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ABSTRACT 

Since the F i r s t In ternat ional Symposium on the Natural Radiation 

Environment our understanding of radon migration In the ground has been 

aided by research in so l id - s t a t e physics. In occupational health, in 

uranium exploration, in lunar radioact iv i ty , and in the use of radon-222 

for predicting earthquakes. Water is the most inportant agent in enabling 

radon isotopes to escape from solid mater ial : water absorbs kinetic 

energy of the recoi l atom of radon; i t is an active agent in a l ter ing 

and hydrating mineral surfaces and thus enhancing their emanating power; 

and i t decreases the adsorption of radon on mineral surfaces. Once in 

rock and so i l pores, radon atoms migrate by diffusion and by transport 

in varying proportions. In diffusion and transport calculat ions, i t is 

desirable to- use the radon concentration in the i n t e r s t i t i a l fluid as the 

concentration parameter and to include porosity exp l ic i t ly . Most values of 

diffusion coefficient in the l i t e r a t u r e are for an effective diffusion 

coeff ic ient , equal to the true diffusion coefficient divided by porosity, 

and should be corrected before applying boundary conditions. The transport 

component i s Important in dry, permeable so i l s in the upper layers but 

i s much reduced below depths of several tens of meters. Research in 

d isequi l ibr ia in the uraniiom-series and thorium-series radionuclides suggests 

that much assumed migration of radon-222 is in fact a more general migration 

of uranium and radiian isotopes. 



INTRODUCTION 

In t h e proceedings of the F i r s t Symposium on the Natura l Radia t ion 

Environment, I p resented a review (Tanner, 1964b) of the processes by 

which the atoms of the s e v e r a l n a t u r a l i so topes of radon escape from 

s o l i d m a t e r i a l and m i g r a t e in the ground. The p resen t review is intended 

not to be a r ev i s ed e d i t i o n of the e a r l i e r review, but to supplement i t 

wi th information t h a t has r e s u l t e d from more r ecen t work, t h a t was 

overlooked, pr t h a t appears to need a d d i t i o n a l t rea tment or enphas i s . 

This review should s e rve a l s o as a guide to the l i t e r a t u r e of r ecen t 

a p p l i c a t i o n s of radon mig ra t ion to va r ious problems in r a d i a t i o n measure­

ment, lunar s t u d i e s , ' uranium p rospec t i ng , earthquake p r e d i c t i o n , and 

d e t e c t i o n of n e a r - s u r f a c e geologic f e a t u r e s . The review fol lows t o p i c s 

in t h e same order as i t s p redecessor ; those unfami l i a r wi th the e a r l i e r 

revriew should f ind i t advantageous to read the two papers s e q u e n t i a l l y 

by t o p i c . 
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MIGRATION OF RADON ISOTOPES 

Emanation in to Rock Pores 

Emanating Power.• Before an atom of a radon i so tope can mig ra t e , i t must 

escape from the s i t e of i t s pa ren t radium i s o t o p e . Under s t e a d y - s t a t e 

c o n d i t i o n s , the f r a c t i o n of the radon atoms formed in a so l id t h a t 

escape from the s o l i d i s defined as the emanating power of the so l id for 

the radon i so tope in q u e s t i o n . In the Soviet l i t e r a t u r e , the prefer red 

term i s c o e f f i c i e n t of emanation. "Escape r a t i o " , "Escape- to-produc­

t i o n r a t i o " , and "percen t emanation" a r e other equ iva len t terms used in 

r e c e n t l i t e r a t u r e . The v a r i a b i l i t y of ananating power among d i f f e r e n t 

subs tances and t h e e f f e c t s of heat ing have been noted s ince the very ea r ly 

days of r a d i o a c t i v i t y s t u d i e s (Rutherford, 1901, and many o t h e r s ) . In the 

1920 ' s . Otto Hahn and h i s a s s o c i a t e s o r ig ina t ed the "emanation method" of 

s tudying the i n t e r n a l su r face and g ra in s i ze of a r t i f i c i a l powders. 

FlQgge and Zimens developed the theory of emanating power in the l a t e r 

1930 ' s and ea r l y 1940 ' s , Wahl (Wahl and Bonner, 1951, Chaps. 9 and 10) 

comprehensively reviewed emanating-power theory and r e s u l t s to 1950. More 

r e c e n t l y , Quet e t a l . (1972, 197 5) t r e a t e d the theory for i s o l a t e d 

p a r t i c l e s , Andrews and Wood (1972) t r e a t e d the emanation process wi th 

r e s p e c t to en t ry in to ground wate r , and Kapustin and Zaborenko (1974a, 1974b) 

developed the theory fo r both s t e a d y - s t a t e a n d , t r a n s i e n t cond i t ions and for 

a non-zero c o n c e n t r a t i o n a t the' pore boundary. 

D i r ec t-Rec o i l F r a c t i o n . Upon the decay of an atom of one of the n a t u r a l 

i so topes of radium, most of the excess energy i s c a r r i e d off by an alpha 
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p a r t i c l e , and the remainder , 10 -10 times g r e a t e r than t y p i c a l chemical 

bond e n e r g i e s , i s c a r r i e d by the r e s u l t i n g radon atom. Figure 1 I l l u s t r a t e s 

t h e r e c o i l p r o c e s s . Within the minera l g r a in where the decay takes p l a c e s , 

the r e c o i l i n g radon atom has a range of 20-70 nm (Quet ^ a l . , 1975). 

for mine ra l s of common d e n s i t y . A radon atom tha t i s d i r e c t e d toward 

the boundary has a chance to escape in to the po re . Those radon atoms 

t h a t t e rmina te t h e i r r e c o i l pa ths in a pore compose the d i r e c t - r e c o i l 

f r a c t i o n of emanating power. If the pore i s f i l l e d wi th gas , the range 

of the r e c o i l i n g atom i s equal to the f r a c t i o n of i t s remaining k i n e t i c 

energy m u l t i p l i e d by i t s r e c o i l range in a i r , which i s about 63 um for 

Rn-222, 83 um for Rn-220, or 92 um for Rn-219 (FlUgge and Zimens, 1939) . 



Figure 1. Schematic diagram of enanation processes. Two very fine 

spherical grains of 2-um diameter are in contact near B. Water is 

present in the stippled zone of the pore; the open zone is a i r f i l l e d . 

Ra-226 atoms (closed c i rc les ) decay in the upper grain, each yielding 

an a p a r t i c l e (as shown a t A), and a Rn-222 atom (open c i r c l e s ) . Atom 

A l i e s at greater depth within the grain than the recoi l range, R; 

r eco i l Rn-222 atom A' i s contained within the grain. Atom B' escapes 

from the upper grain but buries i t se l f in the lower grain. After 

escape from the upper grain, atom C loses the remainder of i t s 

r eco i l energy in the water and is free to diffuse through the pores. 

Atom D ' loses l i t t l e of i t s reco i l energy in the air and buries i t se l f 

in the lower grain. Atoms B' and D' may escape from thei r recoi l 

pockets by diffusion before condensation of the excited atoms of the 

grain ( ind i rec t - reco i l e f fec t ) . Within a mean l i f e of Rn-222 (5.5 days) 

i t s diffusion distance in the solid grain is less than the width of any 

l ine in the f igure . The c i rc les greatly exaggerate the atomic dimensions. 



In compacted natural mater ials ei ther (1) the grain sizes are much 

larger than the reco i l range in the grains , so that few recoi l atoms 

escape from the grains in which they or ig inate ; or (2) the pores are 

much smaller than the reco i l range in a i r , so that the recoi l paths do 

not terminate in the pores if the pores are gas f i l l e d . The d i r ec t - r eco i l 

fraction of emanating power is consequently less than 1% in dry compacted 

granular mater ia l s . If the pores contain ixater or another l iquid , however, 

the range of the reco i l atom i s only about 0.1 \im. and the probabil i ty 

that i t wi l l stop in the pore is great ly increased. The presence of a 

l iquid in the pores thus increases the d i r ec t - r eco i l fraction of emanating 

power. 

Indirect-Recoil Fraction. If a recoil ing atom has enough energy to 

traverse the pore, i t penetrates the adjacent solid surface and forms a 

pocket of depth comparable with the recoi l range in the solid mater ia l , 

reduced by the fraction of energy already expended. Fltigge and Zimens (1939) 

estimated the pocket to be about 10 nm in both depth and diameter; Zimen 

and Martens (1971) estimated i t to be about 10 nm deep and 1 nm in 

diameter. Recognizing that the energy absorbed along the recoi l path 

was suff icient to melt the solid material in the pocket, Fliigge and 

Zimens considered the poss ib i l i ty of an ind i rec t - reco i l fraction of 

emanating power due to diffusion of the recoi l atom out of the pocket 

while the material was s t i l l molten. However, they reasoned that 

because the thermal conductivity (10 cm^/s) was several orders of 

magnitude greater than the diffusion coefficient (10 cm^/s) in the 

molten mater ia l , the r eco i l atom would be trapped in the pocket. Since 

my ear l ie r review, Zimen and Mertens (1971) have reconciled many 

troublesome experimental observations with the theory by a "knock-out 

effect": the material of the- recoi l pocket i s br ief ly transformed to 

vapor, in which the diffusion coefficient is of the same order of 

magnitude as the thermal conductivity; the radon-isotope atom then has 

a s ignif icant probabi l i ty of escaping back into the pore. Carbonates 

and metal hydroxides may also be explosively dissociated by the knock-out 

effect, augmenting the ind i ree t - reco i l fraction of emanating power. 

Diffusion Fraction. Because the d i r ec t - r eco i l fraction of emanating 

power is very low for sand-sized grains in which the radium-isotope 

precursor i s homogeneously d is t r ibu ted , the much greater emanating power 



of many natural materials i s often assumed to be due to diffusion of the 

radon-isotope atom through solid mater ia l . My ear l ier review cited 

experimentally determined diffusion coeff icients for helium, argon, and 

lead in ionic c rys t a l s ; i t i s reasonable to infer diffusion coefficients 
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of 10 cm^/s or l e s s for the radon isotopes in ionic crys ta ls at room 

tenperature. Such small diffusion coefficients limit movement to only a 

few l a t t i c e constants during the mean l i f e of Rn-222 and indicate l i t t l e 

chance of any movement of Rn-220 and Rn-219 in ionic c ry s t a l s . 

The poss ib i l i ty of diffusion of radon-222 through zones of radia­

t ion damage has been proposed repeatedly as an explanation of radon loss 

from radioact ive minerals . Recent ingenious experiments by Lambert et_ a l . 

