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.On August 6, 1945 an A-bomb “Little Boy” exploded above Hiroshima. In about 20 minutes it
began to rain from the radioactive cloud. The rain drops were black and big as balls [1]: The cloud 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 yealistic
radioactive contamination of the “black rain” area on the basis of known theoretical statements, analysis of
a few experimental measurements andvplausible thoughts. '

Three tasks have been set:

1) reconstruction of radioactive particles formation in case of an atmospheric nuclear explosion;

2) estimation of the radiomuclides deposition density due to Hiroshima “black rain”;

3) preliminary assessment of extenal doses due to radionuclides deposited on the ground in the
“black rain area”.

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

An air nuclear explosion that has the reduced height of burst miore than 100 m/ki*™® is called “air
explosion”. Under these conditions the expanding fireball doesn’t touch the ground surface, Hence, no
soil is involved in the fireball. In this case a single-phase multi-component thermodynamic system,
formed in the fireball soon after the explosion, consists of device construction materials vapors, nuclear
fuel, fission products and device-related activation products and hot-air, Then the fireball begins {0 cool
down. It inevitably leads to vapors condensation resulting in creation of the liquid phase in the form of
ferrous oxide drops because fermum is the main construction material of the device, While drops are
growing, molecules of radionuclides are condensing on these dréps in accordance with- their
thermadynamic propetties. This procéss continues tll the drops have solidified and changed into -
spherical sollid particies with practically uniform volume distrﬂ:gution of radionuclides.

To obtain numerical resulls. a two-phase mul_ﬂ-cbmponent vapor-liguid system in
thermodynamic equilibrium was considered, This system can be described using several assumptions,
The first assumption: the processes, ‘which progress in both phases 6f the system, can be considered as
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combination, of consecutive short-time events. Al equitibriom conditions are kept in every event (so-
called quasi-thermodynamic eqqilibriun{ principle). The second assumption: the liquid phase, which is a
combination of great amount of different size spherical drops, is a highly diluted multi-component
solution, which behaves as an ideal solution. The third assumption: vapors of solvent and soluble behave
as ideal gases.

‘We can break the process of fallout particles formation into several intervals accordi'ng to the

fireball temperature. : .

- The first interval; T> 1647 °K. Under this condition vapar 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 descrived 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 elements, such as rubidium 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 Langmur physical adserption theory,

Langmur’s assimptions were as follows:

- there is a cerlain guantity. of adsorption sites on solid vody (adsorbent) surfoce. 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 oue strange molecule which has entered its force
field; ' ’

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

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

Isobars of decay chains involve wide range of compounds from noble gases and halogens to
refractory metallic oxides, Their behavior in the fireball after consclidation of the particles ‘depends on
their thermodynamic properties. Firstly, time of residence on the particles surface of refractory isobar
molecules is rather large and the probability of their sorption is ciose te 1. Secondly, radionuclides of
volatile and intermediate elements are partly adsorbed on the particles surface. Thirdly, sorption of noble
gases on the surface of condensation particles is improbable, Finally, radionuclides not related to the
particles are presented as a part of aerosols and form global fallout. '

The third i nterval: T<373°K B_;.r this moment ‘adsorption of the radionuclides practically finishes,
Intensive condensation of atmospheric moisture vapors begins. Then this moisture evaporates Of

sublimates resulting in loose aeresols.
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. Then, .

8000 Let’s assume that energy release of the A-bomb “Little Boy” was 16 kt in TNT equivalent, Taking
COREEE peret L::ifi P Rt into account that there are 1.45 10% fissions per 1 ki, we can assess that 2.32 10*" atoms or ~905g of
v SRt EAHR R MR U were fissioned. .
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e D T characierizes a certain dverage value for the “black rain® area. In accordance with the calculations,
0] :
O 10 20 30 - 40 50 60 70 80 90 100 %=2658.
Elapsed time, sec Uranium is a rock-forming but rather trace element. The clarke content of natural uranium is equal
to 3 10°%. However, density of natural uranium essentially depends upon a kind of Tock, so it can vary over

Fig. 1 Temperature of the fireball versus time, rather a wide range. Therefore & depends upon composition of the rock, which forms sub-base at the
' sampling point. Assuming % is equal to the clatke of natural uranium, we obtain that

According to Fig.1 we can conc.lude that consolidation of drops fizishes in about 15 seconds after
a=2658-3-107° ~ 0.8%.

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” Values of surface confaraination density were calculated using the following formula:

Several assumptions have been made in order to estimate the’ deposition density. ’I‘hey are as ' p,-1.45 107 g4 jﬂa
follows: . _ _ o = Ny ., : @
! 3.7.10".58

= the “black rain” began just after the explosion;
. ﬁssio.n yield of the explosion “Litile Boy™ was gqual to 16 kt; . where: @ ;- independent yield of j-th isobar decay chain in case of U fission by fission
»  the “black rain” area was equal to 66 kni’; '

. To assess deposition density we need to estimate the fraction of the nuclear explosion particles SpECHnIm neuirons; .

' 1.45 10 fissions per kt - amount of fissions which corresponds to the fission yield of 1 ky;

deposiied in the “black rain” area, i
¢ — fission yield of the explosion “Little Boy™ which is equal to 16 kt;

The “*U surface density in the “black rain” area is mainty defermined by natural wranivm and it is equal
to phic _ A ; ~decay constant of the main isobar of j-th decay chains’;
p —soil density at the soil sampling point, g-cm™; '
h — soil depth in the case of the standard sampling, which is equal to 10 cm;

b “ . .. . . .
. e . . —— - the fraction of j-th decay ch: b hich relates to th [ 1 articl
k — relative mass content of natural uranium in soil at the soil sampling point. clion 01 ceay chain JS_O ars which relates o the nuolear explosion particles

%
My

(according to our estimate);
‘o — the fraction of the nuclear exploswn particles deposited in the “black rain” area, which

. . . a
_ The U deposition density can be written as:

a — the fraction of the nuclear explosion particles deposited in the “black rain” area;

S— the “black rain” area, which is equal to 66 km?. : is equal to 0.8%;

'0 . - - .
2677 amy 1 my o« 3.7 10" - decays per second to Ci conversion coefficient;

DT p-h-k d-p-h-S T ) 4] _ § - the “black rain™ area, wfhich is equal to 66 km®.
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The values of mdepeudent ylelds of isobar decay chains were copied from the guide {31
and the values of decay constants were calculated using data presented in the guide [4].

Values of ratio & Y4 for the series of isobar dccay chains which take place in case of an atmospheric
N, '
F
atomic explosion with f ission yield of about 20 kt and average values of fission ﬂ'agments contamination

density of the “black rain™ fallout are presented in Table 1.

