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Abstract

In this paper are deseribed and discussed the methods and principles of radicactive
. prospecting the author developed including a new method devised by him and some examples
of tests and practical applications in the field as well.  To solve a problem of diffusion of
radon, a new method of electrical analogy is also presented, which will be useful in general for
locating a hidden fauh.

Introduction

Since radioactivity was discovered by Henri Beequerel in 1896, every sub-
stance has been tested for this property by many.  E.J. Strutt? (1906) was the
first to determine the radium content of various igneous and sedimentary rocks.
By his investigations as well as those followed by others, it was made clear that
radium is widely disseminated, though very minute in quantity, over all kinds of
rocks, being richer, as a rule, in igneous rocks than in sedimentary ones, and in
acid rocks than in basic ones.  These differences of radivm content among various
rocks and minerals offer the means of radioactive method for exploring subsurface
geologic structures.  Some minerals have a radium content amounting to as high
as a hundred thousand times that of rocks.  Besides these differences, travelling
of radioactive clements by iransportation by other gases as well as their own
diffusion also affords a means of subsurface exploration.

The origin of a radicactive method of prospecting can be dated back to as
early as the beginning of this century when von dem Borne® (1905) tested it in
a uranium mine.  He came to show a very conspicuous influence of seams bearing
uranium ore upon drifts which they crossed.  Sinee then, similar investigations
in bore-holes, tunnels, galleries and so on were carried out by several authors who
measured radioactivity of rock samples from these places.

In 1918, Ambronn® found a notable inerease of radioactivity of soil
samples when crossing the buried faults in the vicinity of Blankenburg,
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Again he perceived the same in iraversing a mineral vein. These. results led
him to the idea that the radicastive method might be applicable in locating faults,
mineral veins and boundaries of different rock types. Developments  after

Ambronn are as follows: In 1926, Link and Schober® mede clear the positions
and directions of tectonic lines at Eyachtal in Schwerzwald.  In 1927, F. Miiller®
obtained similar results at Leuchtenburggraben in Thiwingen. He also made
tests at Honnef by the Sieg River on a fault and a mineral vein, having found
markedly high values in radioactivity on passing these.

In his geological and geophysical surveys near the western margin of Leine-
talgraben in Gottingen, V. Patricin,” in 1930, got radioactive profiles along more
than ten lines of measurement which strongly suggested the existence and dire-
ctions of geologically plausible faults overlain by loam of two fo ten meters in
thickness.

Since about 1930, reports on radioactive prospecting became less in number.
In fact, this mcthod of prospecting was overwhelmed by others such as the
seismic, magnelic, electric and gravimetric then progressing remarkably.

In Japan = revival of interest in the radioactive method has recently taken
place.  The aunthor set about this line of study in as early as 1942 {rom the
standpoint that the radicactive method is a very helpful means for geological
explorations.

The author expresses his deep gratitude to Emeritus Prof. M. Matuyama for
his original suggestion of the present investigation and for his kind advice and
encouragement throughout.  He is also especially indebted to Prof. N. Kumagai
for helpful advice and criticism, and to Mr. Y. Naitd, the former Chief of Pro-
specting Division of Teikoku Oil Co. Lid. for permission to publishing the results
of exploration made by the author in the oil fields belonging to the company.
This study was made by the financial aid of the Scientific Research Expenditure
of the Ministry of Education, to which is due the author’s gratitude.

heoretical cousiderations

Radioactive prospecting is hased upon the fact that radium content is cha-
racteristic to rock type and that concentration of radioactive elements occurs
controlled by geological conditions.  For example, if the radium content of one
rock is different from that of the adjoining one, concentration of radon contained
in the air in the soil overlying the rocks differs accordingly.

From the results of measurements by F. Miiller” on an ore-vein of lead, zinc
and copper in Honnef and those by Ambronn® on an iron ore-vein at Ilfield in
Harz, we cannot help seeing that there are some relations between radioactivity and
mineral veins. This may result only from mechanical conditions such as pre-
vailing in faults, but the present author supposes that occasionally radicactive
elements are intimately connected with ore deposits which are usually considered
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as mon-radioactive. In fact, specularite from Wang-chien-isung-ling, liao-yang
Prefecture, Moukden Province in Manchuria was reported to be radioactive®, and
it is well known that radioactive clements are apt to associate with rare-carth
elements, Kalium, Barium, Iron, Mangan and sometimes even Gold, Silver, Copper,
Bismuth, Lead, Tin, etc., besides Oxygen, Hydrogen and Silicon.

From a theoretical point of view, Koenigsherger® reported a possibility of
using radioaetive investigation in potash mines for detecting the approach of
drifts or borings to tectonic disturbances.

(1) Theory of radioactive method for locating faults.

Now, the reason why radioactivity becomes high near a fault has not yet
been well explained.  Gockel® pointed out that in the vicinity of faults there
takes place an increase of permeability of soil due to disturbances.  Ambronn'®
also stated the easier circulation of solutions and gases on geologic disturhed
surfaces, whereby radioactive materials could be transported and accumulated at
their outcrops. With regard to this, the experiment made by G. Aeckerlein'®
(1937) during well-boring at Annaberg in Erz Gebirge in Germany is of great
interest.  He measured the radon content of water and also the radium content
of crushed rocks taken from the well bottom, and found that the maxima of
radon always occurred at depths one or two meters shallower than points where
the maxima of radium appeared at the places where the well was erossed by
fissures or veins.  This would imply that radon is persistently ascending through
rocks towards the surface of the earth. If it proves to be the case, the crushed
zone of a fault should become an easier ascending path for radon.

According to E. McDermott’s experiment™ (1940) on boring cores of shale,
the permeation of hydrocarbon gas was obviously through microscopic fissures
instead of through intergranular space as usually expected in sands. Through
such fissures not only hydrocarbons but carbon dioxide, carbon monoxide, hydrogen,
nitrogen, hydrogen sulphide and water vapour etc. escape and find their way to
the earth’s surface.  Also radon gas will associate with them in a very dilute
state.  According to G. V. Hevesy,'”” the diffusion coefficient of radon for air is
less than 0.07 em® sec™ at room temperature and pressure of 760 mm Hg, which
is exceedingly low as compared with diffusion coeflicients of other gases for air.
(cf. Hyair: 0.611, O,air: 0.178, COyair: 0.138 at O°C, 760 mm Hg)

As the interdiffusion is inversely proportional to the pressure of the mixed
gas, the diffusion of radon is slower at a great depth than near the surface of
the earth, while the increasing temperature acts in a reverse sense, that.is, to
increase diffusion.

On the other hand, the diffusion cocflicient of radon in water at 18°C is
0.99 cm® day~! (E. Rona), 0.918 cm® day~! (E. Ramstedt), and at 14°C, 0.82 c¢m®
day~! (E. Ramstedt) which figures are about ten thousandib the order of magni-
tude of the diffusion coefficient in air.
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The mechanism of the passage of gases through layers of a great thickness
of sedimentary rocks has not yet been explained.  The law govering the passage
of gases through the pores as found in a sedimentary rock layer was investigated
by Graham'® (1834), who found that the volume of a gas (estimated at the
standard pressure and temperature) passing through a layer of porous medium
was directly proportional to the difference of the pressure of the gas on the two
sides of the layer, and inversely proportional to the square root of the density
and consequently the molecular weight of the gas.  The atomic weight of radon
(mono-atomic gas), 222, is greater than the molecular or atomic weight of the
other gases usually found in the earth, hence the diffusion of radon coexisting
with othel gases will be so exceedingly slow that much of it will be left behind.
The like phenomenon was also ohserved by Graham'™ (1863) in the case of
effusion.

Consequently, we come to the conclusion that diffusion of radon through
compact rock is practically negligible but only possible through cracks or fissures.
The short life of this element would seem further to emphasize this conclusion.
This is one of the reasons why radon concenirates in the neibourhood of a fault,
as along it cracks and fissures prevail.

