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Abstract

Radon gas escaping from the ground takes part in the ionization of the atmosphere,
which, in turn, influences almospheric electricity and metieorology. Radon content of soil air
was measured {rom three different depths once a day for more than two years. Besides
seasonal change, the results show temporary variations due to changes of atmospheric pressure
and precipitation. Some discussions are given for the results observed.

It seems that the felt earthquakes in most cases were followed by an increase in the con-
centration of radon: In one case, the increase of radon preceded the earthquake, and what
is more interesting, the deeper the sampling site was. the greater proportionately was the increase
in concentration, an instance opposite to the case where meteorological influences are at work.

Introduction

It is well known that the soil air which fills the pores of the soil or rock
has a tolerable quantity of radon, and that the radon content shows considerable
changes near the ground surface, though it gradually increases with increasing
depth approaching asymptotically a finite value. It depends mot ouly on radium
content and the emanating power of soil or rock, but on the changes in aeration
caused by sunshine, changes of atmospheric pressure and precipitation. In
general, the radon content of soil air is several thousands times as much as that of
the atmosphere and yet is by far less than the equilibrium quantity with radium in
the soil.  According to J. Satterly®, for example, it is only from one fifth to
one twenticth of the equilibrium quantity.  The radon escaping from the soil
takes part in the ionization of the atmosphere. Though radon is heavier than
other gases usually found in the surface atmosphere and, furthermore, rapidly
disintegrates with a half-life period of 3.8 days, its effect in ionizing the air may
be considerable even far up in the sky*. Thus the radon exhaled from the
ground plays an important réle in atmospheric electricity and meteorology.

*  According to V. F. Hess (1912), the jonization in a closed ionization chamber decreases with
height above the ground up to about 400 m and then shows gradual increase owing to the pre-

dominating cosmic-ray iniensity.
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So far as the author is aware of, studies of radom in the atmosphere have
been made by several authors, but those of radon in ground soil air have been
few, among which those by H. Bender® and H. Israel-Kohler® are of importance.
Taking meteorological factors into consideration, the author made two series of
observations by measuring the concentration of raden in soil air once a day over
more than a year respectively (Oct., 1944 —CQct., 1945 and Aug., 1946 — Sept.,
1947).  This was for the purpose of obtaining some reference data mainly for
radioactive exploration.  The result was that the radon in soil air seems to show
not only seasopal variation, but also temporary variations due to changes of
atmosperic pressure, precipitation and the like.  These variations imply the escape
of radon from the earth as well as asration near the ground surface, and in this
sense will be important for meteorology, the science of atmospheric electricity and
agriculture.

Observations

The first term observation (from Qct.1, 1944 to Oct. 31, 1945) :

Sampling was made by replacing the water filling the sampling flask with
soil air sucked up through a collecting tube from the ground.  We used three
collecting tubes made of iron pipe of 22mm diameter and whose lengths were
different so as to be fit for sampling soil air from three different depths (0.6, 1
and 2 m).  These three tubes were driven at 3m spacings into the ground in
back of our laboratory, where the soil was of granite sand.

The tubes had many holes between five and twenty-five centimeters from
the lower end, through which seil air was to be sucked in. At the top of each
tube there was a rubber plug penetrated by glass tube with a stop-cock.  Just
before sampling, the air in the collecting tl);be was drawn out with the device
mentioned above and ejected.  The sampling flask filled with soil air was then
brought to the laboratory where the radon content was determined by the Schmidt
type fontactoscops as is usually done in the radioactive measurement of spring
water. Three sets of fontactoscopes were used; the same one for the samples
from the same depth. The constants of the fontactoscopes were as follows :

Instruments Constants®
No. 401 3.61 % 1010 curies
No. 403 262 7 4
No. 404 2.82 1 "

The second term ohservation (from Sept. 1, 1946 to Sept. 30, 1947) :

* The qguantity of radon in the ionization chamber reqguired to produce a shifting velocity of
one division per minute of the indicator on the seale just when radon first is received (initial
activity).



Radon Content and its Change in Soil Air near the Ground Surface 287

The second term observation was principally the same as in the first term,
but different from the latter in method, number of samplings and the instrument
by which the radon content was measured.  The soil air was sampled from the
depth of 1 m only. In this case, the soil air was directly drawn up into the
ionization chamber through a drying tube, which had been evacuated in advance.
The ionization chamber was 2950 c.c. in volume and combined with an electro-
scope.  The constant of this radon-meter was determined as 5.37 X 101 curies
by calibration with the standard solution of radium from the former Imstitute of
Physical and Chemical Research in Tokyo.

Results

The observed results are shown in Tables 1-2 and Figs. 1-2.  Generally
speaking, the change in radon content is rather gradual, especially when meteoro-
logical changes are mot comspicuous.  The averages of the contents of radon in
the first term observation were 5.41, 11.7 and 19.2 Eman (1 Eman=10"2 curies
per 1 litre) for soil air at 0.6, 1 and 2m respectively.  These figures are a
little higher than the results of other observers, which may be explained by the
peculiar nature of the soil concerned, which is mainly decomposed sand derived
from Kitasirakawa granite whose radium content had been measured by the
author®, and had proved to be more radicactive than average common rocks.
Since sampling was made at about eleven a.m, daily, there would be no objection
in the comparison of daily values though there might possibly be a diurnal varia-
tion of radon concentration in the soil air.

Table 1.

The radon content of soil air taken from 0.6, 1 and 2 m in depths during Sept. 11,

1944 —Qct. 1, 1945.