Table 1
) N.
The Icls;ag;ham The main radiopuclide Tiz F]— ' o, kBq/m*
i
89 . “gp 50.55d 0.0023 444
90 “3r 28.6v . 0.012 0.11 .
91 Tty 58.51d 0.056 1.15 167
o "7x | 6ansa i ;
_ b 1407 d i 2410
Mo 66,021 0.94 . *
103 — TRy 3935 d 0.4 : 18 110130
106 TRy 368.2d 0.29 8.51
131 By 8.04d 0.42 371 10°
132 %’re 78.2h 0.45 1.4 10°
1 23h 0.45 410
137 Bos 30174y 0.015 0.19
140 R, 12.789 d 0.28 3
T, 1.68d 0.28 2810
141 - BCe 3254 0.62 2.3 10°
143 ] oe 33.0h 1 9.6 1¢°
144 ce 284.31d 1 5.9 10°

Based on our results we can make some contlusions: 1) Condensation particles mainly are the
cause of radioactive contammanon in intermediate fallout zones; 2) Such radionuclides as *°Sr and “Cs
" are predominantly condensed on the atmosphenc dust particles and acrosols and form the basis of global
fallout; 3) Qualitative and quantitative composition of radioactive contamination of air explosion particles
depend upon a nuclear explosion yield. .

Preliminary assessment of external doses due to radionuclides deposnted on the ground in the “black
rain” area ’

We have obtained deposition density of different radiomclides 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 radjonuclides are presented in Table 2.
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Table 2. Preliminary estimates of external doses.

Radionuclide thema:g;o;t_)led dose,
oSt 2.64 107
Y 310°

ZZoPNb 145 -~
Mo 54
Ru- 26
1 145
_Te 142
_Cs 2107
T 10
R l(--:e 0 7
_Ce 54107
_"Ce 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 part:clcs formatlon in case of an air nuclear explosmn has been
reconstructed step—hy step.

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

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

"loose aerosols. ' :

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

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

Zomes. . _ i

6. Only small amoist of fission products was deposited in the “black rain” area. Such radionuclides
as ™51 and "*Cs were depleted in fallowt particles. The major part of ﬁss:on particles was globally
deposited,

7. Qualitative and quantitative composition of radicactive contamination of fallout particles depend
upon conditions and yie]d of a nuclear explosion.

8. The preliminary maximum estimate of the external dose from all deposited fallout particles to the
residents iﬁ the “black rain” area is about 46 mGy.
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On August 6, 1945 an A-bomb exploded above Hiroshima. Shortly it began to rain from the
radioactive cloud. The cloud moved north-west from the hypocenter. Precipitations ftom the radioactive
cloud covered the area of about 66 km?, so-cafled the *“black rain” area. Deposited radionuclides could be
the cause of external and jntemal 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 inhabitants of the “black
rain” area, ' '

In 2000 the methodology “Assessment of absorbed and effective doses from ionizing radiation to the
populations living in areas of local.fallout from atmospheric nuclear explosions” was developed by
Russian scientists (I.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-87: a dynamic model

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

The main input paramefqrs related to the nuclear explosion were as {ollows; 1) date of the explosion:
August 6, 1945; 2) type and composition of fission material: Z°U ~ 80%, U ~ 3%, %8 ~ 17%; 3) total
yield of the explosion: q = 16 kt in TNT equivalent, '

We have made several assumptions related to residence history and dictary habits: 1) the inhabitants
permanently 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 intemnal ex.posu:e of radionuclide i (D) is equal to the
sum of dose from inhaled auclide i (Dgnty) and dose from mgested nuchde 1 {Dingix}:

Dicg; k= Db ik ¥ Dingik . - 1y

Let’s consider interpal dose from inhaled nuclide i. It is directly- pmportiona! to the integral
concentration of nuchde i in air, which in its turn depends upon deposition velocity of nuclide i;

Dige~ C, = 'I—/— @)
where 4 ’
Cw is integral concentration of nuclide i in air;

@ is deposition density of nuclide i;

VY is deposition velocity of nuclide 1.
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In case of dry deposition Ve = 0.1-0.3 m 5™, while in case of wet deposition Vy= 5-10 m s, So we
can conclude that J.u case of wet deposition internal dose due to fnhalation is ~ 100 times less than that in
case of dry deposition. It’s well known that usually (in case of dry deposition) the cont_ributiou to total
intemal dose from inhalation intake is much less than that from ingestion intake. Hence, We can assume
that in case of Hiroshima, where wet deposition took place, internal dose has been totally determined with
the dose from ingestion intake: :

Dimjk = Dingix 3

Let's consider internal dose from ingestion of radionuclides. The first task is o determine the main -
route of intake, We have Tesults of some intetviews of Hiroshima residents regarding typical diet in 1945,
which was kindly furnished by Professor M. Hoshi. We have carefully anatyzed it and made the following
conclusions: 1) Consumption of leafy vegetables was less than in‘case of Chernobyl and Semipalatinsk. So
we can neglect this route of intake; 2) For the Hiroshima residents the goat's (not cow’s) milk was
determined 28 typical. Furthermore, it’s well known that concentration of 'Y in goat's milk is 5-7 higher
than that in cow’s milk, We can conclude that intake of radiomclides with geat's milk was predominani.
Tt should be noted that it is correct only for those people who used to drink goat’s milk. On the basis on
the foregoing the intemal dose from ingestion of nuclide i can be written as follows:

. \

Dingix=DF ing:i,k % Vix J- CW (t)dtfpm,i,k - )

0 -
where _
DFinixis age—depéndent orgen dose factor from-ingestion of i-th nuclide, Gy Bq;
" V,uxis age-dependent milk consumption rate, L d'; :
o Af) is concentration of i-th nuclide in milk, Bq L*;
ty is time limit for integration, d;
Pemix is age-dependent fracuon of intake of nuclide i with milk in the entire intake, dimensionless.
To assess concentration of suclide § in milk we need to know concentration of this nuctide in pasture
grass. ‘

Total intake of ™1 is determined by ingestion intake duting the first two months after the explosion.
Taking into account the Chernobyl experience, the ingestion jntake of "*'Cs and *Sr during the first two
months after the explosion is about 10% of lifetime dose. So, we will consider internal doses due to '¥'Cs
and "Sr intake during two months in order to make an estirate of total Yifetime dose, It is worth noting
that the concentration of "'Cs and **Sr in pasture grass during the first two months is mainly determined
by écﬂal .contaminaticm of pasture vegetation.

It was an air expiasion. 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
fraction and were readily retained bﬁr the pasture grass. Equation to assess the concentration of nuclide § in
grass can be written as follows:

Corit) = (0% exp- owa..)xt) ' )

where
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o ; is deposition density of the i-th nuclide jn the “black rain” area, Bg m™;
Y is yield of pasture grass in the “black rain” area, kg m;
hagsy is weathering removal rate of the i-th radionuctide from pasture grass, d™;
2; is radiactive decay constant for the i-th nuclide, d;
t is time counted from the date of the explosion, d.
Now we can write an equation to assess concentration of nuclide i in milk:

1 . .
Croft) = P x TEpx i‘A‘j,é X jC Ny ELOPEY I x g AR gy : 6)
= 0
where
"TFgyis feed-to-milk transfer factor for i-th nuclide, 4 L'Y;
Qs daily intake rate of pasture grass by goat, kg d” wet;
Aj;and A, are empirical consiants related to biological removal rate of nuclide i from goat’s milk;
N=1 (one component model) for I and N=2 (two component model) for *’Cs, **Sr
B: is solubility of nuclide i in the fallout particles;
A, is radioactive decay constant for the i-th nuclide, d”;

When internal dose is defined by ingestion intake, the following cases should be considered: 1) internal
dose to thyroid from **'I; 2) internal dose to red marrow from *3r; 3) internal dose to whole body from
B0s, Hence, we need to know concentration of ', ®&r and 7Cs in goat's milk.