Besides gases, aqueous solutions can also ascend through the disturbed zone
of a fault and will deposit mineral substances along the cracks and fissures and

especially in the surface soil overlying the fault.  Itis very likely that uranium-
or radium-salis are associated with these ceposns In consequence, concentration
of radon becomes greater near faults than in other places.  This reasoning will

be supported by the experiments of Ambronn'™ which confirmed that radioactivity
of soil taken from about 10em bhelow the surface of the earth increased as a
buried fault was approached.

(2) Diffusion of gases in soil.

Buckingham,'” one of the first to apply the kinetic theory of gases to soil
aeration, applied the term ¢ diffusion comstant™ to designate the rate of flow of
gases through the soil pore space as a result of kinetic movements. = His ex-
periments mads on different soil types with varying moisture content and with a
different degree of compactness, have revealed that the diffusion constant D
increases as proportional to the square of the porosity S, that is,

D =48
where A is a constant whose weighted mean he obtained as 2,16 x 107 ¢gs for
air and CO,gas.  The value of A4 varies proportionally with the square of the
absolute temperature and inversely with the total pressure. In the above
equation, if S is taken to be 1, that is, the porosity be put at 100 per cent, we
have D = 2.16 x 107" cgs.  This value approximates a diffusion constant of 2.20 x
107* cgs experimentally found by Loschmidt™ and that of 2.13 <107 egs dstermined
by Obermayer' for the free diffusion of CO, and air.  The above extrapolation
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seems dangerous, but the agreement wounld suggest that the diffusion process in
soil is similar in nature to free diffusion. By this reason the diffusion of radon
in soil may be treated in the same manner as in free air as described below.

By the above relations we may assume that the only factor controlling the
rate of diffusion in soil is the free pore space, since the nature, texture, granu-
lation and moisture content do not materially affect diffusion, as long as the free
space remains constant. . This will imply that considerable aeration may take
place even in heavy clay soils if the pore spaces in them are not too minute as
compared with the mean free paths of gasses.

According to Buckingham’s experiment, a considerable amount of CO,-gas
leaves the soil by diffusion when its concentration in soil air is of the order of
magnitude actually met with.  Analogously, we may expect a large quantiiy of
radon is leaving the soil into the atmosphere.

(3) Stationary state of radon content in soil air.

Suppose an clementary volume in the ground, then the timely change of
amount of radon in it takes place in the following three ways: 1) Change by
diffusion, «7 %, where « is the coefficient of diffusion, p concentration and
V2= foxt + BFfoy? + 2*07%, 2) rate of increase by production of radon from
radium in soil or rock, say «, and 3) decrease by disintegration, \p, \ being the

disintegration constant of radon.  Therefore, the net increase of radon per unit
time and in unit volume is,

o o

a[p: VP 4+ Q@ — AP v ey
In the stationary state we get,

/CT:?'[) = AP — Qe <2>

This is the fundamental formula of the stationary distribution of the concentration
of radon in soil.

The movement of radon may take place by processes other than diffusion,
such as by the movement of other gases that carry radon, and also by renewal
of surface soil air brought about by the change of meteorological factors.  But,
from what Baver®” has pointed out for CO,, the diffusion is the predominating
process for the movement of radon towards the earth’s surface.

(4) Linear radon source lying in underground.

Suppose an outcrop of a fault or a mineral vein which forms a linear radon
source extending infinitely in a horizontal direction at the boitom of a soil layer
of uniform thickness of which the bed rock is impermeable to radon gas (Fig. 1).
When we know the distribution of radon concentration in soil along a line at a
constant depth and perpendicular to the linear radon source, the thickness of the
surface layer may be determined after the method of Koenigsberger®™ by dis-
regarding, for simplicity’s sake, the disintegration of radon. He applied the
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method of electric image to the solution of the stationary diffusion problem.
But he seems to have committed a mistake in his deduction as will be shown
later, and the present author has followed his method of image and reached a
result which is different from Koenigsberger’s result when higher terms are taken
into consideration.

Denoting the thickness of the surface layer by h and the depth from which
soil air is taken by d, the concentration of radon C at a point P may be given
by the expression, :

Po Po Po v oo e
C=CInp2t8 "~ (1)
L S
where €/ is concentration of radon at the radon source A, and py, Py, Pgevor----

are the distances of P respectively from A and its images A’/(c=-¢', z=-h),
Af'{e=—¢/, 2=+ 3h), A"(c=+¢/, z=-3h), A""/(c=+¢/, z=+5h), A" (c=-¢,
Z:‘:—Sh), etc.

A2

L
Surface 0(c=0) > X
T )
h
Soit k
i
Bed rock
¥
Q\'h-
2/ 2 = +3h
A
Z
Fig. 1

Since p% =x*+(z-d)%, in which we put x="fh,

pi, = 1*h* + {(2!1 = Dh + d}‘ﬁ:{fz + (2n — 1)}h* + 2(2n — D)hd + 42
2(2x

2)f2 2 P -1) DL]_, ) 1 KERY
=h-{f +(2n-1) }{l Fr@n—12 " h T fe@n—1)2 < h >§
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Similarly, 5
Play = £t + §(2n ~ 1)h - d}é {fﬂ +(2n - 1)2}112 ~ 2(2n ~ 1)hd + &
I P el § 2@2n~1) d 1 Cd N2
= 20 = DL e T 1)_< )}

where f is any number and n a positive integer.

And hence,
Pin 2n-1) A1 /AN
In— p;n 1 hl% + 24@2n—-1)2 h + {%42n—1)2 < h >}
pdp o 2D 4 1 /ANy
1“11 ETEnC1E R 2t @n—1) < s

on the right side of which the first term will be put equal to
xz K3 X4

In(l - X)=X -5ty , and the second to
\‘" yi ooy
Il -Y)=-Y -~ Bl ST RTRPELE .
Then we have
o3, 1
It = (X Y) =y (X0 Y O Y = (XY e
2 -
_A@n—1) 4 4@n-1) / d P46 (@n-— l_rf_, AN
B o h 2 h > 3 s ( h
( 4(2n—1) 16{2n—1)3 d \2“T,}l AN
N i }( h > 7 ( h > Feee : 2)
where F=1{"+(2n-1)%
Putting n=1,2,3,--+----- , we get
Ceypgegees Admg V8 5 14N 1
S T thw e i~w) { (12 11)2
I BV Y S A
2 (2572 T {7 3\h 1 (fe 1)
. S B A S
Tz Co(Eesys RN
S SN R . _3®
(24338 (s } 1 (f2+1)¢ T (232
B i 7
{2 e )4 ...... /E ...... g §9

from which follows

R (o (s (L] o

* Koenigsberger put Pzns1={2a2+[@2n+1)h—dP and Py =22+ [@n-+1)h+dP, but the dimen-
sion is obviously unequal on both sides of these equations, and his later reductions are based
upon these equations.
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where
1 3 5
S1 = 'fu»‘y i~— " + Fra 4 7 “2"3:5’2 s
1 3 5
S, = e 1)2_” T 35)—5- + s
S S N
s (T (s + gy
S R S T
X D g T e
S —_ ] 33 53 .............

5 T (a1 (R T (st
Consequently the equation (1) becomes,

2d 1\? 4 1 \? d \¢
c=c M- () s () s (h ) smasor @
2

Calculating the series given by (3) for =0, 0.5, 1.0, 2.0 and 3.0, we have the
figures given in Table 1. '

Table 1

g -t 0 L os 0 20 L 80
S 0.7854 1: 05934 | 03131 0.0676 0.0144
Se 09690 | 06107 02254 00263 00087
S 0968 ‘ 04837 01020 -0.0009 0.0017
Sy 09962 | 05085 01222 L 0.0068 0.0006
S 09962 | 04062 | 00600 00003 -0.0001

If d is of the order of magnitude of 0.1h, we can see from Table 1 that
the series on the right side of the equation (3) converges fairly rapidly.  When
the value of C for f=0, that is x=0, is taken as a standard, C¢/C, for {=0.5,
1.0, 2.0 and 3.0 are represented in Table 2.

