reasonable that the spanal covariance structure in the data is due primanly, 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 retendion afler weathering of all fallout including that
from the Hiroshiina bomb. The lognommal distribution of the data, which is 2 common observation in
environmental samples, is presumably due 10 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 placé to place, but many of them are undoubtedly associated with local
variations in the retention of all deposited *Cs, both that from the Hivoshima homb and that from glabal
fallout, under the process of weathering,.

Tt is unfortunate that we cannot make a simple adjustrnent for elevation that would presumably capture
the effect of elevation on depasition of global fallout via its effect on long-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 lognotmal distribution of the
data, and therefore is multiplied by a succession of multiplicative factors that in the apgregate impart a
logaormal variation. Accordingly, if a simpie adjustment based ox the slope of the linear regression of
mCikm® on elevation is made to the data, they no longer appear lognormal in overall distribution. More
specifically, the simaple linear regression is not correct for a number of reasons:

¢ _The-overall distribution of the datz among sample locations is lognormal, not normal, and it is

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

combmatlon of
o alognormal variation in f.he true values of mC1/kn\2 at sample locations of equal elevatlon
“and

o amuch smaller measurement error that is dominated by Poisson counting statistics;
» A simple linear regression is not correct for lognormal errors; '
+ The errors are heteroscedastic, as desceribed above, i.¢., they increase with increasing elevation and
the cotresponding size of the mean function in the regression, which requires some form of
weighting or estimation of a variance function in the rcgress.ion;'.and
¢ There is non-negligible error in the estimates of site elevations (the independent vatiable in the
regression), which creates an “errors in variables” problem in the regression (Carroll et al. 2006).
Therefore, it does not appear to 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) 2
sophisticated method for a regression or other estimation procedure io relate elevation to the eventual
‘measured values. This does not appear feasible at present.

Unfortunately, it is not possible to directly compare the 1976 measurements to measurements of
"1945 samples in the known fallout area of Koi-Takasu, The closest to Koi-Takasu of the 1976 samples is 4
Im due west of the hypocenter. This is about 2.1 lan northwest of the location of sample No. 7 of Shizuma
-et al. (1996), which was much hotter than their other samples and is 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 typhooss of 1945, with terouting of the rivers (Yamate-gawa and
Fukushimna-gawa), and it may have been impossible to find undisturbed soil for sampling in 1976 in the
generally acknowledged fallout area of Koi-Takask.
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Figure 11. Measurement size. Key: marker size = measurement size marker color = mCi/km®

Because the application of SaTScan for normal data to the logarithms of the measured values does
not produce a 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 contexi 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, Futire work
may focus on using alternative models of deposition and weathering/retention to make such caleulations
by Monte Carlo simulation, akin to a statistical power calculation, Because of the asymmetrical geospatial
distribution of the measured locations, simulations must make fairly specific assumptions about the
lacations of areas of deposition in relation to sampled locations, at least for the original deposition from
the Hiroshima bomb. They could be performed for complementary models that assign all of the lognormal
variation to deposition vs. models that assign ali of it'to weathering. They could alse include an effect of
elevation on deposition of global fallout. It may also be possible to use a hierarchical model 1o add some
form of spatial covariance to the simulations, similar o what is reported here and described in the
variogram.

There fs a.nother problem with evaluating the power of the geospatial hotspotting to detect an
offect of some specified size and pattern, which relates to the way in which the sample “sizes” were
determined by choice of counting times, which s not random. The sample sizes are shown in Figure 11, in
which the size of each marker 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
large sample sizes are in westerly to northerly directions, and involve relatively low measured values. It s’
logical to surmise 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 resulis were expected.
Correcting for that intervention in a post hoc analysis, especmﬁy without detailed knowledge of how the
decisions about counting times were made, is a very diificult 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
becanse the counting uncertainty is small compared to the assumed variation of the true values of mCifkm?
among sample locations.

Conclusions

Under reasonable statistical assumptions for a null 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 I} 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 cerfain spatial variation
from place to place in the sampled area, and 3) 2 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 assumpiions with a future simulation study.
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Appendix I: - Reconstruction of Raw Counts for the Hiroshima University Data on W Measured

from Soil Cores

Assmnptiuﬁs and notation:
» tisthe counting time in seconds.
+ N is the total count in mp channels selected as the region of interest (ROI) for the 662 keV peak:

o . Npis the total count in mp neighbering channels used to determine background.

m .
+ The sample net count is calculated as N, = N, — N, — and the sample net count rate cps is
. g

calculated as cps = -A—I;E'— .

e Ng is distributed Poisson(us), .W]:lel‘c pp is the same for all samples (assuming no significant
artifacts due to interfering signal in the areas selected for background, which should be true, and
no significant changes in signal gain or other causes of a change in pg from count to count).