The equation to assess the time-integrated concentration of ™1 in milk during two months, Cp 1210 -

t3), can be written as follows:

Craai(0 - t2) = T30 - ) = Xo/X ™
where i

Xo= B TFp {0y Y)xQpxdey;

X= (%.I"’Manﬁ(hﬁhu);

=2 months

The equation to assess the concentration of l‘“'Cs and *'Sr in milk, Cp(t), can be written as follows

[Muller and Prohl, 1993]:

t-1)
Cof)= ﬁ,xTFm,,xZA“xICg”(r)foxA x & 0 g ®)
=
For cesium: }
Arc=0.8 and Azei=0. 2, dimensionless; ‘ o

Y C,—O 46 d and Aga 0~0.046 d! are biological removal rates of cesium from goat to goat's milk,
cotresponding to A; and Ag, respectively, d”. .

For strontium: )
Ay s=0:9 and Ay 5=0.1, dimensionless;

Aers=0.23 & and A2 5=0.007 d” are biological removal rates of strontium from goat to goat’s milk,

corresponding to A; and A,, respectively, dh
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The equation (8) can be writien as follows:
Caai(0-12) = Wi (Wi 3 + W) - - ®

where

Woi= Pt xCrif{0)xQ;
Wi = Ak / (hetihoged) % (Zo — Z2)
Wi = Aoixchea i/ (Aegi-hgi) % (Zo— Zy)
Zy=[lexp(-hgxt)] / Agy

= [1-exp(-herixt)] / At
Zy = [1-exp{-heaixts}] / Acs
1; =2 monhs.

According to our assessment the preliminary estimate of intemal dose to thyroid from ' for

children of about 1 year who constantly consumed 0.3 L d" of goat’s milk in case of maximum solublhty

of I in fallout particles can be up to 1 Gy.

I.

Main conclusions are as follows: )

Due to the fact that wet deposition took place in the “black rain® areé, the contribution to

the total internal dose from inhalation intake can be neglected. So, internal dose has been

totally determined with the dose from ingestion intake.

According to analysis of Hirosh!.ma. inhabitants typscal diet, the main intake route was ingestion of
radionuclides with goat’s milk.

Ingestion intake of 7'T, ¥’Cs and *Sr during the first two months afier the explosion has been
censidered. Hence only aerial contamination of pasture grass should be considered to assess
concentration of nuclide i in pasture grass.

All fallout particles were related to biclogically active fraction and were readily retained by the
pashire grass. ] -
According to our asséssment preliminary estimate of internal dose to thyroid from ™1 for children
about 1 year who constantly consumed goat’s milk in case of maximum solubility of *'I in fallout
particles can be up to 1 Gy. ' ‘
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On the unusual distribution of Pu/Cs activity ratios in Hiroshima soils, Can
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‘Abstract. The previous conclusions of authers are confimed: One cannot use by present methods,

- "¥'Cq analyses alone, to detect fallout due to the Black Rain, Work by Yamamoto et al. (1985) also
showed that no soils he analysed for ®***Pu and "*"Cs could be used 1o detect sites of black raiﬁ.
The present paper greatly extends that analysis with many mere 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 ¥'Cs results of Hashizume et al. (1978} are systematically too low compared with analyses of
the same soils by Yamamoto et al. When this correction is made it is found that the resulting data
points cannot be distinguished from global fallout. It is calculated that the Pu/Cs raﬁ(; ﬁom 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 therefore no trace of local Hiroshima fallout detected — it is
hidden by the large amounts of later fallout from global testing. The likely chemistry of black rain
is surveyed and it is concluded that the carbon created could have had many of the characteristics
of activated carbon and absorb many of the radionuclides which normally would stay volatile.
This would be a possible explanation if the refractory/volatile ratios in soils and wall streaks differ
from those found from other fallout in soils.

¥Csisnota 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 fallout from
nuclear weapons testing. The contrast is shown in Fig, 1, This means the task is very difficult.
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Fig. 1. Effects on global testing on "*'Cs
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The following diagtam (Fig. 2) shows that even at one Jatitude there is much variation in s 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

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

it should increase if we compare the amounts found, for exatple by (Hashizume et al. 1977) With‘ th‘e
heights of the sample sites from a topographical map; we should find that there is an increase. This is
shown in the following diagram (Fig. 3): .

These points were taken from a southern traverse supposed to be relatively free from local fallout,
because the bor.nb debris was blown away to the north-west. The diagram shows an increase with height,
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but enly 12% of the relationship is explained that way — in other words, there is lots of scatter; the *'Cs
deposition is erratic. This is because the local raiufall does not depend just on height but on the local
topography and may vary a lot in just 2 hundred meters hotizontally, ever at the same height.

Nevertheless an attempt was made to correct for the effect of height on '*'Cs deposition. From the
YICs increases by about 300 Bqm? for each 100 m increase in height. When it is
remembered the amount sought as locat fallout (black rain) is about 100 Bq.umi, it is obvious that this may

above graph

not succeed. However the estimated deposition at each sampling height was calculated and sublracled

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

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

an increase would Bave been expected, as ’Cs is increasingly deposited. This means we cannol detect
black rain by *'Cs alone, at least using this method. However the approach adopted by Dr Cullings which
examines the data by a differeni mathematical procedure to see whether nearby points are more like each
other than would be expected has a better chance of detecting black rain.

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

239,240Pu/137cs

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

. et al, survey by (Yamamoto et al. 1985). All 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 zbout 0,015, and that was the global mean at that date. The authors concluded that

there was probably no evidence of black rain, or local fallout. .
The best set of similar soil data from that time is from the UK, (Cawac and Horill, [986; Cawse et

al. 1988) They are as follows (Fig. 6):
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These data appear similar to the above Yamamoto et al. data. .

However the number of samples in the above Yamamoto sample were lumted and subsequently
our auther from Kanazawa analysed many more of the seils from the survey for *'Cs and ®*#*Pu. We
present the results shortly, but first calcutate what Pu/Cs ratio would be expected at Hiroshima,

Using the detailed neutron fluxes between 10 keV and 1 MeV for the Hiroshima bomb. published
in (White et al. 2005), and 2:””U('n,gammaa.)ml’u cross-sections for the same eriergy range published in .
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(Panitkin and Tolstikov, 1972) which correspond well with previous estimates, the weighted mean cross-
section which woﬁld correspoxd to this energy range is 128 millibarn.