(1972) and by Lambert and Bristeau (1973) indicate that radiat ion damage 

alone does not s igni f icant ly increase radon escape by diffusion. They 

exposed a dressed face of a rock or mineral sample to a film of Ra-226 

for a period of 1 to 5 weeks, thereby implanting Rn-222 atoms in the sample 

surface. Each radon atom implanted was then at the end of a disordered 

recoi l pocket leading d i r ec t ly to the surface bf the sample. After 

i r rad ia t ion , the exposed surface was observed by an a spectrometer for a 

period of 4 to 5 half l ives of Rn-222. The measurement chamber was 

pumped constantly to remove any radon escaping from the surface; such 

radon loss would be manifested by a departure in the a counting ra te 

from the decay r a t e of Rn-222. The samples, experimental temperatures, 

and apparent radon losses were as follows: (1) NaCJl monocrystal, lab­

oratory temperature, 1.7% ± 0,7%; (2) cleaved mica c rys t a l , laboratory 

temperature, undetectable; (3) hard fine-grained limestone, 573 K, 3.1% 

± 2.7%; and (4) basa l t , 573 K, 0 - 2%. In contrast with these small 

losses , even where optimum conditions prevailed for diffusion through 

radiation-damaged zones, emanating powers of a-radioact ive zircons have 

been reported to be as great as 12.1% for Rn-222 (Barret to, 1973, Table 6) 

and as great as 23% for the much shorter lived isotope, Rn-220 (Starik 

and Melikova, 1957, Table 6 ) . Zircons, in general, have much lower 

enanating powers (see, for example, Barret to, 1973, Tables 4 and 5 ) . 

Most zircons contain water, although i t i s not an essent ia l consti tuent 

(David Gottfried, oral communication, 1978). I t is consistent with the 

above evidence to speculate that the effect of radiat ion damage is to 

form a mosaic of channels in which water may be introduced to increase 
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the d i r ec t - r eco i l fract ion of emanating power, or along which the mineral 

may be al tered to increase the ind i rec t - reco i l and diffusion f ract ions . 

The experiments by Lambert and his colleagues did not t es t the 

poss ib i l i ty of radon losses by indirect recoi l during the implantation 

procedure. 

Effect o_f Moisture and Adsorption on Emanating Power. Water that is 

present in pores, c a p i l l a r i e s , and s t ructura l gaps in mineral c rys ta ls 

increases the probabil i ty that radon-isotope atoms wil l terminate their 

r eco i l paths in those spaces, thus augmenting the d i r ec t - r eco i l f ract ion. 

Hydrated surfaces tend to have greater emanating power than 

unhydrated surfaces. Wahl ( in Wahl and Bonner, 1951, pp. 289-290) cited 

a re la t ion found by H. MUller to exist between emanating power and radon 

adsorption on chabazite, a natural zeol i te whose degree of hydration can 

be a l tered without changing i t s crystal s t ructure . In experiments at 

293 K on chabazite samples whose degree of hydration ranged from about 

7.3 to 0 moles of water per formula weight, the ananating power for Rn-222 

ranged from about 63% to about 1%, and the adsorbing power ranged in a 

nearly complonentary manner from 1 to about 73 in r e l a t ive un i t s . In 

addition to i t s tendency to diminish adsorption of radon isotopes, hydration 

may cause enhanced emanating power through both d i r e c t - and indi rec t - recoi l 

e f fec ts . 

Adsorption effects on the release of radon isotopes from geologic 

materials have not been studied suff icient ly to determine unambiguously 

whether they are an important fac tor . Barrer and Grove (1951) inferred 

that inert gases were not adsorbed appreciably on beds of small sjmthetic 

c rys ta ls of ana lc i te , a zeo l i t e . Shashkin and Prutkina (1970) found that 

5 to 10 times as much a i r must be blown through radioact ive coal to 

de-emanate i t than through s i l i c a t e rocks in 5- to 10-g samples. Kelly 

(1961a, Figure 3) found that Xe-135 frozen on glass at 77 K was 95% desorbed 

5 to 6 times fas ter than if frozen on charcoal; release from both surfaces 

was nearly complete upon warming up to laboratory tenperature. Wertenstein 

(1935) inferred that the mean residence time of Rn-222 on clean glass 

surfaces at 90 K was only 4.3 ms. In some unpublished experiments in 1959, 

I observed that Rn-222 carried in a i r bubbled through a 1.9-uCi Ra-226 

solution would pass through a brass cylinder containing copper wool un t i l 

the temperature in the cylinder was low enough to condense oxygen (90 K), at 



which point the Rn-222 was removed from the air stream. If adsorption 

of radon isotopes i s not strong on glass at 90 K, i t should be 

negl igible at normal temperatures at the Ear th ' s surface; however, 

^Siller 's data on chabazite suggest that adsorption is important to 

emanating power for some minerals. Adsorption is greater at reduced 

pressure; the experimental evidence is presented below in connection 

with enanation from lunar mater ia ls . 

Effect of Grain Size on Emanating Power. FlQgge and Zimens (1939), 

Quet et_al.. (1972, 1975) and Kapustin and Zaborenko (1974a) calculated 

emanating power as a function of grain s ize . Mercer (1976) calculated 

the probabil i ty of escape of Pb-214 atoms by recoi l following decay of . 

Po-218 atoms attached to the surfaces of isolated pa r t i c l e s ; for 

spherical , isotropic grains of SiO- (and typical common minerals) , 

the probabil i ty of escape ranges from about 1.0 for grains of less 

than 0.1-um diameter to about 0.54 for grains of 0.9-um diameter. 

Andrews and Wood (1972) studied the emanation of Rn-222 into 

water from various s ize fractions of crushed and sieved samples of 

three sedimentary rocks. From assumptions of homogeneous radium 

d is t r ibu t ion , isotropic crys ta l s t ructure , and grain dimensions much 

larger than recoi l range, they calculated that emanating power result ing 

from either d i rec t reco i l or l a t t i c e diffusion would be proportional 

to (grain diameter) . The emanating poxrars measured for one limestone 

and one sandstone were, instead, approximately proportional to (grain 
-1/2 diameter) , which was consistent with an isotropic system of internal 

pathways permitting easy diffusion. Extrapolation of the re la t ion 

between enanating power and pa r t i c l e diameter gave 100% emanating power 

for pa r t i c l e s less than about 1 um in diameter. For another sandstone, 

the emanating power was nearly independent of size of the sand grains or 

of aggregates of grains, because the uranium was contained in a cement 

composed of oxide, carbonate, and s i l i c a t e . Emanating power could be 

correlated with iron content. 

Megumi and Mamuro (1974) studied the emanation and related character­

i s t i c s of two so i l s derived from grani te . The concentrations of the 

precursors of Rn-222 and Rn-220 were progressively greater with decreasing 

grain size in the range of mean diameter from >2800 to 20 um. For one 

of the so i l s the ananating power, as measured on the fraction containing 

the f inest grains, xras about 25% for Rn-222 and about 10% for Rn-220. 
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For the other so i l , the emanating power for Rn-220 only was measured; i t 

averaged about 13%. The Rn-220 emanating power was nearly independent 

of grain s ize with both s o i l s , but most of the Rn-220 vas emanating 

from the finer s ize fractions because of the greater concentration 

of the precursors in them. Starik (1959, Table 53) reported that 

emanating power was s imilar ly not sens i t ive to grain s ize , in the range 

of 50-5000 um, for a l l three radon Isotopes from radium isotopes 

adsorbed on bariim n i t r a t e c rys t a l s . 

Emanating Power of Minerals, Rocks, and So i l s . Emanating power should 

be conceived as a property of the material in samples suff ic ient ly small 

that negl igible decay of the radon isotope takes place between the time 

i t becomes available for rapid movement through pores and the time i t is 

collected for measurement. My ear l ie r review cited six publications 

containing re su l t s of determinations of ananating power of mineral and 

rock samples. Wahl (in Wahl and Bonner, 1951, Table 9A) compiled a 

table of about 300 determinations of ananating power and of heating 

experiments with elements and compounds. lokhel 'son (1958) and Shashkin 

and Prutkina (1970) have described heating experiments with rocks. 

Barretto (1973, 1975; see also Barretto et a l . , 197 5) determined Rn-222 

ananating power of 125 diverse mineral, rock, and soi l samples. Austin 

(1975) reported Rn-222 emanating-power measurements of 760 samples of 

uranium ores , Shashkin and Prutkina (1970) reported determinations of 

Rn-222 emanating power of 25 samples of uranium minerals; the Rn-219 

ananating power exceeded 10% in three and exceeded 1% in 16 of the 21 

samples for which i t also was determined. 

The recent measurements of ananating power of t e r r e s t r i a l minerals, 

rocks, and so i l s agree with measurements reported in my ear l ie r review. 

Most minerals and nearly a l l rocks and so i l s ananate radon isotopes 

to a.far greater degree than can be accounted for by recoi l or by 

diffusion from major-mineral c rys ta l s that are s t ruc tura l ly intact 

and in which the radiimi-isotope precursor is uniformly d i s t r ibu ted . 

Uniform d is t r ibu t ion of the precursor is valid for the radiochemical 

techniques for which ananating-power theories have been derived, but 

is not usually valid for rocks and s o i l s . Not compatible with the 

c rys ta l s t ruc ture of the major rock-forming minerals, uranium and 

thorium normally reside in smaller "accessory" minerals, are adsorbed 



on clay minerals, or are occluded in fine-grained or amorphous cements 

and other coatings. The succession of radioactive recoi l s from uranium 

and thorium and leaching make the radium isotopes even more available 

to networks of cap i l l a r i e s and intergranular boundaries (Starik, 1959, 

pp. 194-196). 

Fewer ananating-power measurements of geologic materials have been 

reported for Rn-219 and Rn-220 than for Rn-222. The published measure­

ments for more than one isotope from a given sample usually do not 

differ by as much as an order of magnitude. By l inear diffusion theory, 

one expects the differences to be in proportion to the square roots of 

the half l i ves ; that i s , the emanating powers for Rn-219, Rn-220, and 

Rn-222 should be in the rough proportions, 1.0:3.7:290, if the radium-

isotope precursors are dis t r ibuted s imilar ly . The different geochemical 

behavior of uranium and of thoriiim may inval idate conclusions based on 

comparison of the ananating powers for Rn-222 and Rn-220. However, U-238 

and U-235 occur in a nearly constant r a t i o , and their decay patterns do 

not differ suff ic ient ly to account for the contrast between the 290^fold 

difference in emanating power for Rn-222 and Rn-219 acpected to 

resu l t from a diffusion mechanism and the less-than-10-fold dif­

ferences observed in rea l samples. The increase of Rn-222 emanating 

power when samples are immersed in xeter (Shashkin and Prutkina, 1970) 

i s also inconsistent with a mechanism in which diffusion is the 

ra te- l imi t ing s tep . 