« Npis distributed Poisson{pts « Hr), Where up is the true mean net count rate in the peak ROI for the

sample being measured.
' N+ T N 5
A M5
4

m,
Np —‘_PN.B
ps _, mB
2

N+ TN,

My

« 8D is calculated as SD =

cps ; m . )
»  For very low net count rates, -3%—5- —+0 as N, —>m—‘°N 5, 1.6, as the sarnple net count Tate
B

approaches background for a proper blank containing no WiCs,

. m €ps.
e At lngh‘ net com?t rates, for N >> ;:—NB, 37 — 1
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Appendix IT SaTScan Results for the Assumption of Lognormally Distributed Values

SaTScan v7.0.3

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

Purely Spatial analysis -
scanning for clusters with high values . g
using the Normal model. '

SUMMARY OF DATA

Study period.............: [976/1/1 - 1976/12/31
Number of locations......: 10§

Total number of cases....: 106

68.97

1378.00

MOST LIKELY CLUSTER
1.Location IDs included.: 429, 424, 494, 419, 289, 414, 444, 449
Coordinates / radius..: ( -27.5827,9.81943) / 10,02
Number of cases :

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 / radms (0. 164747 21. 2153)! 10.83
MNumber of cases.......: 11
Mean inside.........: 94.63
Mean outside..........; 66.00
Unexplained variance..: 1301.07
Standard deviation....: 36.07
Log likelihood ratio..: 3.044578
Monte Carlo rank......: 990/1000
P-value.........cpeenn? 1 0.990
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“Table 1. Locations, elevations and mCi/kn’ of *’Cs measured in samples.

As marked Shifted 700 m north

Sample  mCi longitude latitude elev:,

No. Y2 m longitude lztitude

234 382 132.459104 34.41108% 3 132.459104 34.41738%
239 - 59.1 132.451157 34.422679 27 132451157 34.428979
194 41.2 132.455462 34.438573 18 132.455462 34.4445873
199 78.8 132,45778 34.456124 150 132.45778 34.462424
214 79.9 132454468 34.474667 39 132.454468 34.480957
219 82.6 132455462 34.492218 408 132455462 34493518
254 1507 132.458111 34,509437 261 132.458111 34,515737
258 66.2 132.456124 34.53063 420 - 132436124 34.53693
204 1169 132.456786 34.547187 168 132.456786 34,553487
209 67.9 132461422 34.563743 218 132461422 34.570043
264 33.7 132459104 - 34,582287 180 132.459104 34.588587
269 389 13245778 34.603149 370 13245778 34.609449
504 60.9 132459436 34.62069% 373 132459436 34.626999
509 128.5 132.459104 34.637256 411 132.459104 34.643556

514 97 132.459767 34.65878 754 132459767 34.66508
134 81.1 132.477539 34.354902 3 132477539 34.401202
15 72.7 132.494856 34.402239 39 132494856 34.408539
17 8335 132.511879 34.413099 17 132581879 34419399
14 - 8% - 132.527435 34426013 - 168 132.527433 34432313
19 79.6 132541523 34.440982 161 132,541523 34447282
24 86.9 132.555611 34452428 . 98 132.555611 34.458728

- 84 80.3 132,56294% 34471506 36 132.562049  34.477306

139 83.7 132.577037 34.485301 155 132.577037 34491601
499 43.7 132.622823 34.468278 331 132622823 34474578
149 81.9 132.607561 34.511423 149 132607561 34517723
524 213 132.660392 34.484127 307 132.660392 34.490427
529 272 132.68035 34491758 253 132.68035 34.498058
534 26.1 132695319 34.497041 403 132.695319 34.503341

539 ¢ 132712342 34.515825 412 132.712342 34.522125
544 38.3 132736703 34.515238 434 132.736703 34.521538
60 779 132476072 34,374943 2 . 132476072 34.381243
244 106.6 132.486638 34358214 2 132486638 34.364514
63 - 414 132.513934 34.355572 3 132.513934 34.361872

249 367 7 |132.529783 34.344126 17 - 132529783 34.350426
70 122.8 132.550622 34338255, 245 132.550622 34.344555

75 4% 132567938 34.329744 257 132.567938 34.336044
89 " 334 132590538 34.320645 252 132.590538 34.326945
94 86.3 132.606094 34.31184 '349 132506094 3431814
99 95.7 132.62341 34,303035 197 13262341 34.309335

104 933 132.643075 34.293643 165 132.643075 34.295943
109 - 452 132.662153 34.284544 577 132.662153 34.500844
114 140.7 132.68035 34275738 504 132.68035 34.282039
119 33.4 132.702363 34.267228 504 132702363 34.273528
124 21.8 132.715864 - 34.260771 i58 132715864 34,267071

129 37.8 132.736409 34.249324 137 132.736409 34.255624 .