We can calculate the estimated 2°Pu production and get 5.5*10" Bq compared with 10* Bq for
¥Cs, or a Pw/Cs ratio of 0.00055. This is much less than 0.015 for global fallout. But selective early Pu
deposition as (e.g.} found between the Scrmpalatmsk testing ground and Dolon could increase this to
0.0055.

Black rain cught t6 have a distinctive siguature: quite low Pw/Cs ratios. But the resufts from the
data were as follows (Fig. 7):

-

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

The above diagram used the Hashizume et al. *’Cs values. Qur second author had analysed many
of these same samples for *Cs. The next diagram (which eliminates one obvious outlier) compares the
two analyses (Fig. 8). If there are no analytical problems, the points should all lie tightly clustered along a
line with a stope 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 afl
divided by 0.71 and compared again against the background data (Fig. 9). This assumes that the
Yamamoto Cs analyses zre correct, but they have been tested internationally.

This shows that the twa distributions are now almost coincident, They could be tested by a Chi-
squared test to confirm this, but the numbers are rather small and the sensitivity would be not very great.
A Detter test is 2 Normal Plot. This tesis in a visual way whethet more than one distribution is present. In
the present case because the data look log-normal, a logarithmic transformation was used. The results of
this plot for the Hiroshima data and the Cawse et al data looked complex, but generally the same except
for three points with unu'sually low Pu/Cs ratios in the Hiroshima data which might have been local fallout,

Perhaps those lowest three points are black rain? These Pu values are fairly typical of global fallout
but the Cs values (7311, 5575 and 3304 Bqm?) are high compared with the mean of about 2000 Bgm?
for Hiroshima. Since we expected @ maximum of 100 Bqn'?, for black rain it is clear we are instead

seeing global fallout, even for those three lowest points.
We expected a Pu/Cs ratio 0f 0.00055 and instead the Jowest value is about 0.01. There is therefore
no evidence by this method of local fallout, or black-rain. ‘

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

Some othey 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
{including black) were minor. This arises from the chemistry of the cloud, which comnsisted of bomb
particles, wood decomposition products inclueding water vapour, and other debris from the ground,

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

Meteorologists from the Hiroshima Meteorological Bureau cbserved 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 {irst secongs and continued for hourg afterwards.

The fireball which created temperatures on the ground of about 3-4000°C jpstantly created a
mixture of black pyrolysed wood, (partial ashing, the black smoke) and further decompasition 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 2 residug of white carbonates and silicates, chiefly of potassium and
calcium, with some other more minor elements. Minute particles of silicon dioxide from the silicon
content of wood would also be produced directly or indirectly. At the much higher temperatures of the
bomb these will 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 T00°C, that unburnt carbon survives from the pyrolysis of wood to be carbon particles.

This carbon was therefore presumably mixed with radionuclides and could absorb them. The first
black rain was recorded within about 15-20 minutes, and increased thereafier for several hours. It
theoreticatly would contain absorbed radionuclides, and also less visible particles from the ashing of wood,
_ which had also adsorbed radicauclides. ’

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

rauch later than the bomb particle formation. This could easily lead to differences in radionuclides
absorbed.

Particles of either bomb fragments or completely volatilized wood would be similar, in that both
would be oxides, and 'Cs and other volatile elements would not attach well. One figure frequently
encountered in the literature is that perhaps 1.5% of ¥’Cs would attach to such oxidic particles in general.
Even less would attach of volatile elements as Iodine, Xenon and Tellurium. Other radionuclides are

. generally known to amtach mmach more readily to such particles, particularly the rare earth elements,

Eventually, but on a time scale of man days "1Cs particularly, does attach to larger parficles and .
¥

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

The oxidic particles are mostly very soluble in water and if they predouﬁnaté; 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 will answer that indeed, even
elements normally thought volatile attach to black rain particles in a way not seen for the higher
temperature oxtde particles. Black rain particles are a kind of sponge.

' This is because bumning most material of vegetable origin even wnder relatively uncontrolled
conditions creates the substance called activated carbon, though controlled buming is necessary for good
yields. By activated carbon is meant 2 very spongey stmcture caused by extreme volatilisation of volatiles
within the solid. This substance has been well 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 regardless of chemical form. Thus non-volatiles will be absorbed, but so will the
volatiles. In fact activated carbon is already well known for absorbing Iodine, rare inert gase;s, like Radon,
Kenon and Krypton, (which usually do not react chemically with ather compounds) and was used
historically for remaving *'Cs and "*'T from reactor waste water streams, though now supplanted by more
efficient extractants. . '

There are two possible consequences of the presence of carbon particles. The first is that ti:eir
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
may be exposed to a different composition of radionuclides in the atmosphere, This means that there could
be a different kind of element fractionation at early and later stages of rain. One would expect early rain to
contain refatively few volatiles, inchuding Cs. Thus there would be carly preferential precipitation in
rzin of elements such as the rare earths, and other refractory eleménts 1f this process is continued long
enough, the radionuclides left in the air would be greatly depleted in refractory clements. 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 extseme case
that "’Cs and the inert gases are predominant in the air and after absarption within activated ca.rbon are
deposited as black rain. This is hypothetical, but reasonable.

From the foregoing material we expect that some carbon parhcles are carried into the upper
atmosphers quite early, and absorb warious elements, but that refractory elements are likely 1o be
predominant in any rainout. In late stages of black rain, we expect the composition may be quite different
and volatile clements may even predominate. ' .o

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

This could be an explanation of the patierns 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 25U /'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 caleulates that the *'Cs/**U ratio has a value of 1.9-163, in
other words the volatile element *'Cs predominates,

Without 2 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 rain experienced at Hiroshima regardless of colour had the
potential o contain significant quantities of radionuclides. In calculation of dose, the reﬁ'actory/vblatilé
ratios caleulated from the U U ratios in soils are likely 1o be most generally applicable,
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A preliminary geospatial analysis of 37Cs 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
measurements were not made in 1945, Unfortupately, various countries were testing muclear
‘bormbs in the 19505 and 1960s, in above-ground tests that ejected large amounts of *'Cs info the
upper atmosphere, producing fallout around the world. The deposition of this “global fallout™ at
different locations a few km apart can be quite different due to factors that affect local rainfall and
retention of Cs in the soil. Any fallout from the Hiroshima bomb that remained in the 1970s in
particular parts of the sampled area waould have to be of a certain size in order to create a pattern
that"would emerge from the noise of the variable global fallout. A key statistical problem is to
establish the relationship between amounts of residual ¥'Cs from the Hiroshima bomb and the
statistical power to detect a related pattern in the context of the globat fallout, using methods such
as geospatial hotspotting. A first step to solving this is to characterize the spatial covariance
structure of the measurement data. A simple vatiogram plots the squaréd difference between pairs
of measured values versus the distance between them, using a scalar distance for an isotropic .
variogeam. This shows some spatial structure, {.e., spatially closer pairs are more alike, We can
standardize the variogram by converting the measurements to counts and dividing each squared
difference by its expected value under the assumption that each count is a Poisson variate with
ean equal to some average deposition of '¥'Cs in mCi/km” across the entire Hiroshima area, times -
a “size” of the measurement. By “sive” we mean a value in covats per mCkm? that is proportional
to the product of bulk sample mass, chemical recovery of Cs, counting efficiency, and counting
time. The standardized variogram, under certain reasonable assumptions of stationarity in the
spattal process being measured, confirms a variation in deposition at different locations that is
smuch larger than the variation expected from the counting statistics. We explore the relationship
between *'Cs in mCifkm” and terrain elevation based on the idea that average annnal rainfall and
the comresponding deposition of global fallont 705 from the atmospheric inventory are functions
of elevation. As the data on *’Cs in mCi/km® appear lognormally distributed, we investigate the
application of a spatial scan statistic for normally distributed data to the logarithms of the data,