Although the ind i rec t - reco i l effect (including the knock-out effect) 

and adsorption may play a greater ro le than previously supposed, the 

conclusions about the emanation process given in my ear l ie r review 

(Tanner, 1964b, pp. 164-165) may be repeated: " . . . any appreciable 

emanations of radon-222, radon-220, or radon-219 atoms come from radium 

isotopes dis t r ibuted in secondary crusts or films or in the shallow 

surface layers (approximately as deep as the recoi l range) of intact 

c rys ta l s of the host minerals. Radon isotopes in the deeper regions of 

the c rys ta l s are unavailable without the development of large internal 

surface, such as may re su l t from chemical corrosion, weathering, or 

intensive fracturing on a microscopic s c a l e . . . . The principal mechanism 

by which the radon isotopes enter the pores, c ap i l l a r i e s , or microfractures 

is radioactive reco i l into l iquid-containing spaces or diffusion from solid 

material appreciably smaller than the diffusion length of the most 

short-l ived isotope observed." 
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Migration in a Porous Medium 

Variables that are s ignif icant in the migration of radon isotopes 

in the ground are the decay ra te of the isotope, the diffusion constant 

for the isotope in the pore- f i l l ing f luid, the. composition of the f lu id , 

the motion of the f lu id , and, if the fluid has more than one phase, the 

d i s t r ibu t ion of the isotope among the phases. 

A liquid (usually water) enhances the emanation process and may 

tend to prevent adsorption of the radon isotopes. Once a radon-isotope 

atom has los t i t s r eco i l energy, the liquid hinders i t s migration by 

lowering the diffusion coefficient and by absorbing i t . 

Two different mechanisms of migration should be distinguished: 

diffusion, where the radon isotope moves with respect to the fluid 

f i l l i n g the pores of the medium; and transport ("convection" in the 

Soviet l i t e r a t u r e ) , where the fluid i t se l f moves through the porous 

medium and car r ies the radon isotope along with i t . Either or both 

mechanisms may be important in a given place. 

Distr ibution of Radon Isotopes Among Fluids. I t VELS found in the early 

1900's that a radon isotope d i s t r ibu tes i t se l f in de f in i t e , temperature-

dependent proportions at equilibrium in a system of more than one fluid 

phase. At temperatures common at the Ear th 's surface, radon-isotope 

concentrations are grea tes t , intermediate, and l eas t , respectively, in 

the organic-l iquid, gas, and water phases qf a multiphase system. With 

increasing temperature, the concentration in the gas phase increases at 

the expense of the liquid phases. The ra t io of Rn-222 concentration in 

a water phase to that in a gas phase ranges from 0.52 at 273 K to 0.16 

a t 313 K (Kofler, 1908). Ramstedt (1911) l i s ted the corresponding ra t ios 

(Rn in liquid/Rn in gas) for 13 organic l iquids , ranging from 4.45 to 55.4 

a t 273 K and from 3.80 to 23.44 at 291 K. Glycerine is an exception among 

the organic l iquids ; i t holds a lower concentration of Rn-222 than does water, 

Bonner ( in Wahl and Bonner, 1951, Table 6.15) summarized experimentally 

determined d i s t r ibu t ion coeff ic ients . The d i s t r ibu t ion between gas and 

water (or aqueous solutions) has been reported by Himstedt (1903), 

Traubenberg (1904), Hofmann (1905), and Kofler (1908). The d i s t r ibu t ion 

between gas and organic l iquids has been reported by Traubenberg (1904), 

Hofmann (1905), Kofler (1908), Ramstedt (1911), and Cherepennikov (1951). 
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Diffusion of Radon Isotopes in a Porous Medium. Currle (1960a, 1960b, 

1961) comprehensively reviewed the diffusion of gases in porous media. 

His findings that are important to th is review are based on hydrogen 

and may be generalized as follows: 

(1) If D i s the diffusion coefficient , P i s pressure, T is 

absolute temperature, and if the subscript o indicates standard 

conditions,, then the diffusion coefficient , D,, in a continuous medium 

is re lated to temperature and pressure as follows: 

D./D^ = (T/T ) ' ' (P/P ) (1) 
X 0 0 0 

where the exponent n i s expected to be close to 1.75 for gases and 2.0 

for vapors. 

(2) Diffusion through dry porous granular materials is 

influenced by porosity, packing, and pa r t i c l e shape and s ize , in addi­

t ion to the composition, temperature, and pressure of the pore-f i l l ing 

f lu id . An empirical equation accounting for the solid properties i s 

D/D^ = Y£̂  (2) 

Where D i s the diffusion coefficient in the pore fluid as a continuous 

medium; e i s the porosity; the constant, y* ranges from 0.8 to 1.0; and 

U, a c o n s t a n t ^ 1, i s probably a measure of pore shape. Equation (2) 

gives a bet ter f i t to experimental data than an often used linear, 

re la t ion of the form 

D/D. = ae + b (3) 

Various values of the constants a and b have been used in pract ical 

applications (Currie, 1960h, p. 318; Kirkham and Powers, 1972, p. 434). 

Clanents (1974, p . 57) found that the values, a = 0,9 and b = 0.12 

gave a diffusion coefficient that was consistent with diffusion in lab­

oratory columns. Doshchechkin and Serdyukova (1969) related the ra t io 

D/D. to the open, or interconnecting, porosity and the tor tuosi ty (the 

ra t io of the average path length to the s t r a igh t - l i ne length in the 

direct ion of diffusion ( O ) : 

2 
D/D. = E/C (4) 
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The heterogeneity of geologic materials i s a source of sufficient error 

to jus t i fy using equation (3) . Mica and vermiculite, which are flaky 

minerals, have a shape factor that causes D/D. to be 1/2 to 1/3 the 

value expected on the basis of equation (3) . Clays and shales contain 

signif icant proportions of flaky minerals, usually oriented so as to 

impede v e r t i c a l movement; they may be expected to retard diffusion (and 

transport) to a greater extent than a porous medium having the same 

porosity but consisting of spherical p a r t i c l e s . 

(3) Pa r t i c l e shape i s less important if the medium is wet. 

The diffusion coefficient i s less for porous media with wet pores than 

for those that are dry but have the same a i r - f i l l e d porosity; the 

effect is probably due to blocking of the interpore paths by water. 

Letting D/D be the r a t io of the diffusion coefficient for the wet 

meditmi to that for the medium when dry, and le t t ing e /z be the ra t io 

of the a i r - f i l l e d fract ion of the porosity of the wet medium to i t s 

porosity when dry, 

D/D, = (e I z . f (5) 
a a d 

where a i s approximately 4. If the grains themselves are porous, the 

medium requires too much characterizat ion to generalize here. 

Porosity i s necessari ly a factor in calculat ions of diffusion and 

transport in a porous medium, but many of the ear l ie r publications have 

treated the subject as if the medium were continuous. When the equations 

published by Grammakov (1936) and cited as equations (1) and (2) in my 

ea r l i e r review are evaluated from experimentally determined concentrations 

of a radon isotope a t different depths in a homogeneous porous medium, 

the diffusion coefficients obtained are "effective" diffusion coefficients 

(D*). The effective diffusion coefficient formally ident i f ies the medium 

as continuous, ra ther than porous, and is larger by a factor of (1/porosity) 

than the "true" diffusion coefficient charac te r i s t ic of the radon isotope, 

the i n t e r s t i t i a l f lu id , and the obstructions provided by the solid matrix. 

Most reports of radon-isotope diffusion in the l i t e r a t u r e do not enable 

one to determine which diffusion coefficient is specified, but the manner 

of measurement, the range of values reported, and the equations used 

(if given) usually suggest that i t is the effective diffusion coeff icient . 
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1 

I-Jhen the effective diffusion coefficient i s used as if i t were a 

constant and i s applied to layers of different porosity, or to the 

interface between so i l and the atmosphere, an error can a r i se 

because of the change in porosi ty. Schroeder et a l . (1965) discussed 

the precautions necessary in using Pick 's f i r s t law to obtain the 

exhalation of a radon isotope from i t s concentration gradient in 

the s o i l . Bulashevich and Khayritdinov (1959) showed experimentally 

that the "porous concentration" of Rn-222 was continuous across a 

sand-air interface; that i s , the concentration in the i n t e r s t i t i a l 

space and the concentration in the a i r were equal at the interface. 

Bulashevich and Khayritdinov have discussed both the concentration 

parameter and the porosity corrections in diffusion and transport 

equations and have noted errors in the works of Grammakov and 

Popretinskiy (1957) and Budde (1960 and ear l ie r papers) . Most 

authors since 1963, notably Schroeder et a l . (1965), Doshchechkin 

and Serdyukova (1969), Robertson (1969), Clements and Wilkening (1974),. 

Culot, Olson, and Schiager (1976), Je ter et a l . (1977), Clements et a l . 

(1978), and Jonassen and McLaughlin (1978) have avoided the above er rors . 

Bulashevich and Kartashov (1967) and Bulashevich j t a l . (1970) 

reported measuring the diffusion coefficient of rocks in place by 

introducing an a r t i f i c i a l pulse of radon at a point . Their method 
-2 -2 2 

gave reasonable values of D*=2.9 x 10 and 3.8 x 10 cm / s for rocks . 

in two locat ions . 

Ghosh and Sheikh (197 6) measured diffusion of Rn-222 through 
2 -5 

non-radioactive sections of rock, obtaining D* (cm /s)=1.436 x 10 for 
—fi —fi 

muscovite ch lo r i t e sch i s t , 1.15 x 10 for ep id ior i te , and 0.79 x 10 

for quar tz i t e . 

Porstend'drfer (1968) measured the diffusion coefficients for 

Rn-222 and Rn-220, obtaining values of D* (cm /s)=3.2 x 10^ in bacon, 
-6 -4 

1.3 X 10 in paraffin, and 5.7 x 10 in polystyrene foam. 

Migration in Unsaturated, Undisturbed Rock and Soil 

Mechanisms of Movement. Both diffusion and transport by moving f luids 

are s ignif icant in moving radon isotopes in the ground. In general, 

diffusion is the dominant mechanism in the intergranular channels, 

c ap i l l a r i e s , and smaller pores; in the larger pores, transport may 

become important or even dominant. 
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The diffusion processes and sources of pressure gradients that 

cause gas flow are detailed by Wilkening (1978). Knudsen diffusion is 

applicable where the diffusing atom's mean free path (0.1 um in a i r 

a t STP) i s much greater than the capi l lary diameters, and the gas atoms 

col l ide mainly with the solid walls; within leached zones of radiat ion 

damage, f ine c a p i l l a r i e s , and cements, Knudsen diffusion should prevai l . 