574 44.9 132.459342 34.364964 ] 132.459342 34.371264
339 34.3 132463745 34.352931 3 132463745 34.359231
294 7.1 132.463745 34332385 13 132463745 34.338685
344 12.1 132.44495 34312721 190 132.44496 34.319021
299 56.6 132.45582 34275139 36 132.45582 34,282039
304 - 54.8 132.45582 34258423 7 13245582 34.264723
309 41.3 132471963 34237584 2 132471963 34.243884
314 21.5 132460516 34.207353 97 132460516 34.213653
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151
351
246
390
234
149
397
370
453
145
151

94
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97.5
28,9

107.1

As marked
longitude latitude
132.453765 34,185449
132.458168 34.174187
132.452004 34.153935
132448776 |, 34139554
132.306133 34312134
132287349 (34303035
132269152 34.294573
132,247139 34.28836
132298648 342775
132.213973 34.263706
132194015 34.258423
132.177872 34.253726
132412068 34383455
132.390956 34.387858
132370117 34.385216
132347811 34.385216
132327539 34.38551
132.305546 34.385803
132.283827 3438351
132.263575 34.385216
132.2400935 34.38551
132.210744 34.394021 -
132.190786 34396076
132.166425 34.389912
132.138249 34.376117
132419425 34.401946
13239888 34415153
132.382738 34.423372
132361312 34427187
132.354561 34445971
132.329613 34450374
132.308481 34456537
132.292925 34465343
132271793 34475909
132.249193 34476789
132.235399 34494106
132.236902 34.528462
132.200472 34.508194
132.156446 34.479724
132161729 34.527565
132.442025 3439813
132436155 34415447
132425589 3443159
132415316 34.446558
132404163 34462701
132.393597 34477376
132383325 34.493519
132.367475 34.507314
132.357496 34.524043
132.350746 34.541066
132.343995 34.560438
132.339886 34.572471
132.32433 34.58744
132.308775 34.604463
132.296154 34,620899

elev.,
m

121
-3
19
45
7
19
66
384
423
278
459
479

- 136 -

Shifted 700 m north
longitude latitude
132453765 34,195749

" 132458168 34.180487
132.452004 34.160235
132,448776 34,145854 -
132.306133 34318434
132.287349 34.309335
132.269152 34.300823
132.247139 34.29466
132228648 342838
132.213973 34.270006
132,194015 34264723
132177872 34.260026
132.412968 34.389755
132.390956 34.394158
132.370117 34391516 |
132347811 34391516
132327559 34.39181
132.305546 34.392103
132283827 34.39181
132.263575 34.391516
132240095 3439181
132.210744 34400321
132.190786 34.402376
132.166425 34.396212
132,138249 34382417
132.419425 34.408246
13239888 34421453
132.382738 34420672
132361312 34.433487
132,354561 34.452371
132329613 34.456674
132.308481 34.462837
132292925 34.471643
132271793 34.482209
132249193 34.483089
132235399 34.500406

' 132.236902 34.534762
132.200472 34.514494
132156446 34.486024
132.161729 34.533865
132442025 3440443
132436155 34.421747

. 132.425589 34.43789
132415316 34.452858

. 132404163 34469001
132393597 34.483676
132383325 34.495819
132367475 34,513614
132357496 34.530343
132350746 34.547366
132343995 34.566738
132339886 34.578T71
132.32433 34.59374
132308775 34,610763
132.296134 34627199

elev,,

67
40
44

775
598
681
4
300
316
110,
149
318
156
312
512
107
461
281
159
325
536

diff.
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HADRERTHRAEE 31, RBAERTFFERFT CHELL 1S FRLS0OBEEE
EEHRRL, “BOH" BHECOVWTOWE—EXF L EESEDTRER NS SE1E
EMCH LR TR, ETE, [UREEO BROFRET L HHHEREIC 0T, F0E
BOBRRMERLDE, —F, EBORSALLLRLE S ZEHEERE boTVEL 3 T,
HRBETOT 7 —S LMRBEFERL T, BORERO Y 72236 0F —F & Ry
THLIBERD ok, ¥T7—SADTF—F ROV TEESA (UBREKEEH &
discussion BWOENBE, [V 72 236 7—F BLRBEVFUMSREMED break through i
ROEDE] LBWELDEEZAR, KRTAFOF b [BVMkHE0 EEmTIH
THRHE] FRV VO THALTELVE VI ERASTE L, H4 T RO EAT
DEITHTHE L A—AlBR STV BOT, TR AL DI 5 & & Bidbh o,
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