Date | Badon content | |\ Badon coment |y | Badon content
) ©06m  1m 2m | ¢ 06m Im  2m { 06m Im 2m
1944 Eman| {1944 Eman| {1944 Eman
IX-11 93 IX-23 3.69 115 X- 5 650 135 215

12 99 240 466 11.1 6/ 624 125 21.1
13 99 25 4,00 114 7 594 136 223
14 9.6 26/ 488 11.7 81055 155 254
15 95 27 483 113 9 8.14 15.0 260
16 11.1 28 384 118 220 100 7.32 159 255
17 113 29, 470 105 209 11 651 154 255
18 12.4 30 392 114 213 12| 5.47 146 247
19/ 5.00 133 X— 1 587 112 217 13 5.15 135 231
20] 437 11.1 20521 122 21.4 14, 430 127 256
21 4.09 122 3] 593 11.1 214 15| 3.60 11.2 220
220 393 11.1 4 581 11.8 215 16| 408 10.8 216
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Table 1. (Continued)

Date | _ Efidgnvcontcint-F Date Radon content Date Racon content
0.6m Im 2m | 0.6m Im 2m 0.6m 1m 2m
1944 Eman| {1944 Emani 1945 Fman
X-17 465 109 222 X1-28 7.69 132 194/ 1I- 9 480 10.8 194
18, 6.03 119 223 29/ 6.45 13,5 193 100 430 103 176
19, 5.64 109 215 30, 6.31 129 177 11 4,17 93 158
20| 6.80 119 214 XII-1 640 119 18.0 12 457 9.7 16,6
21 693 13.2 215 2 6,63 129 18.0 130 462 89 175
221 5,00 12,0 208 31 7.04 123 182 14, 427 87 157
231 5.00 11.0 20.1 4y 6,14 102 187 15 298 6.4 16.1
241 416 120 216 5 5.07 124 178 16 3.27 6.6 147
25 464 11.6 205 6/ 5.02 112 163 17 401 85 158
26, 454 115 217 70 5.68 114 219 18 378 7.8 162
27 473 11.3 214 8 685 138 225 19 3.64 90 159
28 6,12 129 21.2 9 6.35 12.2 22.0 200 3.74 83 16.7
29 631 121 21.0 10! 6,00 122 214 21 482 92 176
30, 5.70 120 210 11 5,52 120 21.4 22 425 89 177
31 5,70 125 208 120 6,00 124 217 23] 471 106 181
XI- 1 524 122 209 3938 126 221 24 376 79 153
2 510 119 215 14 567 116 174 25 3.62 104 164
3, 5.80 122 196 15/ 580 98 199 260 3,76 7.6 168
4 608 122 175 16, 527 103 197 27 331 74 165
5 503 118 188 17 5.01 92 183 28 333 9.1 168
6 450 121 18.1 18/ 396 7.3 16.7 29 283 8.4 163
7 441 120 187 19( 430 91 160 30, 3.39 85 148
8 442 111 185 20, 423 88 154 31 371 88 163
9 513 120 185 21 361 109 177, /1I- 1 353 8.7 144
100 556 126 178 220 451 109 164 2 477 82 134
11, 558 107 205 231 474 11.0 18.0 3 442 80 11.8
120 5.68 13.2 209 24 521 115 185 4 423 91 131
131 5,19 124 215 25 515 109 189 5 400 102 15.3
14/ 458 129 215 26/ 454 113 182 6 396 77 138
15 498 124 21.8 27 524 107 189 7415 92 166
16, 5,14 121 196 28/ 496 10.8 18.6 8 431 93 142
170 512 122 197 29| 487 113 172 9 377 9.3 14.4
18] 5.12 121 20.1 30; 5.18 11.4 185 100 316 93 124
19 527 12.0 195] hoss3l 561 10.6 185 | 11 4.33 84 139
200 5.30 123 203 I- 1} 372 95 153 120 402 77 13.4
21} 540 126 207 2 459 101 187 13, 372 85 148
220 5,36 123 205 31 425 92 163 14, 487 94 144
230 5,11 121 190 4 460 88 173 15 461 87 129
24 507 11.7 204 5 379 98 166 16, 450 11.1 16.5
25/ 553 119 204 6 453 105 191 17, 5.30 10.0 15.6
26/ 6,50 129 191 7 440 9.8 18.0 18, 4,54 10,1 16.3
27, 6,50 123 205 8/ 494 96 17.0' 19 521 111 178
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Table 1. (Continued)

Date > Radon content Date Radon conteet Date g Radon content ‘
i 06m  Im 2m 0.6m 1Im 2m i 06m 1m 2m

1945 Eman| 1945 Eman| {1945 Eman
11-200 465 10.8 179, 1v-3 456 122 198 | V-15 753 151 215
21 3.98 10.0 168 40 454 13.1 20.6 16 8,09 151 21.7
22) 455 10.8 148 5 421 127 197 17 7.60 15.2 21.4
23 353 8.2 141 6 432 121 197 18 7.42 15.8 19.7
24/ 391 9.7 153 7 3.68 114 18,6 190 6.22 151 20.1]
25/ 393 94 111 8 381 114 193 200 766 16.5 20_8§
260 440 7.6 142 9 468 112 191 21, 8.25 17.0 22.4;
27 477 96 17.0 10 6,17 11.3 195 22, 8.88 16,6 228
28 5.73 10.3 160 111 7.08 12.2 195 23! 8,58 16.0 209
-1 552 118 121 120 740 1277 203 240 794 16,1 20.0
2 581 93 164 13 642 8.2 193 25 6.38 15.0 160