Table 2 Relative values of Re=Ct/Co

; 1 ; ;
£ | i . :
a/h o s 1020 30
! | | | | N
1/10 f 1 0753 | 0396 0085 0018
| | ' 5 ! '
2/10 ! 1| o770 030 0034 | 0018
3/10 1 © o om3 0326 . 0079 0018
! i | | :
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If h is very large as compared with d, the terms containing (d/h)* and
higher powers may be neglected, then we get

2d 1 3 5
C=C 5 UEr ~Teese TEe T ) ®)
Just above the source, that is at x=0, or =0, C takes the maximum value,
2d . B 2d w
= (]/~»<1 .......... >_ C = (6)

Now, taking G, as a standard, the relative concentration at x==0.5h, 1h, 2h,
3L is respectively 0.756, 0.399, 0.086 and 0.018. In Fig. 2 is shown such
relative concentration as related to the distance x, when the thickness of the
overburden soil is assumed 5m, 10m, 15m and 20 m.

Comparing these theoretical curves with those obtained by actual observations,
the thickness of overlying soil can be estimated approximately.  Making use of
this method in the measurements made at Obu, Hy0go Prefecture, the author
has obtained an estimate of 5 to 7 meters as the thickness of the covering soil
there.®  In order to get a rather accurate estimate, the following process may
be recommended.®

Q NN R oy N ot @ oo

15

20m
Fig. 2

h

Writing the parenthesized series in equation (5) by R, we get from equaltion
(5) and (6),
™ e o
R= T “0“0 (7

In Table 3 are shown the values of R expressed as a funclion of f and
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the relative values G/C, calculated by the equation (7).
R is graphically represented.

Zin-itiré Harupa

Table 3

In Fig. 3 the function

f=x/h R C/Co L t=vh | R C/Co

0.0 0.7854 1.0000 1.0 0.3130 0.3985
0.1 7758 9878 1.25 2163 2753
0.2 7482 0526 1.5 1476 .1879
0.3 7057 8985 1.75 1001 1275
0.4 6524, 8306 2.0 0678 .0863
0.5 5930 7549 25 0310 0394
0.6 5314 6766 3.0 0141 .0180
0.7 4708 5994, 40 .0029 .0036
0.8 4136 5266 5.0 .0006 0008

Vit

08

7

G

5 R=X (1) ]75;—(}‘?—,]’35;’7—

Yy

) \\

2

g \

o i : 2\T3~ ¢ F

Fig. 3

Now for all stations we have the observed values of C/C;, from which the
values of R can be found by the aid of equation (7), and the corresponding

values of f can at once be obtained by the interpolation of Table 3. - As the
values of x are known, we are given a set of equations x;=fh (i=1, 2, 3,----).
And the value of h may be found by the method of least spuares. Thus for

the actual obscrvation in Obu, we obtained
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h = 6.59 =+ 0.67 meters,
annexed error bheing a probable error.  The observation equations for deriving
this Tesult are shown in Table 4-A.

Table 4
A * B
fih = x; | ®aac=g
173 1=182 0.00455 € = 0.47
1.53 h =13.0 0.01636 C’ = 0.66
107 h = 7.0 0.06477 €' = 1.33
0.55 h = 5.0 0.00886 C' = 2.69
0.00 h = 0.0 0.16023 €’ = 3.99
142 h = 35 0.13068 C" = 0.77
182 h = 5.0 0.09886 C’ = 0.41
1.54 h =10.0 0.03273 ¢ = 0.65
194 h =15.0 0.01000 €’ = 0.34

Now, let us proceed to obtain the concentration €/ at the source.  As the
mean depth of sampling is 0.75m, we get

C“-:C’Z R

AR = ®)

As the values of C and R in the above are already known, the unknown €’
can be found by the method of least squares.  The observation equations in
this case are shown in Table 4-B, and the adjusted value of C' is,
C'=172 = 2.4 Emans.
In the following is given another method of approach for the estimation of
the depth h.  From equation (5) by the definition of R and x=fh, we obtain

9%C 2R 1
o~ Ko e ®
., 2d
where k=C’ W and
2R 6{2n —1)2—2(2n—1,3 )
- = % {—_1in+l - =123 ..., ]
a2 & (=1 (34 (2n~1)23  ° (n=1 ) (10)

The value of f that makes 9*R/Of* equal to zero makes 9°C/Ox® vanish.  Such
value of f has been found to be 0.561 by a graphical solution shown in Fig. 4.
1f, on the observed curve of the distribution of C, we could find the value of x,
say X, at which the curve has iis inflection point, we get X=0.561 h.  There-
fore the depth h can be put
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h = X/0.561 = 1.78 X A1)

A
+g02} df*

0.01

0.00 ‘ *10
F 8
f s
4
0.01 2 l .
a5 L
27 ? f
%
- X
0.02 e
-la_
Fig. 4

Experimental part

(1) Methods of Measurement.
The radicactive methods of exploration practised by the author are

(A) Radon-in-soil-air method,

(B) Ground-hole-ionization-chamber method,

(C) Photo-plate method, and

(D) Geiger-counter method.
In each method, radioactivity is measured at points usually arranged in a line,
and the observed values are plotted against the distances along this line to
obtain the “radioactive profile”. By the principle described in the last chapter,
the line joining the corresponding peaks in the radioactive profiles thus obtained
of several traverses will nearly give the projection of the buried fault on the
surface of the earth.

(A) Radon-in-soil-air method.

This method deals with the radon in soil air extracted from the ground.

As the concentration of radon in soil air, especially near the surface, will be
affected by the meteorological factors, it is desirable to take the soil air from a
considerable depth.  In practice, however, difficulties in boring will progressively
increase with depth and, moreover, those in obtaining soil air will also do so
owing to the increasing moisture. This method essentially consists. of 1)
collection of soil gas, 2) introduction of it into an ionization chamber, and 3)
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measurement of ionization.

(i) Collection of soil gas: For this purpose a collecting tube and collcting
bottle are used. Their arrangement is shown in Fig. 5 (4).  The collecting
tube suitable for usz in sandy soil is made of stecl tube 120 c¢m in length and
22cm in outer diameter, the lower end being closed and sharpened, provided with
many holes in a slightly thinned part between 10 and 30 cm from the lower
end. At the top the tube is fitted with a rubber plug through which a glass
tube with stopcock is passed (Fig. 5(8)). In case of clayey soil this tube is
replaced with a simple one obtained from the former by cutting off the lower
part of 40cem (Fig. 5(C)).  This tube is inserted in a hole previously made with
a boring stick to a 1 meter depth from the surface.  The collecting bottle made
of brass and of spindle shape is about 900 ¢c in volume.  With the arrangements
shown in the figure, the soil air is sucked up into the collecting boitle through
the upper cock by the negalive pressure produced in it as the water in the bottle
flows out from the lower nozzle. After the collection is over, the bottle is
brought to the station, preferably chosen inside a house or a tent.  If precise
measurement is not required, the measurement may be done on the spot in the
open field.  Prior to the collection of soil air, a volume of air (ca. 200 cc)
occupying the interior space of the collecting tube is drawn out and rejected by
means of an auxiliary bottle (Fig. 5 (D)).
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1 /7‘7/_91}19
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(i) Introduction of radon into the ionization chamber: One end of the
collecting bottle filled with soil air is connected to one of the two cocks of the
ionizalion chamber through a drying tube filled with drying agent CaCl,, and the
other end to another cock of the ionization chamber through a rubber hand-bellow
(Fig. 6).  Then operating the hand-bellow for two minutes with all cocks open,
the soil air is circulated through the connected system. By this operation, radon
initially in the collecting bottle will eventually be uniformly distributed among
ionization chamber, hand-bellow, collecting bottle and drying tube.

(iil) Measurement of ionization: For this purpose, a fontactoscope of
Schmidt-type improved * in several respects by the author was used. As soon
as radon enters the ionization chamber, it begins to disintegrate following the
sequence Rn—>RaA—>RaB—>RaC—>etc, The air in the ionization chamber
is ionized by radioactive rays (mainly alpha-rays) which are emitted during
disintegration. The ionization is measured with an electroscope attached to
the ionization chamber as a rate of fall of metal leaf across the scale in the reading
microscope.  Fifteen minutes after the introduction of radon into the fontacto-
scope, readings are taken every minute for fifteen minutes.