In the larger c ap i l l a r i e s and in the pores, the gas atoms col l ide mainly 

with other atoms of the f lu id , resul t ing in molecular diffusion. 

The r e l a t i v e contributions of diffusion and transport to migration 

of radon isotopes and other gases are quite d i f f i cu l t to determine in 

prac t ice . In my ear l i e r review (Tanner, 1964b, p. 169-170), I showed 

that one-dimensional migration of a radon isotope in a homogeneous 

porous medium re su l t s in exponentially decreasing concentration of the 

isotope in the-direct ion of migration. The exponential argument includes 

both diffusion and transport parameters. Unless the diffusion coefficient 

or the transport veloci ty i s accurately known, any combination of the two 

components wi l l sa t is fy the simple diffusion model. Robertson (1969) 

found that f i e ld studies based on injections of Kr-85 closely matched 

calculat ions based on a dif fusion, model, using an effective diffusion 
2 

coefficient of about 0.02 cm / s . Schroeder et_ al.. (1965) found average 

concentrations of Rn-222 a t 0.87-, 1.50-, and 2.86-m depths in soi l at 
2 the Nevada Test S i te to f i t a diffusion model using D* = 0.036 cm / s ; 

within the upper few-decimeters of the s o i l , however, transport in 

addition to diffusion caused the effective diffusion coefficient to be 
2 

0.1 cm / s — nearly that for Rn-222 in open a i r . I s r ae l (1962 and 

ear l ier publications) has shown that typical concentrations of Rn-222 

in the atmosphere can be balanced by a def ic i t in the uppermost layer 

of s o i l of typical uranium-series ac t iv i ty , and that typical values of 

Rn-222 exhalation are obtained, if a diffusion model is used with 

D* = 0.05 cm^/s. 

Jonassen and McLaughlin (1978) have described use of a diffusion 

model and measurements of Rn-222 buildup from samples held at various 

pressures in a pressure vessel to obtain the ra te of exhalation of 

Rn-222 from building mater ials and wal ls . The effect of pressure 

decreases on Rn-222 exhalation from walls was evaluated by McLaughlin 

and Jonassen (1978). 
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Although, not d i rec t ly applicable to diffusion of radioactive 

nuclides, the extensive work by Newton and Round (1961) on the diffusion 

of helium through sedimentary rocks is noteworthy because i t i l l u s t r a t e s 

some of the considerations necessary for multilayer modeling. 

Meteorological Effects. Since my ear l ie r review vias compiled, r e l a ­

t ively few general s tudies have been reported on the effects of 

meteorological variables on the concentrations of radon isotopes in 

s o i l gas and the i r exhalation into the atmosphere. Pearson and Jones 

(1965, 1966) observed depression of the r a t e of exhalation of Rn-222 

during periods when the so i l s were cold or frozen; during a winter 

thaw the exhalation r a t e rose by a factor of two or more. Wind speed 

a t 0.5-m height and the fract ion of soi l space occupied by a i r were 

also monitored but gave no obvious correlat ions with exhalation. 

Megumi and Mamuro (1973) measured both Rn-222 and Rn-220 exhalation 

a t Osaka; they found l i t t l e seasonal var ia t ion in Rn-222 exhalation, 

but the simmer exhalation ra tes for Rn-220 were 2 to 3 times greater 

than those in winter because they were strongly affected by the soi l 

moisture content. Bakulin (1969) found seasonal changes for exhalation 

of Rn-222 to be not more than 10%; the maximum exhalation was in the 

summer. Gabelman (1972) found the a ac t iv i ty of soi l gas to correla te 

d i rec t ly with temperature and inversely with atmospheric pressure and 

r a i n f a l l , A heavy rain sealed the surface and caused an increase of a 

ac t iv i ty in the so i l gas during the following 12-hr period; as the rain 

percolated downward through the measurenent zone to the water table , the 

a ac t iv i ty decreased severalfold. Guedalia et al^. (1970) found no direct 

influence of the var ia t ions in atmospheric pressure on the exhalation 

of Rn-220. Mageru and Rezlescu (1965) inferred that temperature, pressure, 

and wind speed were the pr incipal meteorological factors in Rn-222 

var ia t ion in. the atmosphere near the surface. 

Decreasing atmospheric pressure causes an increase in exhalation 

of Rn-222 and an upward shi f t of i t s concentration prof i le in so i l 

gas, as noted in my ea r l i e r review. No general analyt ical treatment 

of the combined effects of diffusion and a varying transport component, 

induced by atmospheric pressure changes, appeared u n t i l that of Clements 

and Wilkening (1974). They found that the d i f fe ren t ia l equation combining 

diffusion and transport components may be solved by numerical methods 
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using the so i l parameters of porosity and permeability, the i n t e r s t i t i a l -

f luid parameters of density and dynamic viscos i ty , the Rn-222 parameters 

of decay constant and production r a t e , the appropriate t rue diffusion 

coefficient , and an analyt ic expression for the veloci ty field resul t ing 

from a small pressure change. Experimental measurements of Rn-222 

exhalation best f i t the i r model using maximum transport ve loc i t i es of 

about 4 X 10 m/s upward or downward, depending upon the direct ion and 

magnitude of the pressure change. Because the pressure changes are 

propagated progressively more slowly with distance below the surface, 

day-to-day cycles of atmospheric pressure resu l t in s ignif icant transport 

components a t shallow depths only. On the basis of a sinusoidal var ia t ion 

of pressure and so i l parameters typical of his area of invest igat ion, 

Clements (written communication, 1977) calculated that the velocity would 

be diminished by a factor of 1/e at depths of 16.5 m and 28.5 m, respect­

ively, for sinusoids of 1- and 3-day periods. Numerical resu l t s and 

curves showing the pressure and velocity var ia t ions at various depths 

as r e su l t s of l inear and sinusoidal pressure changes are also given in 

a progress report of modeling studies by Je ter et. a l . (1977). 

Migration in Unsaturated, Fractured Rock, Disturbed Soi l , and Under­

ground Cavit ies . Migration through f ractures , vents , and underground 

cavi t ies i s not amenable to general mathematical analysis because the 

open-space system i s unique at each locat ion. However, migration of the 

radon Isotopes can be described in a qua l i ta t ive way for some systems, 

such as volcanic vents and caves. Iwasaki et. al.. (1968) concluded that 

the source area for Rn-222 and Rn-220 should be near the ground surface 

a t a volcanic vent they invest igated. Wilkening (1977, 1978; see also 

Wilkening and Watkins, 1976) has reported the var ia t ion of Rn-222 in a 

horizontal tunnel, under the influence of atmospheric pressure changes, 

and in Carlsbad Caverns, under the Influence of seasonal changes in the 

convective flow of a i r between the cave and the atmosphere. 

Migration in Saturated Rock and So i l . As noted in my ear l i e r review, 

migration of radon isotopes through s ignif icant distances in saturated 

rock and so i l requires t ransport , because diffusion coefficients are 

very small, and, in many instances, the flow pattern cannot be adequately 

defined for mathematical analys is . A graph showing r e l a t i ve Rn-222 

concentration in water as a function of distance from an emanating rock 
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su r f ace , for d i f f u s i o n p lus va r ious t r a n s p o r t v e l o c i t i e s , was given by 

Andrews and Wood (1972); a t r a n s p o r t v e l o c i t y of only 10 m/s i s more 

e f f e c t i v e than d i f f u s i o n in moving Rn-222 away from the rock s u r f a c e . 

Korshunkov (1970, F i g . 2) found t h a t the Rn-222, Ra-226, and uranium 

concen t r a t ion in water withdrawn from a borehole had maximum va lues a t 

a c e r t a i n withdrawal r a t e ; a t h igher r a t e s the dec l i ne in concen t r a t ion 

of Rn-222 exceeded those of Ra-226 and uranium. Kimura and Komae (1978) 

have shown va r ious a p p l i c a t i o n s based on the mig ra t ion of Rn-222-bearing 

ground water i n t o su r f ace w a t e r s , w e l l s , and gas spou t s . Hammond et a l . 

(1977) found t h a t about 40% of thie Rn-222 in waters of the Hudson River 

Estuary entered by molecular d i f fus ion from sediments; s t i r r e d - u p and 

suspended sediments and d i s so lved Ra-226 accounted for the remainder . 

RADON MIGRATION IN THE LUNAR SOIL 

Studies of radon mig ra t ion in the lunar s o i l and of a r a d i o a c t i v i t y 

of t h e lunar su r f ace were provoked by specu la t i on of Kraner .et_ a l . (I966) 

t h a t Rn-222 might d i f fu se from the lunar s o i l , form a r a r i f l e d atmosphere, 

and implant Po-218 in the lunar su r face upon i t s decay. The specu la t ion 

was based on the t y p i c a l emanating power of t e r r e s t r i a l s o i l s and a 

d i f fus ion c o e f f i c i e n t comparable wi th those observed on Ea r th . Some 

v a r i a t i o n was subsequent ly found in the r a t e of a - p a r t i c l e emission from 

the lunar su r f ace , but t h e r a t e was s e v e r a l o rde r s of magnitude lower 

than t h a t expected on the b a s i s of the assumptions by Kraner et_ a l . 

(Turkevlch e t a l . . 1970; Gorenste in and Bjorkholm, 1972;. and o t h e r s ) . The 

r a d i o a c t i v i t y of lunar samples re turned by the Apollo miss ions has 

been examined by s e v e r a l groups (Lindstrom et. a l . , 1971; Adams e t a l . . 1971; 

Grjeblne .et a l . , 1972; Stoenner e t a l . , 1972; Yaniv and Heymann, 1972; 

and subsequent papers by the same g roups ) . A moderate enrichment of Po-210 

has been found on t h e su r f aces of some samples of lunar f i n e s , i nd i ca t i ng 

implan ta t ion of Pb-210 and i t s p r ecu r so r s from Rn-222 in the i n t e r s t i c e s . 