3 596 120 150 14 498 120 19.6 26, 580 14.7 180

4/ 598 115 143 15/ 5.08 123 199 27 445 13.4 21.2

5 445 146 175 160 476 11.8 203 28 351 11.6 21.4

6 10.00 16,5 20.2 170 427 116 197 29 3.89 12.2 19.0

7 9.86 176 21.0 18 3.97 11.4 197 300 3.92 11.5 194

8 9.23 182 221 19 423 119 201 31 3.65 11.0 187

9 8.83 176 224 20, 6.05 125 20.8| VI- 1} 3.79 11.6 189

10 8.68 175 238 21 6.45 138 202 2 5,14 122 206
11, 7.68 169 225 220 5,79 129 20.6 3 6,07 14.1 205
120 737 166 212 23 5.24 11.6 209 4 5,37 99 194
13) 6,59 164 — 24 497 12.2 20.0 S| 4.71 10.1 18.6
14 663 152 198 25 478 121 160 6 4,74 123 187
15 9.04 159 212 26, 495 121 183 7 5.13 11.8 18.9
16 8.86 146 20.8= 27 4971 126 212 8 6.47 145 19.6
17) 8,59 163 199 28 495 122 214 9 6.85 15.1 20.6
18 794 166 21.8' 29, 396 115 1990 10y 599 139 2009
19] 7.31 16.7 212 30, 348 10.5 19.8 11, 4.85 13.0 20.1
20 664 146 217 V- 1E 3.62 105 195 12) 551 14.7 20.4
21 6.70 149 207 2 486 10.4 195 13 999 14.8 227
220 797 149 21.8 3 588 11.1 191 14/ 8.66 17.1 22.6
23 912 136 211 4. 533 11.6 188 15 6.87 17.5 22.0
24, 729 161 199 5 5,51 11.6 190 16/ 7.38 16.1 229
25 6,65 137 17.4 6‘ 6,15 11.1 19.3 17, €58 15.7 225
260 6,09 13.1 197 70 5,16 11.0 19.6 18 545 14.2 21.9
271 550 128 197 8 457 12,0 199 19 5.23 13.5 207
28 566 14.1 195 9 492 11.2 190 20/ 3.32 10.5 16.8
29 557 124 202 100 5,73 120 195 211 3,79 129 16.7
30, 5,59 12.8 20.0 11, 5,76 10.6 194 ’ 220 341 11.6 17.8
31 573 143 193 120 6,48 154 19.6) | 23 3.36 109 18.3
Iv-1 520 13.3 20.7 13 9.00 16.2 22.0 24 4,67 10.8 177
2 489 132 205 14 8.16 16.2 21.8 25 6,17 9.1 20.2
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Table 1. (Continued)

Date | Radgnwcontent || Date | Radon content Date | Rodozl conf_t_:?t
0.6m Im 2m || I 0.6m Im 2m 06m 1m 2m
1945 Eman| [1945 Eman/ {1945 Eman
VI-26, 5,51 13.0 20.0| VII-8 212 79 174 [IX-20, 4.70 11.2 188
27 5.62 136 19,1 9 211 6.4 176 21 4.31 11.2 19.6
28/ 5.74 114 204 10 257 8.0 179 22! 4,71 11.2 194
29 477 13,1 195 11 241 7.1 16,5 23 790 107 210
30! 762 14.2 190 12 234 74 160 240 745 13.0 205
VII-1} 782 134 189 13 276 9.1 179 25! 587 138 221
2 8,17 10.2 16.2 14 2,78 89 17.6 261 447 13,6 21.0
3, 6,59 95 175 150 2.46 8.6 15.1 27 4.64 122 187
4 8.62 14.7 21.1 16 — - - 28 599 128 18.8
5 6,50 13.8 21.7 17 — — — 29 6.23 13.0 17.6
6/ 6,07 125 207 18 — — — 300 4,77 12.7 221
70 793 147 218 19 - — —1 11X~ 1 516 133 180
8l 5.27 13.6 21.3 20 — 74 142" 2 462 126 214
9 5.05 128 21.1 21 - 86 161 3 421 98 190
100 355 95 17.7 220 3.61 8.1 152 4 5,09 10.6 198
11 3.08 9.6 18.3 23 341 1.9 145 5 829 122 20.0
120 429 9.0 18.1 24{ 320 6.4 144 6 9.73 119 208
13) 582 9.8 18.0 250 410 8.9 149 7 726 90 235
14! 486 12.3 19.1 26, 246 49 116 8 580 146 192
15 4,48 11.8 19,6 27 440 94 176 910,76 12.8 24.3
16, 3.86 95 174 28 398 10.2 179 10, 13,74 183 25.7
17, 3.83 9.8 182 29, 4,05 8.9 17.2 11 1054 17.0 229
18/ 8,08 12.2 23.1 300 3,97 8.8 145 12 8.39 141 273
19 6,36 11.1 21.5 31} 3.63 8.1 177 13} 6.17 154 250
20; 445 123 2111 IX- 1 625 95 171 14, 481 13.1 24.0
21 4,66 11.0 21.0 2 6,80 12,3 18,7 15/ 4,13 12.8 228
22 708 138 231 3 752 13.6 18,6 16/ 381 11.2 23.1
231 6. O4e 15, l 21.8 4 780 13.6 19,5 17 3.30 109 20.5
24 — S50 9.290 112 21.8 18 4,12 11.0 18.3
25 3.61 8.0 177 6/ 4.34 13,1 190 19 471 113 18.1
26 — 8.4 187 7/10.19 16. 5 21. 5 201 5. 60 7.8 171
27 — 8.3 189 8 — 21 — —
28 237 88 179 9 7.10 11.9 21.5 22] 5 91 10.8 16,5
29 241 86 183 10, 7.28 152 238 23} 582 122 170
30/ 250 87 170 11, 762 16,2 21.8 24f 5.85 13.6 200
31 2.34 8.7 16,6 12 5,54 13,5 20.5 25 5.34 142 20.1
VI-1} 225 79 176 13} 6,32 122 20.2 26/ 446 131 183
2 240 10,0 21.1 14) 6.28 132 228 27 3.67 109 162
3 210 7.7 176 15 690 12,3 18.8 28 3.82 129 193
4, 2, 16 7.2 17.8 16, 6,03 10,6 170 29 411 11.0 190
53 6.2 165 17, 5.97 102 164 30; 410 105 19.2
6 8.3 173 18 6,46 114 20.4 31 345 11.5 170