(iv) Calculation: As the ionization due to radon with its disintegration
products increases with time, the observed activity should be reduced to the
initial activity, that is, the aectivity due to the introduced radon alone.  The
activity may be expressed in terms of scale divisions per minute.  From the
activity thus determined must be subtracted the natural leak found just before
the determination.  For the reduction to the initial activity, the conversion factor
given by S.Iimori®® is used.  If fy be the conversion factor, I, the initial activity
and Iy the observed at t = @ minus the natural leak, then

I, = fp Lo
Usually fif.een values of I, are calculated from the observed Iy and they are
averaged.  The amount of radon disintegrated during transportation is taken
into consideration by the relation,

Qu=Qpe™™

where Q, = initial quantity of radon collected, Q¢ = quantity of radon surviving
when the circulation is commenced, )\ = disintegration constant of radon, and t
= time elapsed from collection to circulation.

The fontactoscope used may be calibrated with a standard radium solution.

* Main points of improvement are as follows:

1) The electroscope is equipped with cork cover 1em thick in order to avoid irregular
motion of the leaf caused by rapid change in temperature.

2) Surface of the insulator holding the central electrode is protecied from moisture which
might still exist in the lonization chamber by a protector carrying desicating agent.

3) The ionization chamber is doubled, and the inrer one is replaced by a new one after
each measurement. By this replacement measurements can be repeated speedily without wasting
time wailing for the extinction of the effect otherwise due to possible contamination of daughter
elements of radon.
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However, such calibration is not always necessary when one and the same
fontactoscope is used, but intercalibration is always necessary when two or more
fontactoscopes are used.  In the calibration by the standard solution, the activity
is usually expressed as the concentration of radon at the time of sampling in
terms -of Eman (1 Eman = 10" curies per litre), and in the case of the inter-
calibration it is expressed as a falling rate in divisions per minute of metal leaf
of the fontactoscope.
The initial concentration of radon C, in soil air is calculated by
Co= KI, VietVe #Vp +Vg +V, 1000 1
Vie ) Ve g M
where K = constant of fontactoscope, i. e. quantity of radon in Curie at the instant
of introduction into the ionization chamher which produces the falling rate of

one division per minute, 1, = average of activity during the circulation, Vic =
volume of ionization chamber in ee, V, = volume of collecting bottle in cc, Vy
= volume of hand-bellow in cc, Vg = volume of pore space in drying tube in
ce, and Vi = volume of tubings in ce.
p Leaf- (B) Ground-hole-ionization-chamber
electroscope
\ method.

This method involves the measurement of
ionization in a hole bored in the ground (Fig.
7). The center electrode of an electroscope
is extended into the hole bored previously in
the ground, which is utilized as an ionization
chamber.  The hole is 10 em in diameter and
100 cm in depth.  The electroscope is rested

Insulstor

Or yiny ayenf

\Y UPPOI’ f

L GQ‘I,‘;}'iP on a bell-like support.  The ionization chamber

12 / 7 of Engler-type fontactoscope with its base plate
removed is suitably used as this support.

é . In practical measurement, a hole of the

size mentioned above is dug in the ground.

7 7 The wall of the hole should be as vertical as

possible.  Then it is covered with a wooden

Electrode lid lined with metal plate, having at the centre

a hole 3 em in diameter provided with a plug
which will be removed when in use to give a
passage for the extended electrode.  After two
/ or three hours, according to the conditions,
when the air in the hole would come to an
equilibrium with regard to the concentration of
/ radon, ionization in the hole is measured with
/// an electroscope (the top of the IM fontacto-

TFig. 7

scope).  The readings are taken every minute
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as soon as the electrode is charged, lest the active deposits produced from radon
should affect the ionization.. From the falling rate of the leaf thus obtained, the
background or natural leak is subtracted. For measuring the natural leak the
lower part of the centre electrode extending into the ground hole is removed at
a joint inside the bell-like support and to the bottom of the support is then
attached its base plate previously removed.  In this arrangement the observed
leak is due to the leakage through the insulator, and to the background ionization
within the support and the chamber of the electroscope.  The electric capacity
of the measuring system in this arrengement differs from that in the actual
measurement of radioactivity in the ground.  But the effect of the difference in
capacity may be neglected as the amount of the natural leak is usual y only a
mere fraction of the leak due to the radioactivity in the ground.
(C) Photo-plate -method.

Instecad of measuring ionization in the ground hole as stated above, it would
be possible to determine the concentration of radon with nuclear emulsions.
This is a new idea of the author and proved successful in practical application.’
For this purpose ET-2E photo-plate (22 mm »x 40 mm half of the standard size)
is suitable; it is specially manufactured for recording tracks of alpha particles
by the:-Research Laboratory of Fuji Photo Film Co., Ltd.

Insertion of the phote-plate into the ground hole is made by means of a
dark slide attached to the lower end of a long handle which penetrates upward
through the lid of the ground hole.  The handle is made of bamboo with knots
broken off and through the inner space of which runs a wire serving as a device
for opening and shuiting the lid of the dark slide from the outside. ~ The photo-
plate in the ground hole is located at a height of 20cem from the bottom, the
back of the dark slide being attached close to the wall of the hole.  The effective
rangs in air of alpha particles from radon series is 5.21 em™, and this produces
the condition that none of alpha particles leaving the wall can have its eflect on
the photo-plate set as mentioned above.  The exposure of the photo-plate should
be nearly equal for each measuring point; ten to fifieen hours exposure gives
adequate density of alpha tracks for counting under a microscope with magni-
fication 150 %.  The number of tracks observed in unit area of photo-plate per
unit time would give the relative concentration of radon in each ground hole.™

(D) Geiger-counter method.

A Geiger counter affords us another method of radioactive prospecting.  As
early as 1938, the author put the Geiger counter in use, (then generally used for
the detection of cosmic rays) for the determination of thorium in granite by aid of
a separate radium determination®?, and proved its applicability for measuring weak
radioactivity of rocks.®™  Recently, the author constructed portable Geiger counter
equipment (ca. 5kgr. in total) for use in field work.  The construction is shown
in Fig. 8. A high tension supply for the Geiger counter has been assembled

* For tull details, the author’s paper? should be referred to.
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after the design of R.D.Huntoon® with a slight modification resulting in the

elimination of bulky, heavy and expensive batterics. The counting rate-meter
is to be used only when radioactivity is very strong.  In usual cases pulses are

counted by a telephone receiver as well as by kicks of the needle of the rate-
meter with no resistance in the tank circuit, or by flashes-of the neon lamp.

®=

ﬁpx5“

-
135"

Fig. 8

In carrying out an exploration practically, the counter is inserted in a hole
drilled in soil to a depth of 50 cm and with a diameter of Sem. At each station,
counting is made at least for twenty minutes for soils of moderate radioactivity
so as to make the statistical error small. A counter with larger size than the
present one (the effective length 20 cm, dia. 25 mm) is preferable for reducing the
time of observation.

(2) Discussion of the methods.

Every method described above has its own merit and defect.  As the radon-in-
soil-air method treats the radon in soil air, of which the greater parts come upwards
from depth in the ground, the distribution of radon in soil air will well reflect the
underground structure.  On the other hand, the method of Geiger counter treats
the gamma ray emitted from radioactive elements existing only in the neibourhood
of the hole in the ground, and will be inferior to the former method in the
exploration of deepar parts. In the ground-hole-ionization-chamber method, the
ionization by the rays emitted from the radioactive elements in the wall materials
of the hole and by those from the radon in it is measured. If the ionization
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due to the former is predominant, that due to the latter will become indistinet
and the subsurface structure would hardly reflect the radioactive profile. For-
tunately, however, the ionizations of both kinds usually change parallel to each
other.  This will well be explained by the reasonable conditions that a disturbed
zone near faults is more permeable for both soil gas and water and the latter
would bring radioactive substances from the depths and fix them near the earth
surface.  As may be anticipated, this method is more sensitive to the variation
of atmospheric pressure, to the wind and sun-shine etc. than the radon-
in-soil-air method, and outdoor measurement by this method is less accurate than
the latter.