Introduction

In 1976 the Japan Public Health Association collected a large mumber of soil cores from the Hiroshima
area as part of a program fonded by the Mmsﬁ'y of Health, 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 hypocenter, along several traverses at fixed compass angles, .
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- The angles, measured clockwise fom due north, were approximately 0, 30, 60, 90, 120, 180, 270, and 330

degrees, The angles are concentrated in northerly through westerly directions because the area of black
1ain after the bombing, except at shoster distances within the main part of the city, was principally in those
"directions, and the direction of prevailing winds after the bombing at the level of the resulting cloud of
radioactive debris from the fireball was to the northwest. The other directions were used for comparisons.
Arcas where samples could be collected in the southerly directions were limited by the areas covered by
the Seto [nland Sea, '

Among other radionuclides, the long-lived gamma emitter *’Cs, a common radioisotope in
radioactive fatlout, was medsured in the samples, In soil that was exposed to rainfall and essentially
undisturbed between 1945 and 1976, any deposition that occurred as local radioactive fallowt from the
Hiroshima homb shonld show up as an additive excess above the levels from global fallout that accurred
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 reported black rain from other areas.
Conventional statistical tests did not find a difference between levels measured in the areas of black rain
as reconsiructed by Uda et al. (1953) or Masuda (1989) vs. other areas. We then tummed to the use of
geosbaﬁai 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 Iocations, we took the associated image rasters and located

" them in geographical coordinates, i.e., longitude and latitade in the Tokyo datum, using their markings of

longitude and Iatitude, For this work we used geographical information system (GIS) software: ArcGIS
(Earth Sciences Research Institute, 2009). This allowed direct comparison to digital maps and other
features such as the DS02 estimate of the Hiroshima hypoeenter. 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 caleulations, we converied the geographical coordinates to simple Cartesian
coordinates in km, with an origin at the DS02 estimate of the Hu'oshlma hypocenter (Cullings et al. 2003),
by the approximations

X = (Iangi —Iongo)(lll.ll 1{00 0 )], ¥ = (101’,“?&0)(1111 11), where longy and latp are the

34.3x

8
coordinates of the DS02 estimate of the Hiroshima hypocenter in the Tokyo datum: 132.457307 degrees
east longitude and 34.391349 degrees north Iatitude.

‘Reconstruction of Raw Sample Counts
Unfortunately, the data available from Takeshita et ab. (1976) include 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 {he original counting fimes
as the count rates divided by the squares of their estimated standard deviations, under the assumption that
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the background count in the spectral vegion of interest for 'Cs (., the 662 keV peak) was small, ie., <
1/10 of the net count, for all samples. More details are given in Appendix L. We also calcalated a “size” -
for each Theasurement in wnits of counts per mCifkm?, by dividing the reconstructed count by the reported
value of mCi/km?

Geospatial Hotspotting
For the purpose of geospatial hotspotting, we assumed that each measured location represents the average
deposition of ¥'Cs in a geographical area (geospatial cell) containing it that consists of 2 sector of radial )

Wldlh 2 km and angular w1dth — (1 e., 30°) in the polar grid used to set up the sample locations. We used

the spau.al scan statistic SaTScanTM available online at worw.salscan.org to scarch for “hotspots™ 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 settings that we used, but they
essentially amount to assuming that measurements at different locations are independently statistically
distributed with means consistent with 2 uniform areal deposition of *'Cs across the geographical area
under consideration. SaTScan is a well-tested package that considers potential hotspols on the basis of
spatial proximity, i.e., the centroid of any geospatial cell ¢an be the center of 2 hotspot, and for various
radii, the collection of all cells within a given radius constitutes a zone considered as a possible hotspot
(Kulldorff 1997). Because of its method of constructing candidate zones to be considered as possible
hotspots, SaTScan is generally limited o finding circular hotspots, although it has an option for a certain
range of elliptical hotspots. We did not use the settings for elliptical hotspots in this work, but the version
we used has good propertics for detecting elliptical hotspots even though the hotspot as shown by the
software would have a circular shape (Kulldorff et 2k 2006). Further details of the seitings used are given
below in Results. ' '

Results

Map Work
Figure 1 shows the alignment of the 1:200,000 scale map that was done in the GIS using its markings of
longitude and latitude. In this image, the 1:200,000 map is shown as a transparent overlay, i.e., a black line
drawing of the map and an associated array of rays and concentric circles for marking sample locations at
regular mteﬁals in polat coerdinates, which were part of the same image raster. One of the points used for
alignment is the small, circular, magenta-cotored marker near the bottom-lefi 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
horizontai 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 features. Some features of the 1:200,000 scal_e map are not clear and well-defined even in the image
raster shown here, which i the best available copy. Also, there are some areas along the seacoast.on the
newer map that are not shown in the older map, probablj becanse they were teclaimed 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, Jslands ete.

When the image raster of the 1:200,000 scale map is geographically located in the GIS as
described above, it appears that the hypocenter suggested by the origin of the sample grid of concentric
circles and rays is misaligned with the DS02 estimate of the hypocenter: it is about 750 m from the DS02
estimate, almost due south. This relationship is shown near the top of Figure 1, in which the DS02
hypocenter is marked by a cross-shaped symbal, colored red to enhance its visibility.
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Figure 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 determined by the sample- grid, which is
misatigned, or by the underlying features of the map itself. It appears more likely that the sample locations
were determined by the sample grid, and are therefore about 700 m too far south. For example, there is a
problem with the location of Sample No. 294, slightly less than 6 km south of the hypocenter, just east of
due south, visible in the image of Figure 1 as the upper half of a black eivele. (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 istand associated with Ujina Port (Motoujinamachi). That location is

‘inconsistent with the map features on the 1:200,000 scale map becanse it is in the sea, but is consistent
with being drawn about 700 m too far south. We confirmed the misalignment by examining two of the
1976 sample locations, 12 and 14 km notth of the hypocenter, that are depicted on much larger scale

(about 1:10,000) maps associated with a later sample collection in 1978 (Hashizume et al.). 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 scale map, i.., 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. . :

" I the remaipder of this work, we used sample locations based on gengraphical coordinates 700 m
north from those matked 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 hetspotting 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 wers obtained from digital topographic maps are shown in Table 1 for both sets of Jocations.
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Figure 2. tinear relationship of sizes and counting times for the samples.