7 199 8.1 169 19, 4,63 10,0 17.1
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Table 2.
The radon content of soil air taken from 1m in depth during Aug. 19, 1946-Oct. 1, 1947.
Radon 1 Radon Radon Radon Radon
Date | cont. || Date | cont, || Date | cont Date |_cont. Date |_cont.
Im i 1m Im 1m 1m
1946 Eman| {1946 Eman| {1946 Emanj 1946 Eman| |1947 Eman
VIIL-19) 8.2 1X-29 — il XI- 9 14.0, XII-20] 10.2 1-30, 13.8
20 8.6 30 12.2 10 — 21, 105 31 126
21 8.5 X-1 - 11 13.6 22] 10.6 II-1 12.0
22 8.3 2 11.4 12 —_— 23] 10.6 20 12.3
23 8.0 3 - 13 9.5 24, 11.1 3 12.8
24, 8.3 4 11.6 14, 11.8 25 — 4 127
25 - 5 —_ 15 —_ 26/ 10.3 5/ 125
26 8.3 6 128 160 11.2 27 —_— 6 12.2
27 - 7 — 17 — 28 12.1 70 115
28 7.8 8 13.8 18 10.5 29 —_ 8 114
29 —_ 9 —_ 19 —_— 30, 12.7 9 11.4
30 8.4 10, 128 201 10.5] o4y 31 — 1o, 11.3
31 — 11 — 21 — I- 1 126 11} 11.6
IX-1 1.7 120 126 220 11.2 2 _— 120 11.2
2 — 13 — 23 — 3 12.1 130 10.7
3 7.9 14, 128 24 107 4 — 14/ 109
4 — 15 12.4 25 — S5 12.4 15 11.2
5 8.4 16 — 26/. 10.1 6 — 16 11.7
6 —_ 17, 10.9 27 —_— 7 13.0 1 121
7 8.3 18 — 28 — 8 —_ 18 12.1
8 —_ 19 9.6 29, 12.7 9 13.1 19 121
9 7.8 20 —_ 30 — 10, 13.0 200 11.9
10 —_ 21 8.5 XII-1} 11.8 11 121 21] 118
11 7.9 22 — 2 — 12| 13.3 22) 12.0
12 —_ 23 9.6 31 125 13} 13.5 3 12.1
13 7.3 24 — 4 — 14 14.0 24, 11.7
14 — 25 8.9 50 126 15, 13.4 25 —
15 7.8 26 — 6 — 16, 13.1 26/ 11.2
16 —_ 27 9.6 7 11.2 177 127 27 11.0
17 7.9 28 8.8 8 _— 18 13.2 28 11.1
18 _— 29 —_— 9 —_ 19 14.5() IlI- 1| 10.4
19 8.2 30 8.5 10 135 200 149 21 10.6
20 —_ 31 —_ 11 —_ 21 14.8 31 114
21 7.7 XI- 1] 10.4 12| 12.6 221 14.4 4, 11.8
22 —_ 2 — 13 —— 23 14.6 5 12.0
23 7.8 31 10.3 14, 126 24, 14.4 6/ 11.3
24, — 4 — 15 — 25/ 14.1 7 12.1
25 8.8 50 119 16) 12.3 26/ 13.7 8 12.2
26 - 6 —_ 17 —_ 27 14.1 9 128
27 11.3 7 13.2 18 10.8 © 28 14.1 100 127
28/ 12.5 8 — 19 —_— 29/ 13.4 11} 12.6
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Table 2. (Continued)

Radon . | Radon Radon Radon Radon
Date | cont. Date | cont. Date | _cont. Date | _cont. || Date | _cont.
Im Im Im Im 1m
1947 Eman| {1947 Fman| {1947 Eman| {1947 Eman| 1947 FEman
i-120 121! 1v-22 1241 VI- 2 122 VII-13] 12.7 | |VIII-23 8.0
13, 11.9 23, 12.4 31 11.9 140 12.4 24 —_—
14y 121 24, 11.9 4 11.2 15 11.5 25 8.1
15 12.5 25 10.6 S 104 16/ 11.0 26 7.6
16, 12.4 26, 10.3 6 10.1 17 10.1 27 7.7
17, 12.2 27 —_ 77 10.2 18 9.8 28 7.7
18 11.6 28 8.7 8 10.1 19 118 29 —
19] 10.9 29 9.9 9 10.7 20 — 30 8.5
200 11.1 30, 11.0 10, 10.6 21, 12.8 31 8.5
21 11.0 V-1 120 11 9.9 220 135 IX-1 8.2
220 122 2 10.4 120 10.8 23, 12.5 2 8.3
23 — 31 101 13 109 24 11.4 3 8.1
24 12.2 4 109 140 11.1 250 10.7 4 —_
25 121 5 117 15 11.1 26, 10.9 5 7.8
26, 13.2 6 12.1 16/ 11.3 27 —_— 6 8.1
27 13.5 7 127 17 123 28 9.5 7 7.8
28 13.5 8 13.0 18] 11.5 29, 10.2 8 7.7
29, 13.1 9 14.5 19 11.8 300 11.1 9 7.5
30, 14.0 10] 14.2 20, 119 31 10.3 10 7.4
31 13.7 11 14.0 21 11.5|VIII-1 9.4 11 7.4
Iv—- 1 13.2 120 15.3 220 115 2 9.2 12 7.6
2/ 13.4 13} 15.1 231 127 3 9.2 13 7.9
3 13.5 14y 15.7 24{ 13.6 4 8.6 14 —
4, 13.3 15, 14.9 250 14.1 bt 8.0 15 9.9
5 13.6 16| 14.2 26, 14.2 6 8.2 16 11.8
6, 12.6 17, 139 27 14.3 7 —_ 177 125
7122 18, 13.6 28 13.7 8 — 18, 11.9
8 120 19| 14.6 29, 15.0 9 — 19 11.2
9 121 200 14.6 30 15.6 10 8.1 20; 107
10, 12.6 21} 14.5|VII- 1} 15.5 11 1.3 21 —
11 11.8 22) 14.5 2/ 15.3 12 8.9 22) 13.1
12 117 23! 14.7 3 15.6 13 7.3 23] 12.4
13 11.0 24¢ 14.4 40 15.2 14 7.6 24 _—
140 11.1 25 14.2 S 14.0 15 7.6 25 10.1
15 10.4 26, 13.3 6 — 16 8.3 26, 11.4
16/ 10.5 27, 13.2 7 125 17 8.0 27 111
17, 105 28 124 8 11.9 18 8.1 28 —
18 10.7 29, 12.0 6/ 11.3 19 8.1 29 11.1
19 104 30, 11.8 100 127 20 8.4 30, 10.9
20 10.4 31 118 111 136 21 8.4 X~ 1 100
21 114} VI- 1 —_ 120 13.7 22 7.8
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(A) The Influence of Chaunge in Atmospheric Pressure.