The photo-plate method has the same defect as the ground-hole-ionization-
chamder method in regard to the external disturbances, but has a superiority that
the record of alpha tracks, a direct evidence of radioactivity, is obtained and
the method requires no special apparatus except a microscope which will be
available in any geological laboratory.

In the Geiger-counter method, owing to the defect stated already, sometimes
it might occur that when crossing over a hidden fault no peak in radioactive
profile would appear but a difference in radicactivity on both sides of the projection
of the fault on the ground surface.  In this case the fault might bhe misinter-
pretated as a boundary of two rocks having different radioactivity. It appears
that this method could be used in the case where the soil is so damp or clayey
that other methods are not applicable. It is known that the maximum thickness
of soil through which gamma rays can give their effect on the Geiger counter is
only one meter or less. Therefore, the use of it is limited to only the cases
in which the surface covering is less than one meter in thickness or of auto-
chthenous soil, or is contaminated with radioactive substances carried by water
from an underground outcrop of a fault. ‘

(3) Examples of the tests of the methods.
Examp]e I. (The radon-in-soil-air method)

The first test™ was made in March 1942 at Minotani, Yamada Village in
Hy6go Prefecture. ~ There a reverse fault, described as the Rokkd Thrust by
T. Ueji®® is found running nearly from east to west separating the hornblende-
biotite granite on one side and shale of Tertiary formation on the other.  Stations
were chosen along a line transversal to the strike of the reverse fault in a rice
field area on a hillside.  The surface soils was autochthonous.  As it was early
spring, there were no crops in the area, and the surface of the ground had
moderate dampness which favoured the sampling of soil air by keeping off the
atmospheric air.  But the level of underground water was rather high so that
at some places the sampling was unsuccessful, especially near the thrust where a
stream was running.

The result of measurement is shown in Table 5 and Fig. 9.  As seen in
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the figure, the increase of radon is quite conspicuous on getting near the fault,
suggesting the maximum concentration just above it which would be attained if
we could set a station there.  This was, however, impossible owing to dampness
of the ground. It is worth noticing that, though the number of stations is rather
few, the average radioactivity in the granite area ssems somewhat higher than that
in the sedimentary at the distances of some tens of meters from the fault.  The
soil samples from the two areas were tested in the laboratory for their radioacti-
vilies with the Geiger gamma-ray counter specially designed by the author.™
The measurements were made over 140 minutes on each sample, giving the

Table 5
Station Interval of stations f:gé?;gﬁ:g :1[; Reference
] - Granite soil,
No. 1 93 m 1.81 Eman pretty dry
No. 2 1.39 Ditto
16
No. 3 6.07 Ditto
17
No. 4 1211 Ditto
66 q-
No. 5 7.94, Clayey soil with
18 pebbles, damp
No. 6 ) 1.20 Ditto
No. 7 38 0.11 Clayey soil with
’ 39 : pebbles. very damp
No. 8 0.31 Ditto
Eman ,/
51 ’
\
\
\
1wk \
5
) o )\
0 A L £
a {00 200m
77 7
+ + 4+ g
+ Granitfe %\ ’ //// J“ral"/ ////
AV
PR/ 74 ////// //,



250 Zin-itird HATUDA

following ratio of numbers of counting, the background having been subtracted.
Granite soil : Shaly soil = 1123 : 459 =24 : 1

These numerals include the radioactivity of thorium series and the negligibly
fecble radioactivity due to potassium, but as the proportion of radium and thorium
in ordinary rocks is usually constant, it is inferred that the above ratio approxi-
mates that of the radium content in the two kinds of soil. It will be plausible
that the above ratio is of the same order of magnitude as the average radon
concentration observed in the two areas.

Examp]e I1. {The radon-in-soil-air method)

The second test™ was carried out in March, 1943 at Obu in Yamada Village,
Hydgo Prefecture about 600 m south-west of Suzurandai Station along the Shin-yi
Railway.  The Rokk6 Thrust passed here also. The area surveyed was also a
rice field which was then vacant and dry, as the season was early spring, and
covered with alluvial deposits instead of weathered rocks in situ in the previous
example.  The topography and geology nearby is shown in Fig. 10, in which
AB denotes the line along which measurements were carried out. The results
are given in Table 6 and Fig. 11.

A conspicuous peak near the middle of the radioactive profile would correspond
to the Rokkd Thrust and a minor one near the right end to the Kikusuiyama
Faunlt.  These agreements are fairly good and we can actually see the boundary
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Table ©
Station (]])istauce t_"rom a Rz):di().z\ctivity of
atum point soil air
No. 1 10 m 0.04 Eman
No. 2 20 0.09
No, 3 30 0.43
No. 4 36.5 0.06
No. 5 47 0.30
No. 6 57 0.47
No. 7 62 0.66
No. 8 68 1.33
No. 9 70 2.69
No. 10 75 377
No. 11 77 3.99
No. 12 78.5 0.77
No. 13 80 041
No. 14 85 0.65
No. 15 90 0.34
No. 16 105 0.04.
No. 17 120 0.04
No. 18 130 0.05
No. 19 140 0.03
No. 20 145 0.01
No. 21 150 160
No. 22 155 0.99
No. 23 160 0.14

251
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of shale and granite, probably the outcrop of the Rokkd Thrust, on the hillside
scores of meters east of the position of the psak.  As to the position of the
Kikusuiyama Yault, the author’s observation should be mentioned here.  Scores
of meters south-east of the position of the minor peak, is located the entrance of
a tiny valley, where we can see the boundary across which the grain size of the
granite changes clearly.  Therefore, it is highly probable that this boundary
corresponds to the Kikusuiyama Fault.  The thickness of the alluvial deposits
near the point of intersection of the traverse line and the thrust is ca. 7m as
has been theoretically estimated previously.

Example III. (Radon-in-seil-air method)

The third test was made in December, 1946, near Takiyashinden in Nishi-
yama Oil-field, Niigata Prefecture.  The principal aim of this test was to find
whether this method is applicable in a field entirely composed of sedimentary
rocks. In the previous two examples, the fields were related to granite which is
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said to be in general more radioactive than sedimentary rocks. As seen on

the map and curves of radioactivity (¥ig. 12 and Fig. 13), the result is not so
definite as those in the previous examples owing to disturbaunces due lo the
topographic complexity and bad weather during the test and so on.

Of the two peaks revealed in the radioactive profile along the line of survey
I, one at station L is unreliable, as the place was formerly oceupied by a hut for
a gas-burner and the leakage of natural gas carrying radon from the neibouring
well (Ry, in the figure) is suspected as taking place in this site.  The line
joining the other peak at station S and that at the station No. 3 in the profile
along the line of survey II coincides with the general trend of the Madonosaka
Fault which was determined by a surface geological survey and the oil-well data
as well. It may, therefore, be concluded that the said fault would be passing
in the underground along this line.

Examp]e IV. (A comparison of four different methods®)

Comparative study has been made of the different methods mentioned above
at Syfigakuin in Sakyd Ward, north-eastern part of Kyoto City, in the spring of
1951. A traverse line for radioactive measurements was sclected in a barley-
field running nearly in the east — west direction normal to a fault presumed by

* A brief description was also made in the previons paper. Refer to the reference 25) p.92.
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us from a radiocactive survey performed in the previous year. At each station
a vertical hole 1 m deep and 10 c¢m in diameter was dug in the ground.  These
holes were used as an ionization chamber in the use of the ground-hole-ionization-
chamber method described above.  The same holes were later used for applying
the photo-plate method and the Geiger counter method too..  For carrying?out
the latter, the mouth of the hole was left open, letting the radon in the hole
freely escape into the atmosphere.  And from this condition, the gamma rays
attacking the Geiger counter would be almost only those emitted from the wall
of this hole. For the period of counting, twenty minutes was found sufficient.

Determination of concentration of radon in soil air by means of fontactoscope
was carried out about two weeks there-after. The traverse line was the same
as before, but the position of each station at which the soil air was collected, was
set about 2 meters from the holes already used so as to avoid a probable
influence of the atmospheric air through the wall of the hole.