Reconstructed Counting Times and Sizes _
The reconstructed counting times varied widely, with most samples being < 86,400 s (24 hrs) but about &
‘samples having considerably larger counting times. A regression of “size”™ on counting time gave a
strongly linear and plansible relationship, as illustrated in Figure 2, suggesting that the calenlated “sizes”
in counts per mCifkm’® were primarily determined by counting times, as one might expect, and determined
to a much lesser extent by varfation in other factors, e.g., the mg amount of Cs recovered in each sample.

‘Distribution of Measured Values
Examination of the data revealed one extremely low value: Sample MNo. 529,33 mCiflkm’. That sample
has an unusually high estimated counting standard error of 0.059, ie., a coefficient of variation = 0.174,
whereas the coefiicient of variation of the estimated counting error is less than 0.067 for all other samples
and about 0.02 to 0.03 for almast 2l samples, When Sample No. 529 is omitled, the logarithms of the
measured values-are quite consistent with a normal distribution, based on standard statistical tests such as

4
log of mCiskm»2

}_E"':'f"f measured values ——=— fitted narmal densiryJ

. Figure 3, Distribution of logarithms of measured values.
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those using estimates of skewness and kurtosis. A histogram of the logarithins of the measured values is
compared to the normal distribution with the same meén @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 ong of the supplied map images on which the rainfall patierns of Uda et al. {1933) and Masada
(1589) 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 (ANOVA) 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 showm in the histograms n Figure 6.

[ e e e e i - )
L Wida Rainfail Pattern ! Masuda Rainfall Pattern 1
% W e e e e — { ) e . B

. . H o
} £ . i 1 o . '
T t N v, ® .
. ) ! i ! . ° §
i n. T : p : R - JL - [ i
b o - H . T
' 4 ' H L3 - Ld H
' 3 . i N ., . - . ) ¢
N - o .
W H S P L :
i ey L4 .
. - . * ' ]
i - : ‘ ) - L
. 3 X L .
E o, " heothts ¢ H o E oy aengedy — e s rare
e P . [N oigh
N ! whaey - b . . L W
ap g - t e 1 - - T s -
{ v - - : I
1 N i
' i ' 1 I i
x N 20 e B SR P
t : i * :
d | 3 1
a - | [ R L T S __,.._._.,._-._.,,:'
- 20 1 a w El 0 - 0 i e 10 o n
km i S
:

Figure 4. Soil core locations ciassified by the

Figure 5. Soil core locations classified by the
rainfall patterns of Uda.

rainfall patieras of Masuda.
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Figure 6. Histograms of logarithms of measured values classifted by rainfall pattem,
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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 unceriainty. The
value measured by Shizuma et al. (1996) in a very early sample taken three days after the bombing, for the
Koi-Takasu area of known fallout, corrected for radioactive decay to 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 Jeast-squares regression) of measured valug on clevation is performed,
2 statistically significant slope estimate is obtained. The result is shown in Figure 7 as a irend line.

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

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

sample location,

Spatial Patterns and Spatial Covariance Strueture
The measured values are plotted in two dimensions in Figure 9, using a color scale mnning from dark blue
(lowest values) through lighter blue, green, yéllow, orange, light red to dark red (highes! vaiues), to
illustrate the spatial patterns involved. To obtain an isotropic variogram (Cressie 1983) that is standardized
with respect to the variance in measurements expected on the basis of the estimated counting uncertainty,

N 2 .
(Ai _Aj) . . L . s
we caleulated ——— -~ for all possible pairs of measured sample locations {(z, j)}, where &, is the
gl +d; - '

estimated standard deviation of the umcertainty in the measured value A4 in mCL'kmz,_ ‘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 d;r between the locations in each pair, calculated the average of

this quantity for each distance category, and used a lowess strooth with 2 bandwidth of 0.7 to produce the
plot in Figure 10. There is considerable covariance among measused values at distances less than about 20
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_Figure 9. Plot of measured mCi/km® (marker color} vs. location.
km, as seen in the trend of the varogram at ‘these distances. This is reflected inA the patten{s visible in
Figure 9, where local areas of similar measured values are evident.
Moreover, the variogram is >>1 for all distances, consistent with the data’s being much more
disperse than the counting statistics would justify. This is also apparent in Figure 7, as the vertical

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

individual plotied 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 vatues, 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

Isofropic variogram of measured values

7?0 800 900 1000
1 L L

quared difference in measured values

800
)

500
L

standardized s

T T L

20 "40
distance between sample lotations, km

Figure 10. Standardized isotropic variogram of measured mCifkn’. |
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specified “size” s, in counts per mCi/km?, calculated from the data by simply dividing the reconstructed

raw count of a sample by its reported value in mCifkm®. That calculation embodies the measurers’ .
calculations that were based on the bulk sample mass, chemical and physical recovery of Cs, counting
efficiency, and counting time for each sample. Then we multiplied this value times the weighted average
value of mCi/km’® for the entire set of samples, to obtain an expecied 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

mCikm?, say 4 , 15 constant over the geographical arez of the measurements, and the variation among

measurements is due to the variation in independently distributed Poisson random variables A4,, one at

each measured location, with expected value £ {A‘. } =p = s,.z .

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

A more realistic application of SaTScan is obtained by noting that the data appear to be
lognorma'lly: distributed overall. As SaTScan has a setting for normally distributed data, we can use this
with the logarithms of the measured, values. Unfortunaiely, 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. Far
example, attempting to adjust the analysis for the varying precision of the-measurements by setting the
“number of cases” equal ta the “sizes” of the samples in mCifkm? is not corect because SaTScan vses a
permutation routine in Monte Carlo 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 method used by SaTScan does not preserve the covariance structure of a “lognonmal plus
Poisson” null hypothesis.

However, we cen assume that all measurements’ are effecﬁvely nieasmed_with equal uncertainty,
by setting the “number of cases” = I for all measurements in the SaTScan inputA file, and we can apply
SaTScan, with 2 setting for normally distributed data, to the logarithms of the measuréd 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 strictly true, because we believe that there is an
effect of terrain elevation, and for that reason among others we might expect some spatial covariance
structure that violates the assumption of independence. However, spatial scan statistics have generzlly not
been developed for ‘mull hypotheses involving known spatial covariance structures, and the “iid”
assumption may still be a useful nult hypothesis for geospatial hotspotting in the present work. We just
need to be aware that any apparent hotspois might be due to effects of elevation or other factors with local
spatial structure, on the deposition or retention 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 variation 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
SaTScan is given in-detait in Appendix II.

Discussion ]

It seems reasonable that the spatial covariance structure in the data is due primarily, if not completely, to
factors such as terrain elevation and slope, soil type, and other factors ‘that have similar spatial structure
and affect the deposition of global fallout and the retention afler weathering of all fallout including that
from the Hiroshima bomb. The lognormal distribution of the data, which is a common gbservation in
environmental samples, is presumably due to a combination of multiplicative factors that affect the final
measured results. Some of ithese factors may be associated with the original deposition of *Cs from
global fallout, which varies from place to place, but many of them are undoubtedly associated with local
variations in the retention of all deposited 1’Cs, both that from the Hiroshima bomb and that from global
fallout, under the process of weathering.