The effect of precipitaion and that of change in atmospheric pressure cannot
easily be separable. It seems, however, that change of pressure by itself influ-
ences the radon conceniration in soil air, for we can find cases in which radon
concentration increased with the lowering of pressure attended by little or no
rain.  (Cf. Oet. 15, 27, Dec. 9, 194635 Feb. 28, May 26 and April 21, 1947).
The cases of inerease in radon concentration accompanied by the lowering of
pressure are, ten to ome, followed by precipitation, notable examples of which are
to be found in the record of: Sept. 17, Oct. 7-8, Nov. 21, 1944 and Feb. 26,
March 15, April 10, June 2, 24-25, July 21-22, Sept. 18, Oct. 5, 1945; Sept.
27, Oct. 7-8, 23, Dec. 3, 1946 and Jan. 18, March 2, 21-22, April 28, May 3,

mmn N
760 /\/\//*/R/\ . /\/—-rv-/"’\M/*/ \\’\'\'\,., \/\/W
w0 \ / Atmospheric pressute .
™01 Eman \/

7304301
Radon content
25 // \M\\,\
‘\/—d‘\ Dep1h
\/w—-\/ ‘\”’J\’\/\/g/p\o\vzm
20+
15¢
Depth
’ ime

mm

or {0
o
2 80r
hd
S | .
g 06m
R

40

20

|| |
Ol i Pt l N ‘ )
2728 29 30 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 13 19 20 21 22 23 24 25 26 27 28 29 30

1944 Sept.

Fig. 3 The change of radon content during the passage of the typhoon of Sept. 7-8. 1944.
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19, 1947. Among them, ths most iypical are to be seen in the records of
Sept. 17 and Oct. 7-8, 1944 when mighty typhoon passed by this district, at
which time the definite V-shaped pressure curves were recorded by our barograph
(Fig. 3).  Exceptional cases wers also observed though not frequently.  Such
examples may be seem in the records of the periods of depression: Feb. 8-9, May
16-17, Oect. 12, Nov. 16-17, 1946; Jan. 1, Aprl 2, 1947.  These cases might
be explained by assuming that the approach of the depressions occurred while
the radon content was undergoing chauge due to other causes.

On the contrary, the effect of increasing pressure is a decrease of radon
conceniration, but usually a rather obscure ome.  The explanation for this may
be found in the fact that peaks of high pressure are usually mot sharp and
moreover not intensive; besides high pressure lasts for a time with only minor
fluctuations. In addition to this, low pressure in most cases, is followed by
precipitation which causes the increase of radon concentration as shown in the
next paragraph, while high pressure is not attended with favourable conditions
for decreasing radon concentration.

The reason why the concentration of radom in soil air at a depth varies
with the rising or lowering of atmospheric pressure will be explained by the
change of level of the equi-concentration surface.  As illustrated in Fig. 4, the
equi-concentration surface near the ground surface will be raised as the depression
approaches, a phenomenon which would maturally give rise to the escaping of
soil air into the atmosphere and the reverse would be the case with the approach
of a high atmospheric pressure.

Low pressure Normal pressure High pressure
Ground surface Ground surface . .
TTTTTT 7T T TTT 77T 7TTTT] TTTTT7TTTTTTTTTTTTT7 COETTTTTTTTTTTTTT 77T

£

ﬁ et
%
. .

Concenflralions of Radon: p<E< L <L <f —-omm-

Fig. 4. The effect of atmospheric pressure on the concentration of radon
at a depth near the ground surface.

J. A. Priebsch et al®, and other authors® reported that the concentration of
radon in the atmosphere near the ground level increased with decreasing atmos-
pheric pressure.  The fact will be elucidated by the above mentioned vertical



Radon Content and its Change in Soil Air near the Ground Surface 297

movement of equi-conceniration surface caused by the change of atmospheric
pressure.

As naturally anticipated, there exists a time-lag betwesn the change of pressure
and that of radon concentration in soil air. Because of the measurement once
a day, the amount of timelag was not decidedly determined, but we caun find
one typical example of the low pressure of the typhoon of Oct. 7-8, 1944 (Cf.
Fig. 3), in which the time-ag can roughly be estimated to be 10 hr. for 0.6 m,
12-14 br. for 1m, 30 hr. for 2m depth from the surface of the ground.

In the same example, the relation between radon concentration and atmospheric
pressure was observed as follows:

Date: Oct. 7-8, 1944

Drop In Pressure. .. o.eeurvnsees e ennrnnniroceraens (a) 75.8-73.2=2.6 ecmHg.

Depths from which samples were taken ............ b) 0.6 1 2m

Increase in radon concentration .................... (c) 3% 33 4.5 Eman
Pressure coeflicient of radon concentration™*(c)/(a). ... {(d) 1.15 1.27 1.73Eman/cm Ig.
Normal value of radon concentration................ (e) 6.5 12.7 21.5 Eman

Ratio of pressure coeflicient to the normal
Vaue (A)/(E) + v e et e () 018 010 0.08

In this example, it may be comcluded that the less the depth, the greater
the effect of pressure depression.