A B C D
s
locds | cownn e
Tantdsy Eman e
300c 30: 80 A e Photo - plafe
280/ 78} 140) B ———omemm Radon - in-sod - air
260| 2 761 130 c — Geiger counter
240 7%t 120 O ~----0-~- Ground-holg-ionization - chamber
220) 2
200F 201 0}
180 68
150 3
15
140, 84
120 62
1090y 10 60
&0 58
&5 56
st
40 54
20 52
gt @ b S0 G <
2 ? 3 & 5 [3 7 a9 12y oN 5 15 17 1% 19 20 21 b3
Fig. 14

As shown in Fig. 14, the results obtained by the four different methods
give a fair concord.  Above all, the photo-plate method is in good agreement
with the ground-hole-ionization-chamber method. Thus the applicability of
nuclear emulsions to radioactive exploration has been proved by this experiment,
leaving room for improvement in details for the future.

From the results attained, it will also be conjectured that radioactivity
increases not only in soil gas but also in soil itself as the fault is approached.
If this were caused solely by diffusing radon from the depths, the counter method
would have failed in showing such a peak as is seen in the radioactive profile,
because a mere fraction of the number of impulses counted by Geiger counter is
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due to radon and the rest to other radioactive elements and to cosmic rays.

Table 7
! Methed
No. of Interval of A B i C D
station Sm:lon No. o{; tracks Eman  No. of.Counts Scale' div.
mm*. day ‘ min. min.
1 f 40.0 9.5 514 = 1.5 23.2
| 30.2
2 37.0 5.3 585 + 1.6 30.6
28.5
3 179.0 12.5 59.7 + 1.6 45.8
32.2
4 97.0 7.5 575 + 1.6 404
28.2
5 77.0 10.7 57.0 % 1.6 314
40.0
[§) 36.8 11.7 58.0 £ 1.6 54.3
236
7 56.4. 12.3 557 £ 16 . 333
25.5
8 96.7 16.3 616 + 1.7 39.3
11.6
9 52.5 10.8 570 £ 1.6 28.3
21.6 |
10 110.5 — 61.2 = 1.7 49.7
18.7
11 | 193.9 ! 22.9 684 + 1.8 5%.8
! 17.6
12 150.9 26.0 710 + 1.8 58.7
19.5
13 73.2 216 635 = 1.7 40.5
19.5
14 25.0 16.3 61.8 = 1.7 22.5
52.0 i
15 62.0 10.0 I 583 & 16 38.0
500
i6 22.1 164 50.9 4+ 1.6 191
34.0
17 38.5 13.5 628 + 1.7 22.5
18 119.6 17.7 63.1 + 1.7 67.9
43.2
19 242.0 188 727 £ 1.8 132.8
40.4.
20 | 415 168 69.6 = 198 50.0
L 355 |
21 1119 17.3 61.0 + 1.7 54.0
42.7
22 125.2 22.2 L0622 £ 1.7 64.4
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Solution of the problem of stationary diffusion of radon

in soil by means of an eleciric analogy

Two-dimensional distribution of radon within a soil of uniform thickness due
to a line source of radon such as a subsurface oulcrop of a fault in a bedrock
has been treated by J. Koenigsherger2®  With different geometrical conditions,
e. g. with a finite width of the source instead of a line or inequality in levels of
bedrock on both sides of a fault and so on, the mathematical treatment would
be difficult.  So the author has tried to get experimentally a general aspect of
distribution of radon in such cases.

By the analogy between diffusion and electirical conduction, 1. e.,

g=-DgradC.............. (1) where g is quantity of gas passing through

unit cross-sectional area per unit time, D
diffusion constant and C concentration,
i=-KgradV .............. (2) where ¢ is current demsity, K specific ele-
ctrical conductance and V' potential,
usually an electrical method is used in solving the problem of diffusion.

Buckingham’s elaborate experiments™ on diffusion proved that diffusion in
a porous medium in which movement of material occurs through pore space along
sinuous paths, may be treated in the same manner as in a free medium except
that the free pore space is taken into consideration (cf. the preceding paragraph
« Diffusion of gases in soil ”).  Garrels, R. M. et ¢l.*® also showed experimentally
that the rate of transport by diffusion along sinuous paths is independent of the
permeability but depends on what he calls the < effective directional porosity ”.
In rocks or soils composed of non-conductive minerals, diffusion and electrical
conduction will occur only in the pore space and along sinuous paths.  Hence,
in such a case, the effective diffusion constant D, and the electrical conductivity

K, will be given by

D
e 3
K, =21

where Dj and K are respectively the diffusion constant and electrical conductivity
in free medium,. f the porosity and L the lithologic factor depending upon sinuo-
sity of the paths.  The geometrical factor f/L is the effective directional porosity
and the same for both electrical conduction and diffusion.

In his recent paper, Klinkenberg®reported his experimental results confirm-
ing the above deduction.  Using a synthetically consolidated core sample, the
rate of diffusion of water vapour was measured.  This lithologic factor found in
this way was 1.9, while that found from the electrical conductivity determined
for the same sample saturated with a NaCl solation was 1.7, giving a slight
discrepancy which may be considered to be within the limits of experimental
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error.  Also he calculated the lithologic factor for various sands and clays of
which porosities and diffusion constants D, of CO, had formerly been determined
by Buckingham, using a value of 0.168 cm®/sec. for D; (the diffusion constant of
CO, in air at 27°C at which the experiments were carried out).  Then he found
that the thus obtained values for the lithologic factor are of the same order of
magnitude as those for unconsolidated materials obtained by measurements of the
diffusion of water vapour through sands made by F.Zunker.*»

In conclusion, we can safely utilize the analogy between diffusion and
electrical conduction in porous media and an elecirical treatment will be far
simpler than a diffusion experiment.

As given at the beginning, when a linear source of raden such as a sub-
surface outcrop of a fauli in bedrocks extends sufficiently long, the difiusion can
be treated as a two-dimensional problem in the plane perpendicular to it.  Such
conditions may be electrically made as follows:

As illustrated in Fig. 15, a curreni is sent from a point-elecirode A to a
bar-elecirode B through a moderately conductive medium and the electrical
potentials at points p/’s are measured with a potentiometer with respect to B.
The potential thus ohserved will correspond to a concentration of diffusing radon
in a stationary state, In practice, to avoid the probable polarization of the

S
L / (\4 B ( Bax-efecirode )
o e _— X@"——wﬁ fi—i
O e -.-.~...‘_HY—<--,..IT.,-I‘_-,. JUBRUE I JEPEURUIRUGD.  PRpUPIP ___-...___i\,...._
" L rnonon ogon n Ty &
R
{naleby conols Y rtedin 1

T a b

Cormmulalors % b
o sante shaft




258 Zin-itird Harupa

i ' : Ro
9
76 \
T 5 L L L 1 i . . L L 2 . L L
3
3 40 50 60 cu
40~ !
\
38 L I H L i L L L i H L i : 1 L It
) g
3 40 50 $0 oM
R.
09 —_—
o7 5 ! L n L L L It s 1 L " L L " s
3 40 50 60 .
04
.0z
'00‘,0 e 4}0 AU S Y VORI NN S SHUN N RO N S’
Q0
3 5 @ o

Fig. 16 Showing the end-effect experimentally obiained. The ordinate
represents the relative potential Ry with respect to the potential
al x=0, the abscissa a half length of the blotting paper.

medium due to direct current, Gish-Rooney’s apparatus designed for determination
of resistivity of the ground was used.  The arrangement was that the current
terminal €y was connected to the source electrode A, and the potential and current
terminals P, and C, to the bar-elecirods B, and the potential terminal P to the
potential electrode at ;s through a rotary switch 5.

In the present experiments, a shest of blotting paper moistened with tap
water containing 50-70 % of glycerine by volume and spread over an ehonite
plate was used as the medium. It was 10 om wide and 90 cm long.  With this
size the end-effect is negligible because of the fact that, as seen in Fig. 16, it
appears only when the blotting paper is cut with a half length of less than 40 cm:
With that of 30.5 cm when the potential elecirode 1 Is situated so near the end
edge that the end-effect is most remarkable for this clectrode as shown. A brass
bar-clectrode was pressed against the blotting paper along one of its longer edge
and a point electrode at the center of the opposite edge.  Evaporation of water
during experiment was prevented by the presence of glycerine and further by a
cover of a nylon cloth which was provided with small openings at the points
Tor Troreeeree for the setting of the potential electrodes.