Both reduced emanating power of the lunar s o i l and re ta rded d i f f u ­

s ion cause the exha l a t i on of Rn-222 to be much l e s s from the lunar surface 

than from the E a r t h ' s s u r f a c e . Yaniv and Heymann (1972) , Adams e t j l . (1973) , 

Lambert e t a l . (1973) , and Stoenner e t a l . (1972, 1974) have made 

emanating-power measurements of the f i ne f r a c t i o n s of va r ious lunar 

samples under s imulated lunar cond i t i ons of low p r e s s u r e . Room-temperature 

va lues of emanating power were l e s s than 1%. At temperatures below 243 K 
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the emanation of Rn-222 i s decreased, but i t has not been determined 

whether the decrease i s due to lessened emanating power or to lessened 

a b i l i t y of the Rn-222 atoms to diffuse from the sample (Lambert et a l . , 

1973) . Adams et. a l , (1973) found that the enanating power of a standard 

t e r r e s t r i a l grani te at 1 atm was 11% - 9% in the range 530-300 K, about 

8% a t 253 K, and about 3% at 193 K; adsorption was inferred to cause the 

marked reduction of emanating power at low temperature, 

Adams _e£ aJ . (1971) de-emanated a 473-mg fraction of dust (<60 um) 

from Apollo 12 so i l sample 12070 at room temperature and 1 atm pressure. 

Their r e su l t for the r a t e of enanation of Rn-222, when combined with 

the precursor ac t iv i ty in a different sp l i t of the sample, measured by 

other invest igators , yielded a Rh-222 ananating power of 48%, within 

estimated accuracy l imi ts of < ± 50% of the r e su l t . This anomalously high 

emanating power may have resulted from using a value of precursor ac t iv i ty 

that was not representat ive of the sample that was de-emanated, or i t 

may be due to a combination of very fine grain size with great specific 

surface and adsorption of moisture during preparation; the resu l t is 

otherwise not consistent with the emanating-power mechanisms acknowledged 

in these reviews, Adams et a l . (1973) l a te r reported emanating power 

(0.25 ± 0.15)% for a s p l i t of the same sample; the measurement was also 

made at room temperature and 1 atm pressure. Yaniv and Heymann (1972) 

obtained values of <0,73% and <0.57% on 887 mg of another sp l i t at room 

temperature and ~ 10 atm pressure. Experiments with an Apollo 14 

sample showed up to severalfold increases in apparent emanating power 

when the pressure was increased to 1 atm, but the higher pressure alone 

could not account for a two-order-of magnitude increase. 

Because there i s p rac t ica l ly no water in the lunar s o i l , few atoms 

terminate the i r r eco i l paths in intergranular spaces; the. d i rec t - reco i l 

fraction of emanating power i s consequently low. There i s insufficient 

water and oxygen to permit formation of hydrated or corroded surfaces, 

such as are found to cor re la te well with highly ananating t e r r e s t r i a l 

so i l s ; thus, the ind i rec t - reco i l and the diffusion fract ions of emanating 

power are also low. In addit ion, adsorption plays a much more important 

ro le on the Moon than on Earth because (1) the adsorption s i t e s on the 

lunar grains must be sparsely occupied, (2) the enthalpy of adsorption 
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i s much greater in the lunar vacuum, (_3) the gas molecules in lunar so i l 

nearly always co l l ide with solid surfaces, and (4) the average soil tem­

perature on the Moon i s lower than that on Earth. 

Stoenner et a l . (1972, p . 1710) summarized evidence that the mean 

grain s ize of a t leas t some lunar soi l i s very anal l , on the order of 

micrometers, and that the specific surface area for adsorption is la rge , 

Kinoshita (.1908) found that the. "condensation" temperature of 

Rn-219 and of Rn-220 not only is spread out over several tens of degrees 

but also i s strongly dependent on pressure. Wertenstein (1935) presented 

strong argiments that (even with the large amounts of radon isotopes 

used by the early experiments) the radon-isotope atoms are not plent i ful 

enough to form a continuous layer on a cold surface, and that the 

"condensation" and "vaporization" phenomena referred to in even the 

modern l i t e r a t u r e are in fact effects of trapping by condensing gases. 

On the basis of experiments with glassware outgassed at 693 K, Wertenstein 

calculated a mean residence time of 4.3 ms for the true adsorption of 

Rn-222 atoms on glass at 90 K and 1 atm pressure. The enthalpy of 

adsorption, AH , may be calculated from the well-known equation, 

T = T exp (AH /RT) (6) 
0 a 

-13 where T is the mean residence time, T is a constant ~ 1 0 s, R is the gas 
° -13 

constant, and T is the absolute temperature. For T = 4.3 ms, T = 10 s, 
R = 8.3 J/mol-K, and T = 90 K, the value of AH = 18 kJ/mol (4.4 kcal/mol) . 

a 
Stoenner et^al.. (1972) c i t e 4.3 kcal/mol (18 kJ/mol) as the heat of 
vaporization of l iquid Rn(-222). From diffusion of Rn-222 through columns 

-2 -2 

of fine pa r t i cu la te materials a t pressures of 2 x 10 to 20 x 10 torr 

(2.7 to 27 Pa) , Friesen and Adams (1976) obtained AH = 8-9 kcal/mol 

(34-38 kJ/mol). Chackett and Tuck (1957) inferred from measured values 

of AH of neon, argon, krypton, and xenon on charcoal in the pressure 

range 10~ to 10~ mm (10 to lO" Pa) that AH for Rn(-222) should be 
a. 

13.5 kcal/mol (56.6 kj/mol). These widely ranging values of the enthalpy 

of adsorption of Rn-222, probably equally applicable to the other radon 

Isotopes, demonstrate the strong dependence of adsorption on pressure 

and imply that the radon-isotope atoms s t i ck to surfaces for long periods 

in the vacuum and at the average temperatures prevailing on the Moon. 
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ENVIRONMENTAL RADIOACTIVITY 

Effec ts of Radon-Isotope Migrat ion on the Gamma-Ray F ie ld 

The s h o r t - l i v e d decay products of radon i s o t o p e s , p a r t i c u l a r l y 

Pb-214 and Bi-214 (from Rn-222) and Tl-208 (from Rn-220) a r e the most 

important gamma-ray e m i t t e r s of the uranium and thorium s e r i e s . Rn-222 

and Rn-220 m i g r a t i o n s , i f they take p l a c e , a r e consequent ly s i g n i f i c a n t 

to measurements of gamma r a d i a t i o n f i e l d s . 

Beck (1974) c a l c u l a t e d t h a t the gamma-ray f lux from Rn-222 decay 

products i n the atmosphere i s about 2% of the gamma-ray f lux from Rn-222 

decay produc ts in the s o i l during normal tu rbu lence but can r i s e to about 

20% during atmospheric i n v e r s i o n s . Tyukhtin (1974) in fe r r ed tha t seasonal 

v a r i a t i o n s i n gamma-spectrometric ana lyses of rocks in s i t u were due to 

v a r i a t i o n s i n exha la t ion of Rn-222 and Rn-220. E r ro r s in gamma assay and 

c o r r e c t i o n s based on emanation of Rn-222 from n a t u r a l m a t e r i a l s were 

d iscussed by Bolotnikov (1961, 1964 , .1965) , Artsybashev and Bolotnikov (1961), 

and Filimonov (1974). Novikov (1966) t r e a t e d the same problem for Rn-220 

emanation from thorium o r e s , Putikov (1963) noted s u b s t a n t i a l e r r o r s in 

borehole gamma-ray measuranents r e s u l t i n g from enana t ion . Ljivborg e t a l . 

(1978) r epor t ed va lues ranging from 153 to .242 ppm for the, apparent uranium 

concen t r a t ion in a uranium-loaded concre te c a l i b r a t i o n pad; the v a r i a t i o n 

was In fe r red to be due to Rn-222 migra t ion from the pad and could be 

c o r r e l a t e d wi th the degree of sea l ing of the concre te by i ce or mo i s tu re . 

Culot e t a l . (1976) have appl ied l i n e a r d i f fus ion theory to mul t i l aye red 

porous media to e s t ima te the gamma-ray f i e l d over a radon b a r r i e r . 

Na tura l s o i l r a d i o a c t i v i t y has been used ais the gamma-ray source 

for de te rmina t ion of the water equiva len t of snow cover by gamma-ray 

absorp t ion (Vershinina and Dlmaksyan, 1969; B l s s e l l and Peck, 1973). 

Garr igue (1939) measured Rn-222 concen t r a t i ons as g r ea t as 1 nCl/Ji 

under the snow layer in t h e Pyrenees . P r e c i p i t a t i o n was shown by 

Bl s se l l cand Peck to cause an i n c r e a s e in the gamma-ray I n t e n s i t y above 

snow; i t was no t determined whether p r e c i p i t a t i o n xras causing d i s p l a c e ­

ment of Rn-222 upward to the s o i l su r face or whether some other 

mechanism was r e s p o n s i b l e . 

Radon in Mines 

As was found for c e l l a r a i r by Schmid (1932) , Rn-222 concen t r a t i ons 

in mine atmospheres a r e g r e a t e s t during per iods of decreas ing atmospheric 
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pressure (Schroeder, 1964), Serdyukova et a l . (1965) devised methods 

of calculating the average diffusion coefficient for Rn-222 in the walls 

of mine workings from i t s concentration In mine a i r . Pohl-Riiling and 

Pohl (1969) showed methods of calculating supply and removal of Rn-222 

as a function of pressure changes. Bykhovskiy ^ a l . (1969) have published 

a monograph on the engineering of mines to minimize exposure to Rn-222 

and i t s decay products, Thompkins and Cheng (.1969) measured exhalation 

from the rock walls- of a Canadian uranium mine; they have described the 

technique and ca lcula t ions , Franklin and Marquardt (.1976) operated 

continuous Rn-222 monitors at f ive locations in an inactive uranium mine 

and observed the same inverse correlat ion with atmospheric pressure 

reported by other workers, 

.Radon-222 Exhalation from Mill Tailings 

Uranium milling r e s u l t s in waste (" ta i l ings") that contains Ra-226 

of moderate-to-hlgh emanating power. Raghavayya and Khan (1975) 

estimated that the amount of Rn-222 emanating from ta i l ings used to 

f i l l exhausted par ts of mines would be much greater than that enanating 

from the ore i t s e l f . The release of Rn-222 to the atmosphere from waste 

dumps was measured by Bernhardt et a l . (1975). Clements et a l . (1978) 

found that a two-layer diffusion model of exhalation f i t measuranents when 
2 2 

used with a t rue diffusion coefficient of 0.004 cm / s (D* = 0.01 cm /s) . 

Because bf the strong a f f in i ty of radon isotopes for organic l iquids , I 

speculate that petroleum-based sealants should be. more effective than 

concrete for reducing exhalation from ta i l ings p i l e s . 