H. Bender (loc. cit.) mentioned that rising barometric pressure increases the
emanation content of the air in the soil, while decreasing pressure causes the
opposite effect. At first sight, this is contradictory to our result.  Taking the
time-lag described above into cousideration, however, a conclusion similar to our
own will be reached.  For he used the difference of pressure at two and twelve
hours before sampling of soil air, while the time-lag for 1m was found to be
12-14 hours as just above described. At a very shallow depth, however, where
the time-lag becomes negligible and the changes in soil air pressure keep pace
with those of the atmosphere, his statement will be held.

(B) The Effect of Precipitation
In order to know the effect of precipitation upon the concentration of soil
air, we compared the radon concentration of the days hefore and after the day on
which the amount of precipitation exceeded 10mm, from Oect. 1, 1944 to Oect.
31, 1945 (Table 3-A). The precipitation data were supplied by the Kyoto
Sectional Meteorological Observatory. The results are shown in the following:

* TInaccurate owing to precipitation.
*% TIncluding inseparable influence of precipitation, though less with increasing depth.
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Table 3.
)
Radon Concent}atioxl ( | Radon Concentration
Precipi- ' Precipi-
Date yation Depths : Date  ation Depths ‘
0.6m 10m | 20m . 0.6m 1.0m | 2.0m | .
mm) () (5 (5 (=) [ ¢ ) (mm)] (+) (=) (D1 =)
184 X3 15108 0.3 1w5vI230 11 11.3 0.8 —
4 13 10.6 2.4 0.1 24 21 2.8 1.8 1.9
7 97 14.2 3.1 4.3 30 33 2.1 0.2 0.7
17 11 /2.2 1.0 0.7 ViI 1 12 10.5 4.0 2.9
27 11 /1.5 1.4 0.4 2 18 1.3 3.8 1.3
X1 3 25 1.0 0.2 2.6 12 35 10.7 0.2 0.3
8 11 /0.8 — 0.3 13 16 10.5 3.3 1.1
16 15 0.1 0.2 2.1 17 50 4.2 2.7 5.7
27 32 11.2 0.4 0.3 20 14 1.7 0.1 0.5
30 15 0.1 1.6 1.3 VIII23 13 0.4 1.7 0.8
XII 1 19 10.3 — 0.3 31 70 2.3 0.8 2.6
1965 1 N _ B X 2 23 11.3 4.0 1.5
L2 1409 0.8 26 5 8410 114 108
; 4 21 11.8 2.3 3.2
111 2 19 10.4 0.2 3.0 N .
9 86 2.9 1.3 2.3
6 29 15.4 3.0 3.4
14 24 10.6 0.2 1.6
14 13 | 2.4 0.4 — .
17 10 10.5 0.8 3.5
15 18 |2.2 0.6/1.0
o 22 2113.5 0.5/ 1.3
23 21 0.4 1.1 1.8
23 35128 1.8 1.3
1IV10 21 2.4 1.0 0.3
. 27 26 1.5 0.9 2.1
19 31 12.0 1.0 1.0 -
X 3 15105 2.0 1.6
V2 18 12.2 0.6 0.4 .
- 4 38 /4.0 2.5 1.0
8 12 0.2/ 0.3 0.5 -
S 53 14.8 1.2 1.0
11 36 {0.7 1.6, 0.2
8 32 3.0 3.7 0.8
15 14 0.114.0 0.2
9 108 0.3 4.0 1.3
V1 2 37 12.3 2.4 1.6
10 15 5.1 4.2, 1.6
7 47 | 1.7 2.2 0.8 .
11 22115 3.3 1.2
12 84 5.1 0.8 2.6 19 91 0.3 3.1 0.6
13 11 13.1 3.4 2.0 T : i ‘
)
Radon Con- Radon Con-
Precipi- |_centration Precipi- | centration
Date | a1i0n ___2‘21“11 Date 4500 ) _ Dept
1.0m 1.0m
(mm)| ¢+ =) ) (mm)] 0 &)
19461X4 121 0.5 1946X 41 541 0.7
13 12 0.1 6 141 1.1
18 17 . 0.3 7 38 1.1
27 23 | 2.5 11 13 0.2
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Table 3. (Continued)

Radon Con-
Precipi- *___99%@%‘:_’1_#_
Date : ept
tation 1.%)?1?""“
i (mm)l 0 &)
146X 120 21 | 0.0
22 18 1.0
31 24 1 1.9
X1 4 121 1.7
6, 39, 1.3
XIiI 2 28 1 0.7
27 30 | 1.7
w7 18 10| 0.2
11 19 0.4
17 18| 0.1
18 16} 1.8
14 237 0.5
11 2 16 | 1.0
21 12 1.2
28 11 0.4
v 2 321 0.3
28 27 1 0.5
vV 3 18| 0.5
7 73 | 1.0
11 301 1.0
17 13| 0.6
Number of cases of increase of radon........ (a)
Number of cases of decrease of radon........ (b)
94 3 T (c)
Mean amount of inerease of radon .......... (d)
Mean amount of decrease of radon.......... (e)
Mean radon concentration through this
ObSEIVAtON 1eTIM. e.vvvrvevrsonrnnnrnenssrens (f)
Percentage of the average increment
to the mean value (d/f) x100,.......covvnnen (2)
Percentage of the average decrement
to the mean value (e/f)x100 ...........v.n ‘h)
Mean change (ad-be's/(a+b) .c.ovivi i, (i)