In the experiment there arvise some difficulties which are of the same nature
as those met with in electrical prospecting in the field, i. e., contact potential and
the so-called contact resistance of the electrode and polarization of the medium,
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To overcome thsse difficulties is requisite for making use of the electric analogy
and this was done as described in the following.

Let ¢; be the potentials actually measured at points p; which are at the
depth of one-tenth of the width & from the bar-electrode and at lateral distances
x = fh (f being 0,0.5,1, 2, 3 etc.) from the point ¢, above the source, then the
theoretically expected potential, i. e. the potential frez from the aforesaid difficulties,
E; will be written as

Ef = e'f - (Cf + (Zf) ................ (4.)
where ¢, is a disturbing potential depending upon current density and dy another
disturbing potential independent of current density.  Disturhing potentials other
than thess two can hardly be conceivable.  Now then, as a first approximation,
¢, may be expressed as ¢/ K (K:a constant if resistance of the medium remains
unchanged).

Then, the relative pofenuﬂ Rf wuh respect to the potential at g is

Er ey (I-K)-dys o=ds/eo (I-K)  R'p-Ay

5,

Re= g, = Co (I-K)-dy — I-dg/co U-K]  I-df 7 (5)
where
f“*‘“(] X) and R’; = ¢'/le’o, and hence
o Rr- Re
Ap = TRy e (6)

The values of R, have already been calculated as Rps = 0.753, Rj = 0.396,
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Fig, 17 Changes of Ry with increasing width of the source clectvode.
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R,=0.085 and R, = 0.018 (cf. Table 2. p.238).  Hence, by measuring ¢/, and
¢'s, the value of A, will be found by the equation (6). If a current is so ad.
justed that ¢/, is kept always constant, Af will be constant for the same medium
and independent of the shape of the source electrode or the path of the current
within the assumption employed.

Following the above-mentioned reasoning, the author has tried to find the
values of R, by experiments in the cases where the widths of the source elect-
rode are 1,2,3, ... ... , 10cm against h = 10 e¢m instead of a point.  In nature
this case corresponds to the case where a fault is assumed to be broad, forming
the so-called “fault zone”.  The result is shown in Fig. 17, from which it can
be seen that the effect of the width of the source electrode is appreciable only
in the vicinity of the center station p, and at the station v, ; nearest to g3 the
effect of the width of a value 0.5h is to increase R, from 0.752 to 0.772 or
only by 2.7 %, an unexpectedly small effect.

The second experiment corresponds to the case in which one side of a vertical

Table 8

\\\\\\\\\\ Distanee Left side Right side
- \\' 05h | 1h  2h 3h | 05h | 1h | 2n 3h
Ry 07 | 430 | a5 | 0st || 77 | a8 | 40 | 088
¢ | Ry | 53 | 396 085 | 018 | 753 | 396 | 035 | .018
a=Ryf- Ry ~047 | 4034 |4+.040 | +.033 | —.036 | +.032 |+.055 |+.040
b=1-Rf 247 | 604 | 915 | 982 | 247 | 604 | 015 | 982
Af = a/b ~190 | +.056 | +.044 |+.034 | —.146 | +.053 | +.060 | +.041
1— Af 1190 | 944 | 956 | 966 | 1146 | 047 | 940 | 959
v | ass | oam 0 a37 | o0so | o675 | o380 | 127 .02
! Ry 794 440 097 026 716 345 071 .01
Ry | 821 | 507 | 144 | 065 | 626 | 330 | 120 | 083
? | Ry 850 | am | 105 | 032 674 | 203 064|013
‘ Ry | 901 | 552 | as0 | o7a | 573 | 290 | m2 | 086
’ Rf | o017 | 525 | 120 | 041 | 627 | 250 | 055 | .016
) Ry | 995 | 503 | 68 | 083 | 510 | 240 | 207 | 087
' Ry | 996 | 560 | 130 | 051 | S72 | 197 | 050 | .017
) Ry | 1022 | 505 | 270 | 084 | 458 | 202 | 100 | .05
¥ Fyo|n018 | ST a3 | 052 | se7 | 57 | 043 | 015
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fault in bedrock is higher than the other.  In this experiment, the blotting paper
was cut off in the form ABFEDC as shown in Fig. 18, in which t denotes the
throw of the fault.  The measurement of poteutials at ¢, is the same as before.
In Fig. 18 (a) were plotted the observed values, while in Fig. 18(b) the values
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corrected by following the aforesaid reasoning.  In Table 8 are shown the ob-
served values (R’), the values of 4, and the corrected values (R).

It is worth noticing that as the throw of the fault increases, the maximum
of the curve shifis towards the thrown side of the fault and the forms of the
curves deviate from being symmetrical on both sides of the maximum, the slops
of the curve on the thrown side being less stesp than that on the opposite, but
by no means so pronounced.  This result gives a warning to the customary way
of assuming a fault as just below the peak in radicactive profile. ’

Practical applications

(1) Research in Narzhashi Oil-field, Yamagata Prefecture.

During the period of the research (10-30th August, 1947) there were three
wells in this region and there now are five ones.  The position and number of
these wells are shown in the map in Fig. 19. A fault was assumed geologically
between wells No. 1 (R)) and No. 2 (R,) on the ground surface.  The former
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cut an oil-containing layer at a depth
166.6 m below sea level, while the
latter revealed no sign of oil.  Well
No. 3 (R,) situated 160m north of
No. 1 also produced oil at a depth of
148.4m helow sea level.  These data
and the others showed that the north
part of the regicn was promissing for
oil. On the other hand, the oil
reservoir here was of the type *sealed
up by fault”, so that the exact know-
ledges about the position and trend
of the fault were very important for
the future development. By surfzee
survey as well as pit survey it was
Lopeless to trace this fault in the
Shibikawa formation, hecause the
latter was covered with thick Jayers
of agglomerate and volcanic dstritus.
Accordingly much was expected of
success in location of the fault by
the radicactive method.

The method adopted was radon-
in-soil-air method.  The soil air to
be tested for its radon conlent was
drawn from a mean depth of 90 em.
With such a depth, radon content
would not avoid the influences of
rainfall and atmospheric pressure.
So a standard station was set where
the measurement was repeated every
day and the observed values at all
the stations were corrected with these
data.  The position of stations and
lines of survey are shown in ¥ig. 19.
Owing to dampness and clayoyncss
encountered at places, which made
it impossible to draw up soil air, the
distribution of staticns was not fully
satisfactory.  In Tig. 20 and Table 7
are shown the results.  Along line

I there appear two peaks in radio-
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active profile, one at station No. 6 and the other at No.1l’.  Between stations
No. 9 and No. 10, a spring is found and hetween No. 11 and No. 11’ the ground
is damp.  As to the latter, if it were not so, a higher peak of radioactivity would
be expected between No.11 and No.11’.  In line I a hump with considerable
width of which the center is station No.7 and a conspicuous peak at No.9 are
found.  These two maxima presumably correspond to those appearing at a shorter
interval in line IIl, and also to those in lines IV and V.  Joining these corre-
sponding maximum points respectively, we get two lines running nearly parallel
in the direction of north by west in the northern part, and diverging southward in
the southern part of the area surveyed.  These lines may be supposed to be the
projections on the surface of the earth of sub-surface outcrops of two buried faults.