Radon in Natural Gas and Petroleum 

The presence of Rn-222 in some natural gases and petroleum has been 

known since the early 1900's (Burton, 1904). The possible health hazard 

from Rn-222 in natural gas was suggested by Bunce and Se t t l e r (1966) and 

evaluated by Gesell (1974, 1975) and by Barton et a l . (1975). The radio­

ac t iv i ty of Rn-222 in natural gas, as delivered to consumers, appears to 

be a minor source of radia t ion exposure. 

The migrations of the various nuclides of the uranium series in the 

natural-gas reservoir of the Panhandle Gas Field of Texas were studied in 

an extensive invest igat ion reported by Pierce et a l . (.1964). Within the 

i n t e r s t i ce s of carbonate reservoir rocks, the uranixim isotopes reside 
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gene ra l ly in organic s o l i d s and petroleum. Ra-226 tends to be leached 

in to coex i s t ing b r i n e s ; upon decay of the Ra-226, the product Rn-222 

migra t e s back i n t o the organic l i q u i d and n a t u r a l gas phases . 

Mar te l ly (1950) r epor t ed r a d i o a c t i v i t y corresponding to t ha t of 

10 .6-hr Pb-212, a decay product of Rn-220, in gas spouts on the Santa 

Elena Peninsula of Ecuador. 

Luca Muro (1947) found a sharp Increase of a a c t i v i t y in the s o i l 

gas a t a depth of 70 cm over a shallow depos i t of a s p h a l t i t e . 

GEOPHYSICAL APPLICATIONS 

Location of Buried F a u l t s and Geological S t r u c t u r e s 

Zones of anomalously high sur face gamma-ray a c t i v i t y and Rn-222 

concen t ra t ion in s o i l gas have long been a s soc i a t ed with buried f a u l t s 

or d i s l o c a t i o n s . Schoenelch (1960) loca ted f a u l t s ove r l a in by th in 

sediments . Vogler C1960) presented seve ra l arguments to prove tha t 

uranium and Ra-226 migra t ion from f a u l t s and accumulation by means of 

ion exchange wi th c lays in the s o i l i s the p r i n c i p a l cause of ananometric 

anomalies over the f a u l t s ; he showed examples of c o r r e l a t i o n between 

emanometric anomalies over seve ra l f a u l t s and the r a d i o a c t i v i t y of the 

A.., B,., and B- s o i l hor izons a t the same r e s p e c t i v e l o c a t i o n s , Budde 

(1961) considered t h a t f a u l t i n g would c r e a t e g r e a t e r su r face area of the 

m a t e r i a l in the f a u l t zone and consequently g r e a t e r enanat ion r e l e a s e . 

J l rkovsk^ (1962) presented examples of the use of emanometry to l o c a t e 

f a u l t s and geologic c o n t a c t s buried by al luvium as an a id to geo log ica l 

mapping and eng inee r ing . I (Tanner, 1964a) found tha t Rn-222 anomalies 

in ground water in the v i c i n i t y of a f a u l t scarp were probably due to 

c o p r e c i p i t a t i o n of Ra-226 a t the locus of i n t e r a c t i o n between water 

r i s i n g along the f a u l t and normally.f lowing ground wa te r . I s r a S l and 

Bjamsson (1967) measured Rn-222 and Rn-220 in s o i l gas in t r a v e r s e s 

over f i v e f a u l t s . The i so topes showed s i m i l a r t r ends for some 

t r a v e r s e s , suggest ing t h a t the radon Iso topes were der ived from 

Ra-226 and Ra-224 a t the sampling p o i n t s . The au thors cau t ion t h a t 

t h e s e v e r a l i n s t ances of anomalies in Rn-222 only could be due to 

t h e d i s p a r a t e geochemical behavior of the uranixim and the thorium 

s e r i e s , a s w e l l a s to mig ra t ion of Rn-222 from g r e a t e r depth than the 

migra t ion d i s t a n c e of Rn-220 (roughly 0,1 m). An anomaly a t Bad 

Nauheim appeared to be due in p a r t to migra t ion of Rn-222 from below 
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3 m. Lauterbach 0.968) related anomalies in prof i les of gamma radia­

tion from Bi^214 to the pat terns of dispersion of Ra-226 r is ing with 

water along faul t planes. Gabelman (1972) inferred that Rn-222 in 

near-surface so i l gas had migrated along faul t s from re l a t ive ly deep 

sources at a s a l t dome, Bulashevich et. a l . (197 6) and Chalov et. a l . 

(1976) have studied methods of ident i f icat ion of waters from faul ts 

by means of the r a t i o s of uranium-series nuclides. 

Use of Rn-222 and gamma-ray measuranents in prospecting for 

petroleum was discussed in my ear l i e r review (Tanner, 1964b, pp. 176-177) 

Additional references are Kellogg (1957), Liu et a l . (1959), Walker 

and Litzenberg (1959), Sikka (1963), Alekseyev and Gottikh (1965), 

and Foote (1969). Armstrong and Heemstra have discussed case h i s to r ies 

(1972a, 1972b) and provided an extensive review (1973) of the use of 

radiometric methods in connection with petroleum exploration. Gates 

and McEldowney (1977) showed hypothetical routes by which Rn-222 would 

leak from hydrocarbon reservoirs via faul ts to the surface, but 

presented no supporting argument other than the existence of anomalous 

concentrations of Rn-222 in so i l gas over uranium' ore bodies, which 

subject i s discussed below. 

Exploration for Uranium 

For many decades, the measurement of Rn-222 in soi l gas has been 

used as a method of greater sens i t iv i ty than measurement of surface 

gamma-ray ac t iv i ty for locating deposits of radium or uranium. Many 

investigations have assessed the depth of penetration of the method 

and the effects of meteorological fac tors . The most def in i t ive field 

study yet noted was the f i r s t , reported by Bogoslovskaya et a l , in 

1932. By means of ionizat ion chambers and electrometers, they measured 

the Rn-222 concentration in so i l gas samples brought up by tubes from 

0.5- and 1-m depths a t various points in a 10-m-square plot of ground, 

and from depths of 0,5, 1, 2, 3, 4, 5, and 6 m in the center. Lateral 

differences a t 1-m depth were about 10-20% of the mean value upon 

s t ab i l i za t ion af ter emplacement of the sampling tubes. L i t t l e change of 

concentration was found below 3 m. After the background measurements 

had been made, porous uraniferous rock was buried at 5-m. depth. The 

effects of the disturbance caused by emplacement of the source rock and 

of the soi l -gas sampling tubes were negl igible after about one mean l i f e 
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of Rn-222 (5.5 days). Table 1 gives resu l t s selected from daily measure­

ments during a 30-day period at points above and in the uraniferous 

source rock. These r e s u l t s i l l u s t r a t e (1) the very marked reduction of 

Rn-222 concentration with distance above the source layer and (2) the 

strong Influence of var ia t ions in atmospheric pressure. If one were to 

assume that a l l the Rn-222 migration from the source layer were due to 

diffusion, the calculated diffusion coefficients would range over an order 

of magnitude, depending upon the atmospheric-pressure trend of the previous 

several days. The source layer was detectable , with a gross-s ignal-

to-background r a t io of about 2 : 1 , at l-m depth, 4 m above the source 

layer . At distances of more than .2 m to the side of the source layer 

the Rn-222 concentration at 1-m depth was not s ignif icant ly greater 

than background. 

Pradel et j l . (1963) conducted t e s t s of Rn-222 as a prospecting 

method, finding that f luctuat ions as great as 100-fold were observed in 

the Rn-222 concentrations in single small samples of soi l a i r taken on 

different days, but that 20-)i samples gave re su l t s that were reproducible 

within a factor of 1.5. Although Rn-220 and wet so i l s also presented 

problems, the method was concluded to be useful in exploration for 

uraniim. 

Case His tor ies , Some of the numerous papers describing use of radon 

methods of prospecting through 1961 were cited in my ear l ie r review 

(Tanner, 1964b, p. 177-178). Below are summarized those case h is tor ies 

in which anomalously greater-than-background concentrations of Rn-222 

in s o i l gas ("anomalies") were inferred to be related to uranium 

mineralization at known minimum depths. 

Bowie et a l . (1971, Figure 5) have shown the r e su l t s of traverses 

over a uranium-bearing vein under about 1 m of g lac ia l d r i f t . During 

dry weather, the vein was detected by a 2- to 3-fold anomaly in Rn-222 

in so i l gas but not by surface gamma radiat ion; following a heavy ra in , 

the soi l -gas anomaly increased about 4-fold and a surface gamma-ray 

anomaly, about twice background, appeared. 

Dyck (1969a) measured a peak-to-background ra t io of about 15 for 

Rn-222 in so i l gas in gravel and g lac ia l t i l l overlying a uraniferous 

stratum; the depth to the source was estimated at 1.5 to 4.5 m. Surface 

gamma radiat ion was similar ly anomalous, but exceeded background by a 

factor of only about 3 . 
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TABLE I 

RADON-222 IN SOIL GAS ABOVE URANIFEROUS 
LAYER AT 5-m DEPTH (from Bogoslovskaya e t_a l j . , 1932) 

Radon-222 Concent ra t ions in R e l a t i v e Uni ts 

Condit ions 

Barometer s t a b l e 
5 days preceding 

Barometer r i s i n g 
2 days preceding 

Barometer f a l l i n g 
2 days preceding 

Mean 

Mean for overburden 

Mean e f fec t due to 

0 .5 

2.82 

2 .0 

3.24 

3 .41 

- -

_ 

1 

4.08 

3.39 

5,76 

4.45 

2.6 

2.25 

Depth 
2 

7.63 

5.12 

9.74 

8.25 

5.0 

3.25 

(m).. 
3 

21.7 

10.45 

28.2 

22.9 

5.6 

17.3 

4 

74.8 

38.0 

126.5 

82.0 

6.2 

75.8 

5 

436 

436 

447 

437 

6.6 

430.6 
bur ied l ayer 
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Skvarla (1964) described the use of borehole probes u t i l i z i ng 

inf la table packers, adsorption of Rn-222 from the borehole a i r on 

charcoal, and measurement of gamma rays from the collected decay 

products from exploration boreholes in pat terns having spacing as 

great as 1/2 mile (800 m). He reported discovery of uranium ore by 

the method in the Maybell area of the Colorado Plateau. In the Uravan 

area of the Colorado Plateau, anomalous Rn-222 was detected more than 

100 m from the nearest known uranium mineralizat ion. 

Stevens et a l . (1971) observed diverse r e su l t s in a study of three 

areas in the western United S ta tes : in one, the Rn-222 content of so i l 

gas correlated with uranium in the so i l but not with buried uranium 

deposits; in another, impermeable s t r a ta prevented detection of uranium 

deposits by emanation methods; in another, Rn-222 in so i l gas gave an 

8-fold anomaly over a uranium-bearing sandstone buried at a depth of 

0.3 to 9m in a sandstone stream-channel sequence. 