It is unfortunate that we cannot make a simple adjustment for elevation that would presumably capture
the effect of elevation on deposition of global fallout via ils 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 Ioguénnal distribution of the
data, and therefore is multiplied by a succession of multiplicative factors that in the aggregate impart a
lognormal variation. Accordingly, if a simple adjusiment based on the slope of the linear repression of
mCi/km® on elevation is made to the data, they no longer appear lognormal in overall distribution, More
specifically, the simple linear regression is not corzect for a number of reasons:

s _The overall distribution of the data ameong sample lecations is lognormal, not normal, and it is

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

combination of )
o 2 lognormal variation in the true values of mCi/km” at sample locations of equal elevation
and

o a much smaller measurement error that is dominated by Poisson counting statistics;

« A simple linear regression is not correct for lognormal errors; ‘

e The errors are heteroscedastic, as described above, i.e., they increase with increasing elevation and
the corresponding size of the mean function in the regression, which requires some form of
weighting or estimation of a variance function in the regression; and

» There is non-negligible error in the estimates of site clevations (the independent variable in the
regression), which creates an “errors in variables” problem in the regression {Carroll et al. 2006).

Therefore, it does not appear to be possible 10 make corrections for elevation without 1) a specific and
rather complicated stochastic model for local area specific deposition and weathering and 2) a
sophisticated method for a regression or other estimation procedure o 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 o measurements of
1945 samples in the known fallout area of Koi-Takasu. The closest to Koi-Takasu of the 1976 samples is 4
km due west of the hypocenter, This is about 2.1 km northwest of the location of sample No. 7 of Shizuma
.et al. (1996), which was much hotter than their other samples and 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 afier the typhoons of 1945, with rerouting of the rivers (Yamate-gawa and
Fukushima-gawa), and it may have been impossible to find undisturbed soil for sampling in 1976 in thé
generally acknowledged fallout area of Koi-Takasu. ‘
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TFigure 11. Measurement size. Key: marker size = measurement size marker color =mCifkn’

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

. There is another problem with evaluating the power of the geospatial hotspotting to detect an
effect of some specified size and patiern, which relates to the way in which the sample “sizes™ were
determined by choice of counting times, which is not random. The sample sizes are shown in 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
Jarge sample sizes are in westerly to northerly directions, and involve relatively low measured values. It is”
togical 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 results were expected.
Correcling for that intervention in a post hoc analysis, especially without detailed knowledge of how the
decisions about counting times were made, is a very difficult statistical problem. 1t may still be necessary
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to rely on the assumption, 'as noted above, that the variation in counting precision can be neglected
because the counting uncertainity is smail compared to the assumed variation of the true values of mCifkm®
among sample locations.

Conclusions

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

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

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

from Soil Cores .

Assumptions and notation:
s tis the counting time in seconds.
¢ Npis the total count in mg channels selected as the region of interest (ROI) for the 662 keV peak
e Ngis the tofal count in mp neighboring channels used to determine background.

m C.
«  The sample net count is caleutated as N, = N, — N -~ aad the sample not count rate ops 1
. my

nat

calculated as cp. =_Nt .

e Ngis distributed Poisson(ps), ‘where ug is the same for afl samples (assuming no significant
arfifacts due to interfering signal in the areas selected for background, which should be true, and
1o significant changes in signal gain or other causes of a change in pp from count 10 count).

a  Npis distributed Poisson(jis + 11r), where pp is the true mean net count rate in the peak ROI for the
sample being measured. :

NP + ﬁ NB
e SDis calculated as SD= 2
N, _me N,
ps Ly my
D" oy,
g

= For very low net count rates, Sf; =20 a N,—> mp N, Le., as the sample net count rate |
B

approaches background for a proper blank containing no 31,

m cps
+  Athigh net count rates, for N >> —E Ny, pz .
. ) my SD
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Appendix IT SaTScan Results for the Assumption of Lugnol:mally 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 -
using the Normal model. ' :

SUMMARY OF DATA

Study period............ I976/1/1 - 1976/12/31

Number of locations......: 106 ,

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.......: 8
Mean inside.
Mean outside....
Unexplained variance..: 1195.75
Standard deviation....: 34.58
Log likefihood ratio..; 7.518513 : ' '
Monte Carlo rank......; 302/1000

‘Pvalue.,........oo..: 0.302

SECONDARY CLUSTERS
2.Location IDs included.: 264, 209, 269, 204, 504, 259, 509,
: 254, 514, 219, 454 . ’

Coordinates / radius..: (0.164747,21.2153) / 10.83
Number of cases.......: 11
Mean inside....
Mean outside,...un
Unexplained varance..: 1301.07
Standard deviation....: 36.07 ’
Log likelihood ratio..: 3.044578
Monte Carlo rank......: 990/1000
P-value...............: 0.950
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“Table 1. Locations, elevations and mCi/km? of ™*"Cs measured in samples.

As marked Shifted 700 m north

-

elev.,

longitude Tatitude longitude latitude

234 382 132459104 34.411089 3 132.459104 34417389
239 - 59.1 132451157 34.422679 27 £32.458157 34428979
194 412 132455462 34438573 18 132455462 34.444873
199 8.8 13245778 34.456124 159 132.45778 34.462424
214 79.6 132.454463 34474667 39 132.454468 34.480967
219 826 132.455462 34.492218 408 132.455462 34.498518
254 150.7 132.458111 34.509437 261 132458111 34.515737
259 66.2 132.456124 3453063 420 132.456124 3453693

204 1169 132.456786 34.547187 168 132.456786 34.553487
209 67.9 132.461422 34.563743 213 132.461422 34.570043
264 337 132.459104 - 34.582287 180 132.459104 34588587
269 389 132.45778 34.603149 I70 13245778 34.609449
S04 609 132.459436 34.620699 378 132.459436 34626999
509 128.5 132459104 34.637256 411 132.459104 34643556

514 97 132459767 3465878 754 132 459767 34.66508
134 81.1 132477539 34.394902 3 132.477539 34.401202
15 727 132.494856 34.402239 39 132 494856 34408535
17 83.5 132.511879 34413099 17 132.511879 34419399
14 - B9 - 132527435 34426013 168 [32.527435 34.432313
i9 796 132.541523 34.440982 161 ° 132541523 34.447282
24 B6.9 132.555611 34452428 . 43 132555611 34458728
. 84 80.3 132.562949 34.471506 36 132.562949 34.477806

139 837 132577037 34.485301 155 132.577037 34491601
499 43.7 132.622823 34.468278 331 132622823 . 34474578
149 BL.9 132.607561 34.511423 149 132607561 34517723
524 27.3 132.660392 34484127 307 132.660392 34.490427
529 272 132.68035 34491758 253 13268035, 34.498058
534 261 132.695319 34497041 403 132.695319 34.503341
53 0 132.712342 34.515825 412 - 132712342 34.522125