The irregularities appearing in the vicinities of stations No. 2 on line III, B
on linc IV and No. 2 on line V are also remarkable and presumably would be

TaBLe 9
Line I | Line II 1 Line III ! Tine IV | Line V
Nowof | vy | Nowof | Gl | Nooof | 0, Noof | IR | Novor | TR,
div./min. div./min. idiv./min. \ SHHOn 1div./min. div./min.
1 0.56 3 0.84 1 0.6 Aq 0.37 0 0.51
2 0.02 4 0.57 2 142 Ay 0.63 1 0.76
3 0.53 4 082 3 0.82 A | 062 1 0.41
4 0.79 5 0.69 4 097 B 111 2 1.84
5 0.74 5 | 070 5 0.99 B 0.97 27 | 124
5 0.98 6a | 111 6 1.21 c 0.50 2 | 142
6 1.25 7 1.03 6 | 128 c 0.42 3 1.04
6 080 | 7 | 120 7 117 D 109 4 0.93
7 0.48 8 0.55 77 | 086 E | 091 5 0.85
8 0.60 8 | 054 7 1.30 F 1.71 6 0.95
9 0.22 g | o088 8 162 G 1.61 6 | 140
10 0.53 81 | 167 g | 146 | H 1.72 7 1.23
no 078 9 2.46 9 048 B 173 8 1.17
n 096 Y 1.21 10 037 | ] 1.03 9 1.40
13 07 T 112 10 121
4 066 1 1.16 |
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due to a certain underground structure.  Investigation of these irregularities,

however, are omitted here.

Of the two faults presumed here radioactively, the west one (Fig. 19) would
in all probability be the projection on the surface of the earth of the subter-
ranean outcrop of the fault geologically assumed hetween the wells No. 1 (R)) and
No.2 (R,) as already mentioned, and the east one is the fault newly inferred by
the present radioactive prospecting.  The trend of the west fault having been
thus confirmed radioactively, the two new wells No. 4 (R,) and No.5 (R;) were
drilled in 1948 and found to be oil-productive.

(2) Research at Amaze Oil-field in Niigata Prefecture. (10-17th, Sept., 1947 and
16-21th, April, 1948).

Along the coast of Amaze (The Sea of Japan) and its neibourhood there
have been found a number of reefs lying more or less in order at the sea bottom.
Judging from discontinuity in their arrangement, several faults have been assumed.
The aim of this research was to check the supposed faults with the radiocactivity
determinations of their extensions on the land.

In the Amaze area the measurement was fivst made along threc lines, A, B
and C, which were transversal to the prolongation on the land area of the
supposed fault line I (Fig. 21). A hump was observed in the middle of line A
and on line C (Fig. 22), a conspicuous peak was found at station C-1, but in
the corresponding place on line B appeared an M-shaped variation of which the
minimum occurred at station No.2.  Near this station the ground was swampy,
but after several trials we were barely able to find out the points (stations No. 2
and No. 7) where the collection of underground air was possible.  Considering
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the position of the peak on line €, we

betwesn stations No. 2 and No. 7 on line B.

had to expect a similar pu.Jc in the site

The depression in the M-shaped

variation could be explained by the dampness of the soil there which suppressed
the rising of radon from beneath.

lines G and F would support this view.

through station C-1,

above.

hamlet.
E-line a definite

to avoid damp ground.

at station No
the boring stick, the repair of which was impossible for lack

.3

The results of auxiliary measurements along

In consequence,

a fault (1) pass

ing

and the midst of B-2 and B-7 (situated near the ‘middle
point of M-shaped variation) and of A-2 and A-3 may be inferred.
Similar conditions were met at Katsumi about 1 km southwest of the field
mentioned
Katsumi

At first we prepared three lines of survey.
sak of radioactivity was observed near station No. 2, but along
D-line was also found a peak which was not so conspicuous.
7 of D-line considerably deviated from the main trend as they were chosen so as
As for H-line, we expested a maximum value near station
No. 3, and indesd radon content increased from No. 1l to No. 2,

The supposed fault II was ranning east by north through

Along

Stations No. 6 and

but observation
could not carried out owing, regretably, to the break down of

of time.

Duri

mg

the observation there, a typhoon passed the Kwanid district and it might have
somewhat disturbed the results with low pressure and copious rain.
Near Ishiji Town a similar investigation was made next spring.
logical conditions were the same as in the former cases.
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mostly on the hillsides of a Tertiary formation behind the town and line D on
the sandy shore along a main street of the town.  The radioactive profiles
obtained along these lines are shown in the right hand side of Fig.22.  The
interpretation of the results, as shown in Fig. 21, was also possible by the landward
prolongations of faults III and IV supposed on the sea bottom.

A presumed fault III running through a gap of rows of rock reefs on the
sea bottom was found landing in the south-east direction near station D-0, then
passing through station A-0, and reaching staion B-1.  Being cut by another
fault IV running east and west, this fault started from station A-2 and found its
extension through stations B-3 and C-6.

In all, it may be said that not only the existence of the assumed faulis
conjectured from the arrangement of submarine rock reefs was verified but also
the existence of their extensions on the land area were confirmed by the radio-
active method.

(3) Research in Shimizu Gas-field (May 3- June 6, 1948).

Natural gas occurrs in the shearing zone of the Tertiary sediments in Shizuoka
district. ~ Near Shimizu City, gas reservoir beds are found by well data at three
depths 35m, 55 m and 70 ~ 160 m, with thicknesses of 10m, 2m and 14~ 17Tm

respectively. Of these, the shallower two beds are in the allavium, while the
last is located in the breaking zone of Tashiro-t6ge Thrust, which is the most
important gas-producing layer.  Radioactively this thrust was traced for its

southwestern extension near Nagasaki in Udo Village for the purpese of finding
the proper positon of a gas well to be newly bored.

The arca surveyed was, for the most part, rice fields of which some were
then already irrigated and the rest left unwatered, o stations were mostly chosen
on the dry vegetable field.  As it had been found by the preliminary test that
the soil about 40 ~ 50cm from the ground surface was blue clay and dampy in
general, the ground-hole-lonization-chamber method was used instead of the radon-
in-soil-air method in which extraction of soil air was supposed to be very difficult
in these circumstances.

Moasurements were made in the usual way except for adoption of a 60 cm
depth for the ground hole instead of the usual 1m, owing to the shallowness of
the underground water level.  The electroscope used, a top of IM fontactoscope,
was damaged after the observation of the first and fifth lines of stations, and the
remaining lines were surveyved with an electroscope of Ambronn-type fontactoscope
which was lent to us by courtesy of the then Underground Resources Surveys
of the Department of Commerce and Industry.  Using this electroscope the
observations along the first line were repeated, and by the repetition the ratic
of constants of the two eclectroscopes was determined.  This ratio was employed
to express the values obtained by the IM electroscope in terms of those by
the Ambronn-type electroscope.
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Observations were carried out along ten traverse lines with station intervals
usually of about 40 m; sometimes the distance was reduced to 10 m according
to circumstances.  Along some traverses observations were repeated on different
days. The results showed a fair accord in the general trend, with slight
differences in values of radioactivity at individual stations. As the change in
harometric pressure, wind and rainfall should have effects upon the radioactivity
in the ground hole, observations along one traverse were usually accomplished
in a single day.

The observed radicactive profiles along all the traverse are shown in Fig.
23.  In Fig. 24 are also shown the traverses of stations and the position of the
subsurface outcrop of the fault (thick broken line of wavy form) which can be
presumed from the positions of the peaks of the radioactive profiles.  In the
area surveyed, the dissected Tertiary formation is overlain by alluvial deposits.
Hence it is very likely that here the topography of the surface of the bedrock
underlying the area is a continuation of that of the hill (Tertiary formation)
slightly northwest of the surveyed area.  As stated above, if a thrust, presumably
the extension of Tashiro-tége Thrust, passes under this area with a northwest
inclination of a relatively low angle, ¢.g. 20°~ 30" as may be assumed from the
well data of Oshikiri producing field situated near this area, the projection of
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intersection of the thrust plane with the undulatory surface of the bedrock upon
the surface of the ground will be a wavy curve. Comparing the form of the
subsurface outerop of the thrust (Fig. 24) with the contours of the near-by hill,
we could come to a conclusion that the former is the projection of intersection
of the two surfaces just mentioned. From the peaks at stations 1-3, VI-6 and
VIII-7, we can infer the existence of a branch of the main fault situated on
its south side.  Such a branch is often observed in the surface geological survey
along Tashiro-tdge Thrust in the northern part of this area.
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