Miller and Ostle (1973) described the successful tracing of a 

uranium-mineralized fau l t , covered by as much as 2 m of g lac ia l d r i f t , 

by measurement of Rn-222 in so i l gas. 

Caneer and Saum (1974) described a so 11-gas Rn-222 anomaly that 

correlated closely with the ve r t i ca l projection of uranium ore at a 

depth of 110-120 m. 

Gingrich (1975) and Gingrich and Fisher (1976b) have reported 

r e su l t s of Rn-222 measurements of so i l gas by means of sensitized 

cel lulose n i t r a t e films positioned so as to detect only airborne 

emitters in so i l gas. Gingrich and Fisher have cited six instances 

where anomalous soil—gas a measuranents have been correlated with 

s ignif icant uranium deposits at depths of 25, 75, 100, about 150, 

about 150, and 185 m, respect ively. The 75-m- and 185-ffl-deep deposits 

were below the respect ive water tables , at 3-24 m and 30 m. The 

100-m-deep deposit was displaced down the bedding plane of i t s host 

rock, so that i t s v e r t i c a l projection to the surface was displaced 

from the location of the soi l -gas anomaly. Numerous other associations 

of anomalies with uranium mineralization at unspecified depths have 

also been c i ted . Because the film measuranents are usually made for 

30-day periods, they have the advantage of averaging out dally (but not 

seasonal) f luctuat ions . By means of a permeable bar r ie r , Rn-220 can 

be delayed so that i t and i t s decay products cannot reach the sensi t ive 

film (Ward_et a l . , 1977). 
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Morse (1976), using an a - s c i n t i l l a t i o n chamber, found that measure­

ments of Rn-222 in so i l gas iii podzolic so i l s and g lac ia l t i l l could 

locate radioact ive pegmatite buried by about 3 m of overburden. Fluctua­

t ions in Rn-222 concentration were not s igni f icant . 

Warren (1977) reported t e s t s of the film method and of cups containing 

electronic semiconductor a de tec tors , which permit readings to be made with­

out disturbance of the sample point . L i t t l e s ignif icant difference was 

found among r e su l t s using counting periods of 3 days and longer. Both 

types of apparatus showed strongly anomalous a ac t iv i ty in so i l gas over 

uranium mineralization located at depths of less than 20 m. 

Causes of Radon-222 Anomalies. Enough case h i s to r ies have correlated 

buried uranium deposits with Rn-222 soi l -gas anomalies to suggest 

strongly that they are causally re la ted . The re la t ion is sometimes 

stated and more often is implied or inferred to be one of d i rec t 

migration of Rn-222 from the uranium deposit to the near-surface point 

of measurement. Migration through the greater of the distances cited 

in the case h i s to r ies above requires such great at tenuation of the 

Rn-222 flux density that the remainder should be masked by a larger 

background Rn-222 concentration generated by Ra-226 in the s o i l . I t i s 

eas i ly derived that the background concentration, B, is related to the 

concentration of Ra-226 as follows: 

B (nCi/Z) = (p • K • e226Ra)/3g. (7) 

3 
where p i s the so i l density in g/cm ; K is the fract ional emanating 

power; e i s the so i l porosity; and ê ^̂ ^Ra is the U-238 equivalent at 

equilibrium, in par ts per mil l ion, of the ac t iv i ty of Ra-226 present. 

Selecting reasonable values of 0.2 for ananating power, 1.5 for density, 

and 0.2 for porosity, we obtain the resu l t that the background concentra­

tion of Rn-222 in so i l gas should be roughly 0,5 nCl/£-ppm U-238 if 

equilibrium prevails through Ra-226. Considering that so i l s typical ly 

contain 1 ppm of U-238 (Baltakmens, 197 6) , and that both emanating power 

and porosity tend to be greater for fine so i l s and less for coarse so i l s , 

so that the r a t i o , K/e, i s not greatly var iab le , we may conclude that 

the undepleted concentration of Rn-222 in t j ^ i ca l soi l gas should be in 

the range 0.1-1 nCi / l i t e r of soi l gas. Depletion of the Rn-222 by 
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exhalation would affect both the signal and the background Rn-222. 

The progress report of Je te r .et_al. (1977, Figure 9) shows attenuation 

curves for a 1-m-thick layer of 0.6% 'U_0- of 20% ananating power at a 
J o 

depth of 60 m in a homogeneous inactive overburden haying an associated 
2 2 

true diffusion coeff ic lent 'of 0,02 cm / s (D* =.,0,13 cm /s) . The Rn-222 
concentration is equal to the nominal background level of 0.1 nCi/Jl 

-3.25 3 
(10 * d/s-cm of soi l ) a t a depth of about 35 m in the absence of a 

-4 t ransport component. In the presence of a 1 x 10 cm/s constant upward 
transport component, the background level i s reached at about 17-m 

depth. Figure 17 of the i r work shows that even r e l a t i ve ly long-period 

(7-day) atmospheric pumping has less than a 3% effect a t 20 m; thus, 

the simple diffusion model i s appropriate for deeply buried ore. The 

concentration-cell mechanism proposed by Mogro-Campero and Fleischer 

(1977) for generating constant upward transport ve loc i t i e s substant ia l ly 
-4 greater than the 1 x 10 cm/s used by Jeter et a l . could cause Rn-222 

migration through longer distances, but the hypothesis remains to be 

proved. 

Where a uranium deposit l i e s more than a few meters below the water 

tab le , the diffusion process i s not adequate to resu l t in significant 

soi l -gas anomalies from migrating ^ - 2 2 2 ; a transport mechanism is 

required. The radon Isotopes are too dispersed to associate and foinn 

bubbles that could move because of thei r buoyancy. They can be carried 

by major gases, as i s observed at some natural springs and in volcanic 

gases. The poss ib i l i ty of emanation of major gases from a distr ibuted 

uranium deposit ( in contrast with mineralization along a fracture)., so 

as to be useful in prospecting, does not appear to have been tes ted. To 

the extent that upward-moving water might transport radon isotopes, i t 

should be even more effective in creating Rn-222 anomalies by transporting 

Ra-226, U-234, and U-238 upward from a deposit and leaving a "halo" of 

ac t iv i ty nearer the surface. Classic examples of such anomalies are the 

highly emanating hot-spring deposi ts . In which Ra-226 i s coprecipitated 

with calcium and magnesium carbonates (see, for example, Wollenberg, 1974). 

Fluctuations of the water table during a period commensurate with the 
3 S 

half l ives of Ra-226 (1.6 x 10 years) and U-234 (2.45 x 10 years) should 

be geologically reasonable and adequate to have resulted in many, if not 

a l l , Rn-222 soi l -gas anomalies. Since my ear l ie r review, research has 
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shown t h a t U-234 in p a r t i c u l a r i s p r e f e r e n t i a l l y leached from uranium-bearing 

rock and migra tes in ground waters (Granger, 1963; Rosholt e£ j i . , 1966; 

Osmond and Cowart, 1976). 

S o i l - g a s Rn-222 anomalies t ha t might well have been in fe r red as 

r i s i n g from a r o l l - f r o n t uranium depos i t were found by Martin and Bergquist 

( I977, F igure I I I - IO) to be c l o s e l y co r r e l a t ed with the gamma-ray ana lyses 

of the s o i l samples removed from the holes bored for the s o i l - g a s ana lyses ; 

the gamma-ray ana lyses were dependent upon the concen t r a t i ons of the s h o r t ­

l i ved Rn-222 decay p roduc t s , Pb-214 and Bl-214. Schutz (1978) found, from 

measuranents of Ra-226 and Pb-210 from holes 3 to 60 m deep over a uranium 

d e p o s i t a t about 130-m depth, t h a t the Rn-222 measured in the s o i l gas 

could be accounted for by l o c a l sources . 

Lack of correspondence between surface gamma-ray anomalies and 

those of Rn-222 in s o i l gas i s sometimes proposed as evidence for 

migra t ion of Rn-222 from depth . Such a conclusion i s q u i t e unnecessary . 

Gamma r a d i a t i o n measured a t the surface by t o t a l - c o u n t ins t ruments 

inc ludes cosmic r a d i a t i o n and r a d i a t i o n from K-40, from the thorium 

s e r i e s , and sometimes from f a l l o u t , as well as t ha t from the uranium 

s e r i e s . The gamma-ray component from the uranium s e r i e s i s depleted 

fu r the r by exha la t ion of Rn-222 from the upper s o i l l a y e r s . The 

i n s e n s i t i v i t y of sur face gamma r a d i o a c t i v i t y to buried uranium in 

comparison with Rn-222 in s o i l gas i s consequent ly an ef fec t of a 

poorer s ignal - to-background r a t i o . S e n s i t i v i t y can be improved by 

making the gamma-ray measurement in the ground, where the cosmic and 

f a l l o u t r a d i a t i o n s a r e shielded to some extent and where the concent ra ­

t i o n s of Rn-222 and i t s decay products a re much g r e a t e r ; use of gamma-

ray spectrometry makes the measurement spec i f i c to the uranium s e r i e s . 

Michle e t a l . (1973) have descr ibed a thorough examination of r a d i o ­

met r i c anomalies in nor thern Scot land, where surface gamma-ray, gamma-

probe, and s o i l - g a s Rn-222 measuranents and ana lyses of s o i l and water 

samples were a l l used to study the d i s p e r s i o n of u ran ium-se r i e s nuc l ides 

from shallow bodies of uranium-bearing rock . Uranium, copper, l ead , 

z i n c , and a l l the rad iomet r i c anomalies were found to be d isplaced 

by as much as 100 m downslope in overburden comprising p e a t , s o i l , 

g l a c i a l t i l l , and r e s i d u a l s o i l ; in some p l a c e s , the gamma-probe 

and Rn-222 anomalies l a r g e l y co inc ided . 
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Bhatnagar 0.973). and Tewari and Bhal la 0.97 6) have found t h a t 

Rn-222 concen t r a t i ons in s o i l gas a t a given p lace f l u c t u a t e so that 

repeated measurements g ive a lognormal d i s t r i b u t i o n in ground 

conta in ing only l o c a l sources of Rn-222 and a compound lognormal 

d i s t r i b u t i o n if Rn-222 i s der ived from both l o c a l and d i s t a n t sources . 

An e x c e l l e n t review of the use of Rn-222 for p rospec t ing for 

uranium and d e s c r i p t i o n s of the o r i g i n s of va r ious types of anomalies 

have been presented by A.Y. Smith et_ al. . (1976) . 