Radon Con-
Precipi-|_ceniration
Date | iation . Depth
1.0m
(mm)i o &)
1947V 18} 23 | 0.7
22 12| 03
VI 8 18 | 0.6
15 141 0.3
25 11| 0.6
27 27 0.5
28 24| 0.6
VII 1 28 1 0.2
9 11} 0.8
10 42 1.5
18] 29 | 1.7
19 16 | 2.4
20 10 1.0
24 25 1.9
VIII 7 19 —
19 15 0.3
IX 14 771 2.0
15 36 | 29
20 48 1 0.8
25 321 0.3
Depths in m
0.6 1 2
45 30 29
10 20 23
4.5 1.5 1.3
1.89 1.77 1.74. Eman
1.25 1.61 1.21 Eman
541 11.74 19.16 Eman
349 15.1 91 %
23.1 13.7 6.3 %
+1.32 +0.49 +0.44

The numbers of increase and decrease cited here may involve those due to
effects other than those of precipitation and observational error.
ratios of increase to diminution (a/b) are evidently larger at the shallower depth.
Therefore, statistically speaking, precipitation usually has the effect of increasing

However, the
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radon, and the amount of increase and
as well that of change decreases nearly
hyperbolically with the increase in
depth. (Cf. Fig. 5).

Yo
401

30t

20

10 Decrease

0 06 1 Zm

Fig. 5. Changes of radon at different depths

by precipitation in percentages to mean value.

The relation between 'the amount
of precipitation and changes in radon
content was also plotted in Fig. 6.
According to this figure precipitation
of more than 30 mm per day seems
to have something to do with increase
of radon in soil air.

A similar tendency was found in
the observation at 1m depth during
the second term (Sept. 1, 1946 — Sept.
30, 1947).  In this case we found:
a=43,b=4, e=11, d=0.99 Eman,
e=0.30 Eman, f=11.46 Eman, g=
8.674, h=2.675 and i=+40.88. The
diminution was less than that found in
the first period of observation.  This
may be attributed partly to differences
of meteorological conditions in the two
observation terms and chiefly to the
differences in methods of measurement.

+oo™

Denth 0-6m

Denth 1.
+50°

€52 3 2 1 01 23 45 6
- Eman

Lioo™

Denth 2m

6 5 4 3 2 1 01 2 3 456
P — » Eman
Decvease Increase |

Tig. 6. The relation between the amount of
precipitation and changes in radon content.
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In the first period of observation, we used the circulation method in which the
soil gas was introduced into the jomization chamber (ca. 1000 c.c.) by means of
hand bellow (ca. 350 c.c.) from the sampling bottle (ca. 900 c.c.), -while in the
second, soil air was direcily introduced through a drying tube into the ionization
chamber (ca. 3000 c.c.) evacuated beforehand.  Under these conditions, the

method of the measurement employed during in the second period would be
superior in accuracy to that of the first.

Eman Mean of 1D days -
mm 2 /"lonT/zlymean ]
110 22
§100 1520-
4% 90 % 18}
X g0} 16
SN 3
g 70} g4
o) 12 %
50 10+
40 8
o o
20 4 : |
|
0] 2 u (
l; 0 | EJ ‘r L ! i [l | I
0 SGept.! Oct.' Nov.' Dec.' Jan.' Feb T May.! Apr May ' June! ]u13 Aug. Sept Qct. !
1944 1945
Mean of 10days
HMonthly mean o
mm Eman
gor 16
S
st 14
> is
e S12
zeop & /m
s0p Bi0F
2] ¢
gt’ 8
30 6f
20 4
ol 2 } l I
[ “N Lils *M bl 1]lllJLj J!
0 0 Aug.! Sept.f 0ct. ! Nov. ! Dec. Jan.' Feb. | Mar. | Apr. ) May ! June! July ! Aug. Sept.!
1346 947

Fig. 7. Seasonal variation of radon contents with the data of precipitation.

The seasonal variation of radon content in soil air was also observed (Fig. 7).
In general, radon content increased during the rainy seasons and decreased during
the dry For example, the concentration of radon had a minimum during’the
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period from the middle of Dec. 1944 to Feb. of the following year, when we
had little rain, while it began to rise with the frequent rainfalls which started
from the beginning of March, 1945, and attained a maximum in the middle of
the month, and then a minimum by the middle of April.  In the rainy season
from May to the beginning of July, it showed considerable fluctuations while
keeping rather high values. In the dry season from the middle of June to the
beginning of September, there appeared a conspicuous low of radon concentration
which gradually increased with the approach of the rainy season in Autumn.
These scasonal variations were also ohserved in the later year observation, but
differed in time. A minimum appeared about August, 1946. However, we
had no minimum during the period from Jannuary to February. This might
probably due to rainy weather.

Now the explanation of the question why rain exerts an influence on the
contents of radon in soil air will be found in the following: (1) Rainfall and
melted snow prevent the escape of soil air into the atmosphere by filling up the
pores of surface soil with water.  That the freezing of the ground surface and blan-
keting with snow would have a like effect has been reported by other observers*=®,
(2) Rain water affects the emanating power (ability of releasing radon) of the soil.
This would take place when the rain water permeates into the depth concerned.
This effect is, however, rather complex as will be shown below. When cold
rain water in autumn lowers the temperature of the ground, the emanating power
will be reduced, and increased when warm rain water in spring raises the tem-
perature of the ground.  In either case it is necessary that the rain should be
heavy and last for a long time. It seems that rain water promotes the reduction
of free radon in soil air, as water dissolves radon gas.  But, on the other hand,
the emanating power of radium salts grows larger in the presence of water™,
Therefore our task would be to clarify the conditions under which the balance
of the various effects of rain water would or would not be in favour of the
increase of the radon content of soil air.  In any case, however, diffusion would
be the predominating factor controlling the radom content of soil air.