544 . 383 132736703 34.515238 434 132.736703 34.521538
60 719 132.476072 34.374943 2. 132476072 34.381243
244 106.6 132486638 34358214 2 132.486638 34364514
65 - 414 132.513934 34.355572 3 132.513934 34361872

249 36.7 | 132529783 34.344126 17 - 132,529783 34350426
70 1228 132.550622 34.338255. 245 132.550622 34.544555

75 49 132.567938 34320744 257 132.567938 34.336044
&9 " 834 132.590538 34.320645 252 132.590538 34.326945
94 86.3 132.606094 3431184 349 132.606094 3431814
98 957 132.62341 34303035 197 £32.62341 34509335

104 533 132643075 34.203643 163 132.643075 34.299943
109 - 452 132.662153 34.284544 377 132.662153 34,250844
114 140.7 132.68035 34.275739 504 13268035 34282039
119 53.6 132.702363 34.267228 04 132702363 34.273528
124 21.8 132715864 - 34.260771 158 132.715864 34.267071

129 37.8 132736409 34.249324 137 132736409 34255624 .

574 44.9 132459542 34.364964 0 132439342 34.371264
339 343 132.463745 34.352931 3 132463745 34359231
294 730 132463745 34.332385 13 132463745 34,338685
344 12.1 13244496 34312721 100 132.44456 34.319021
59 56.6 13245582 34.275739 36 132.45582 34282039
304 54.8 132.45582 34.258423 7 13245582 34264723
9 41.3 132471963 34.237584 2 132.471963 34243884
314 21,3 152460516 34.207353 47 132460516 34213653
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As marked
lonpitude latitude
132.453765 34.189449
132.458168 34.174187
132.452004 34.153935
132448776 | 34.139554
132306133 34.312134
132287349 .34.303035
132.269152 34.294523
132.247139 34.28836
132.228648 34,2775
132.213973 34.263706
132194015 34.258423
132.177872 34.253726
132.412968 34.383455
132.390956 34387858
132.370117 34.385216
132347811 34.385216
132327559 34.38551
132305546 34.385803
132283827 34.38551
132.263575 34385216
132.240095 34.38551
132.210744 34394021
132.190786 34396076
132.166425 34389912,
132.138249 34376117
132.419425 34.401946
13239888 34.415153
132.382738 34423372
132361312 34.427187
132.354561 34.445971
132329613 34.450374
132308481 34.456537
132292925 34465343
132271793 34.475909
132.249193 34.476789
132.235399 34494106
132.236902 34.528462
132200472 34.508194
132.156446 34.479724
132161728 34,527565
132.442025 34.39813
132436155 34.415447
132425589 ° 34.43159
132.415316 34446558
132.404163 34.462701
132393597 34477376
132.383325 34.493519
132,367475 34.507314
132357496 34,524043
132.350746 34.541066
132343995 34560438
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
499
479
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Shifted 700 m north
lengitude latitude
132453765 | 34.195749

" 132458168 34.180487
132452004 34,160235
132.448776 34.145854 .
i32.306133 34318434
132.287349 34309335
132.269152 34300823
132.247139 3429466
132.228648 "34.2838
132.213973 34.270006
132,194015 34.264723
132.177872 34,260026
132412968 34389755
132.390956 34394158
132.370117 34391516 |
132.347811 34391516
132.327559 3439181
132.305546 34392103
132.283827 3439181
132.263575 34391516
132.240095 3439181
132.210744 34.400321
132190786  34.402376
132.166425 34396212
132.133249 34.382417
132419425 34.408246
132.39888 34.421453
132.382738 34.420672
132361312 34.433487
132.354561 34.452271
132,329613 34.456674
132.308481 34,462837
132.292925 34.471643
132.271793 34.482209
132.249193 34.433089
132.235399 34.500406
132236902 34.534762
132200472 34.514494
132.156446 34.436024
132161729 34.533865
132442025 34.40443
132436155 34.420747
. 132.425589 34.43789
132415316 34.452858
. 132404163 34.469001
132393597 ° 34.483676
132.383325 34.499819
132,367475 34.513614
132.357496 34,530343
132,350746 34547366
132.343995 34.566738
132,339886 34578771
132.32433 34.59374
132.308775 34.610763
132296154  34.627199

318
338
400
583
533
219
538
452
506
775
598
681
.4
300
316
110,
149
318
156
312
512
107
461
281
159
325
536

BHDIC _ .

HAOFRTHRLE L 5L, TBAREFFERTCHELE D02 RSoRE Ty
EEHRBEL, “BUE" HHEBEIC OV TWE—EXF U LEESEDTRE VS 5FIE
Vi E LR Uik, ET, BBEEGO BROMEEIC L AHHEEAECoNT, FE
BORTEIL LD, —F, EBOREALLLRATE S 2IERME b > TWEL 5T,
T HBEEFO Y 7 - S ARRERKE LT, BOFE0 7 72 236 0F 5 2 B
THL IBERD ok, F7—BAOF—FIOVTEESA (SREXEEF &&
discussion %?ﬁﬁ’)tﬁiﬁ' b, [v 71 236 F— & BIEEBEVFRHBERBIO break through iz
ROEDE] EBWILHEL AR, RETRFEOH S S [RVTANE R0 EERNICH
FTamHe] 2090 TRALTELNLEWVIFERASTER, V4= A0/ ETH
DT LR L A~ )55 TV BO T, B L AT DI HBHET 5 L T kb ol
TRE—HEOFELOT LEZEDEVI L WEIRO T, HEFBEY CTRLOTOREN
SFEV=OMN 20084E 2 AT o1, ’

ESTE LT, RMSoitRtbo T%b\ﬁﬁﬂﬁ%&ﬁ%&%ﬁ%ﬁﬁ@f;w WARILT
e, WA BERRD S, TOXRBNERTES L., e OHEORENEORIEIISDIT
RirLZ2ThhS, LALLFEDL, THROLETHEZZIUHTLES L. BROZLS
ERRAICLD, P THRECHIRSZI A Licha, BAMICE, [HFEE o/ -
ELTR2TNBATH-T, TREENTEoTHBA LSRRV EnH A F VA THb
STV, BEBARVEMPERYITY, TIT, AREAIBES LTHEEOMN
LT TEE “BOR” BRERER] LV 5B ELETL Lo nREThH o,

AHEEL, TREIFERTO4HORHE, ERRER T 2BV -2 V3 v 7
CepEil, TROBRE (LS “BOF” MHETERS] L LT nTh2,
B R THARVED B, FHEOPRE AW TORER TR ENOBEICHY . FRa s L
ORI R LI U5 b 0TI, ‘

EETICE, BSOS, TSV v/ DEER PHLEE CBRE Ao TS,
LY D EEEROME S AORESHE L RN L LTk, LATRFTOBEE 0Z
RE Q. EREEYLT) L A BA L TENEBCTREDOS % o, K TBROEES
LTBELE,

2010554
Sth 8-

B8 “RNE" BHEWRS HEA

- 137 -