(C) The Effect of Temperature

While the radon content was being measured, the temperature at 1m depth
was observed as shown in Figs. 1-2.  The annual variation of ground tem-
perature at this depth nearly follows a sine curve, having a minimum (ca. 6°C)
in February and a maximum (ca. 25°C) at the end of August. In this connec-
tion, the annual mean temperature of Kyoto is ca. 14°C and extremes of the
monthly means are 2.8°C in Jannuary and 26.8°C in August. The mean rate
of change found from the most steep part of the curve was at most 0.2°C/day.
The solubility of radon for water changes by ome part in a hundred per 1°C

*  TEspecially oxides, hydroxides, chlorides and bromides of radium are more conspicuous in
this property than carbonates and sulphides.
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between 10-15°C, and therefore the effect of temperature upon the radon content
in soil air would be practically negligible.  The emanating power of the solid
part of the soil is also a funetion of temperature, but no obvious change was observed
in the concentration of radon even with actual difference in temperature of about
20°C.
(D) The Effect of Earthquakes

Changes of radon content in soil air were examined before and after all the
felt earthquakes which were recorded at the Kyoto Sectional Meteorological
Observatory during the periods from Dec. 1, 1944 to Oct. 31, 1945 and from
Dec. 20, 1946 to Sept. 30, 1947.  The results are as follows:

Table 4. The Effect of Earthguakes.

Number of cases

Depths s Periods
Increase No change ! Decrease
2 m 10 o 9 Dec.1, 1944
1m 1n o 7 —Oct. 31, 1945
0.6 m 10 1 9
; ) Dec.20, 1946
Im 9 2 6 —Sept. 30, 1947

It scems that, at first sight, earthquakes have little influence on radon content,
and that the changes are mostly due to other causes including uncertainty in
measurement.  Considering that, however, the majority of the earthquakes cited
were after-shocks of the great Tonamkai Earthquake which occurred on Dec. 7,
1944 at a point (136.2°E and 33.7°N) 20 km off southeast coast of Kii -Peninsula,
the number of cases of increase may be considered as less than those in which
the same shocks occurred after sufficiently large intervals of time, because the
radon content once raised by an earthquake shock would become rather insensible

Table 5. Effect of Earthquakes near Kyoto.

Number of cases

Depths - Periods
Increase | No change | Decrease
2m 8 0 1 Dec. 1, 1944
1m 3 0 1 —Oct. 31, 1945
0.6 m ‘ 3 ] 0 1
Dec. 20, 1946
bom & o2 —Sept. 30. 1947
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to later successive shocks and would moreover show a gradual decrease to the
novmal value owing to the decay of radon with a halfperiod of 3.8 days. In
the case of the local earthquakes near Kyoto, the tendency of radon increase was
more clearly observed. (Table 35).

It may be concluded, therefore, that in most cases felt earthquakes increase
the radon comtent in soil air, provided there are mo disturhing cases.

During the TOnankai Earthquake mentioned above, a striking change in
radon content was observed, which was comparable with that occurring when the
typhoon described above (Cf. p. 297) passed by this district. ~ On the day of this

. mm
770 Atmospheric pressure -

760 fM/\\f’A/\/‘k\/,/\/\—sﬁ\/\/\—\/\/\M -
750 ' -

740 _
25Eman ]
f— Tonanhai Earthquake l . Earthquake-
Radon content [/‘ng [l/{\
/ e \
20~ / S | Depth 2m -
k /ﬂ\ ,/ KQ\\ | i
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N\ i// \ \/‘“7 .
N
15} -
o//\ /\// e Depth 1m
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10F ¥ A / _
v//c\\\ /l//\\“\\-\-,«\ RN , Depth 0.6m
5E \ﬁc’ o \//‘\ /\/ _

D‘_zc'z T34 5 6 7 8 9 10 111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
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Fig. 8. The change of radon contents during the Tonankai Earthguake.
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earthquake, samples of soil air were taken at 10233m, 10251™ and 12935™ from
0.6m, 1m and 2m depths respectively. The arrival of the earthquake wave
recorded at the Kyoto Sectional Meteorological Observatory was at 13236m.

As seen in Fig. 8, the abnormal increase of radon comcentration was intimately
related to the occurremce of this earthquake. It is worth especially moticing
that the increase of radon commenced prior to the arrival of the sarthquake wave.
As can be seen in the figure, the increase was remarkable for the soil air taken
from 2m depth and the time of its sampling was closest to the earthquake shock.
In these days the meteorological conditions were calm except for a rainfall of
about 8mm on the previous day, and moreover, as can be observed in the
figure, the greater the depth, the more obvious the change.  This would suggest
that the cause is in the underground but not in the atmosphere.

Though it is dangerous to conclude the possibility of earthquake-prediction
from the change of radon content in soil air from a single example, it may
possibly give a clue towards research im earthquake prediction, for the present
measurement was made under favourable meteorological conditions, as stated above.
A contrary example was the next great earthquake which occurred on Dec. 21,
1946 (the Nankai Earthquake; of which epicentre is 135.7°E, 33.0°N, 50 km off
Kii Peninsula in the open sea, southeast of Shiono-misaki); the variation of
radon content at 1m depth was very slight before and after the earthquake.
According to E. Nisimura®™ of the Geophysical Institute, Kyoto University, the
tiltmeter at Kamigamo in Kyoto recorded no remarkable variation before this
earthquake. But the same tiltmeter showed a singular variation before the
Tonankai Earthquake, which accompanied, as described above, a remarkable
increase of radon content in soil air.  The correspondence between the radio-
activity of soil air and of ground-tilt is very interesting and suggests that some
common geological factor may underlie both. It is highly probable that the
point where our sampling of the soil air was made lies just or nearly above a
fault covered with alluvial deposits, and this would be an important thing for the
further study of the problem from the geological and geophysical points of view.

In conclusion, the author wishes to express his thanks to Emeritus Professor
M. Matuyama and Professor N. Kumagai for the cordial guidance and encourage-
ment, and also to Lecturer N. Kawai, Messrs. K. Yao, T. Hanaoka, the late T.
Kin, and K. Matsumoto who helped the author in his daily observations over so
long a period.
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