Earthquake P r e d i c t i o n 

Annual measurements of Rn-222 concen t r a t i on in hot minera l water 

from an aqu i fe r 1300 to 2400 m deep in the Tashkent Basin, Uzbek S.S.R. , 

y i e lded c o n s i s t e n t but slowly r i s i n g va lues of 0.55 to 0.60 nCi/2. 

during the yea r s 1956-1959. When measurements were resumed in 1965, 

the va lues had r i s e n to nea r ly 1.3 nCi l I and continued to r i s e a t a 

r ap id r a t e , reaching 1.5 nCi/Jl on Apr i l 20, 1966. Following a 

magni tude-5.3 earthquake near the water wel l on Apr i l 26 and the 

a f t e r shocks , the Rn-222 concen t r a t ions had decreased to 0,7 5 nCxIl 

and continued to dec rease to about 0.5 nCi/Ji. These f i n d i n g s , published 

by Ulomov and Mavashev (1967) , provoked g rea t i n t e r e s t in the use of 

changes in the Rn-222 concen t r a t i ons tn ground water and in s o i l gas 

to warn of impending ea r thquakes . In May 1976, the Rn-222 concen t ra t ion 

in thermal minera l water in the same basin rose from a normal l e v e l 

to one about four t imes higher in about a d a y ' s t ime, o s c i l l a t e d for 

4 days u n t i l the magni tude-7.3 Gaz l i earthquake s t r u c k about 20 km 

away, and then dec l ined to the normal l e v e l in another week 

(Sultankhodzhayev .et a l . , 1976). Ins t ances of Rn-222 anomalies in 

ground water preceding ear thquakes have been repor ted by the Red 

Mountain Observatory, Kunming, China (Sykes and Rale igh , 197 5 ) . The 

Seismological Brigade of Hebei (Hopeh) Prov ince , China (1975) , 

has r epor t ed ground-water Rn-222 anomalies preceding seven e a r t h ­

quakes from 1969 to 1974, ranging In magnitude from 4.3 to 7 .9 ; 

they imply t h a t anomalies have been noted wi th many other ea r thquakes . 

Accurate p r e d i c t i o n s were issued for the magni tude-4.3 earthquake 

a t S in Tang on August 5, 1971, and for the magni tude-4 .9 earthquake 

a t Hew-Jin on June 6, 1974. Although Rn-222 anomalies in ground water 

i n connect ion wi th land subsidence and s l i d e s in Japan have been 
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observed by Kimura and Komae (.1978), they have not observed premon­

i t o r y e f f e c t s such as those mentioned above. S tud ies of the use 

of Rn-222 to p r e d i c t vo lcan ic e rup t ions in Kamchatka have been 

repor ted by Chirkpv (1973) and by Sugrobov and Chirkov (1974) . 

Measurements of Rn-222 in ground water and in s o i l a i r near 

p o t e n t i a l earthquake l o c a t i o n s in Ca l i fo rn ia a r e being conducted 

by s e v e r a l groups, r ep resen ted in the Se i smic i ty and R a d i o a c t i v i t y 

ses s ion of t h i s symposium and by p u b l i c a t i o n s by Teng et a l . (1975), 

King (1976a, 1976b, 1977b, 1977c, 1977d, 1978), King and Teng (1976) , 

A.R. Smith, Bowman e t a l . (1976) , A.R. Smith, Wollenberg, and Mosier 

(1976, 1977), Birchard and Libby (1976, 1977, 1978), Shapiro et a l . 

(1977) , and Wollenberg et . a l . (1977) . King (197 6b, 1978) observed 

two l a r g e coherent maxima of r adon- i so tope concen t ra t ion in s o i l 

gas from 20 s t a t i o n s along f a u l t segments of about 60-km length in 

c e n t r a l C a l i f o r n i a ; t h e maxima c o r r e l a t e wi th two moderate ear thquakes , 

wi th earthquake energy r e l e a s e , and with the winter seasons of 

1975-1976 and 1976-1977. He b e l i e v e s the seasonal c o r r e l a t i o n to 

be f o r t u i t o u s because of the absence of s i m i l a r anomalies at s t a t i o n s 

in t h e same c l i m a t i c zone but removed from the earthquake r eg ion . 

Birchard and Libby (1976, 1978) noted both p o s i t i v e and nega t ive 

anana l i e s i n s o i l gas preceding s eve ra l moderate ear thquakes in 

southern C a l i f o r n i a , bu t ques t ion the nega t ive anomal ies . Shapiro 

e t a l . (1977) repor ted a decrease in the Rn-222 concen t r a t ion in 

g round- leve l a i r before a magnltude-3.2 earthquake near Newhall, 

Ca l i f o rn i a , in ea r ly 1977. Cathey (1977) and Moore et a l . (1977) 

repor ted decreases in Rn-222 concen t ra t ion in ground water preceding 

a magnltude-2.3 ear thquake in South Carolina on February 23, 1977, 

Methods of cont inuous monitor ing of Rn-222 in ground water have 

been descr ibed by Cathey (1977) and by Noguchi and Waklta (1977) . 

Nei ther the d e t a i l s of the behavior of rock and i n t e r s t i t i a l 

water in the zone of an impending earthquake nor the mechanisms causing 

the ancinalous Rn-222 concen t r a t i ons have yet been e s t a b l i s h e d . Two 

p r i n c i p a l models of the phenomena occurr ing in an earthquake zone and 

t h e i r imp l i ca t ions wi th r e s p e c t to va r ious parameters of p o t e n t i a l 

va lue i n p r e d i c t i o n have been discussed by Mjachkin et_ a l . (1975) . 

S u b s t a n t i a l f l u i d migra t ion I s permit ted by one of the models and i s 
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required by the other. Mavlyanov _et _al. (1971) suggested that u l t r a ­

sonic vibrat ions in the deep zones promote release of U-234 and Rn-222. 

Gorbushina et_ a l . (1972) noted that the concentration of helium and 
234 238 

the r a t i o , U/ U, were anomalously great in some ground waters near 

Tashkent a t the time of the 1966 earthquake and also proposed that 

u l t rasonic vibrat ions could cause release of the helium and U-234 

and could accelerate their diffusion, Sultankhodzhayev et_al , (1974) 

noted that the Rn-222 concentration in ground water i s controlled by 

the r a t e of flow of the water through radioactive layers of the 

ground and reported that the emanating powers of some rock samples 

were increased at high pressure. 

In tu i t ion t e l l s us that pre-earthquake fracturing, if i t takes 

place, should increase the rock surface exposed to circulat ing fluids 

and consequently should increase Rn-222 release to the f lu ids , result ing 

in a posi t ive anomaly. However, the effect of deformation is probably 

not so simple, owing to sometimes counteracting fac tors : emanating-power 

change, t ransient re lease of local concentrations of Rn-222, permeability 

change, and change in the ra tes of flow of f luids through zones of 

greater and lesser concentrations of enanating Ra-226, Emanating power 

is d i rec t ly related to the to ta l surface area communicating with rock 

pores; if an extensive netxrork of internal cap i l l a r i e s in the grains of 

a rock i s responsible for most of i t s emanating power, as must often 

be t rue, simple shearing of the rock grains should.Increase the to ta l 

surface and the emanating power only s l i gh t ly . Starik and Melikova 

(1957, pp. 225-226 of t ranslat ion) concluded that pulverization of 

the mineral khlopinite did not increase i t s emanating, power. Starik 

and Lazarev (1960) stated that the emanation a b i l i t y of minerals depends 

only s l igh t ly on the change in specific [outer] surface; they point out 

that the in ternal surface is due to a netxrork of cap i l l a r i e s that i s 

l i t t l e affected by crushing. The Seismological Brigade of Peking (1977) 

measured the quantity of Rn-222 that could be flushed from Ra-226-loaded 

porous canent cubes before and during uniaxial compression. Following 

a 3-year storage period, each of three cubes was flushed with a i r , the 

effluent being continuously monitored by a s c i n t i l l a t i o n counter. 

Uniaxial compression was applied u n t i l rupture occurred. The concentra­

tion of Rn-222 collected increased at the time of rupture by 22% to 107%. 
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Similar effects were said to be observed in experiments with natural 

rock samples. Because the experiment periods (about 1 hr) were brief 

compared with the half l i f e of Rn-222, I t i s open to question whether 

the observed Increases would pers i s t for a long enough time to resu l t 

in s ignif icant anomalies. Fracturing is an unlikely explanation for 

Rn-222 anomalies that have been observed as much as 300 km from the 

epicenters . 

The most comprehensive explanation of Rn-222 behavior noted in 

connection with deep earthquakes is that of Sultankhodzhayev et al.. 

(1977). They considered that the ananating power of the reservoir 

rocks may be changed as the mlcrocapillary system in the rocks is 

changed by deformation; that the ra te of movanent of ground water 

from Ra-226-bearing layers to inactive layers should influence Rn-222 

concentration in the water; and that e l ec t r i ca l changes accompanying 

deformation of the rock may cause changes in i t s adsorption capacity 

and consequently in the re tent ion of Rn-222 on the rock surfaces. 

Sultankhodzhayev _et al^. (1977) believe that i t i s possible to predict 

the location of the focus of an earthquake by means of continuous 

measurement of Rn-222 in ground water from points along r ad i i from 

the epicentral zone. Whatever mechanisms may be suggested, they need 

to account for the observations that Rn-222 concentrations in ground 

water may be ei ther anomalously high or anomalously low prior to an 

earthquake, may be observably anomalous far away from the zone of 

ine las t i c deformation, and return to the normal level l a t e r . 

I t i s reasonable that squeezing in zones of compression causes 

a net upward and outward flow of soi l gas, thereby shift ing upxjard the 

prof i le of Rn-222 concentratipn near the surface. Measurements of 

Rn-222 in so i l gas.at a standard depth in the soi l should then show 

posi t ive anomalies near zones of compression (and, conversely, negative 

anomalies near zones of d i l a t a t i on , where intergranular spaces are 

enlarging). This mechanism has been.proposed by King (1976b, 1977b) 

and by Birchard and Libby (1976, 1978) to explain soi l -gas Rn-222 

anomalies observed respect ively in central and southern California. 
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RECOMMENDATIONS FOR RESEARCH 

The importance of adsorption in retarding the movement of radon 

isotopes and holding them on the surfaces of common minerals, rocks, 

and so i l s under typical conditions needs to be studied. The effect of 

water on adsorption should be determined. 

Radiation-damage experiments of the type described by Lambert and 

Bristeau (1973) should be performed on a greater variety of minerals and 

rocks. The effect of varying the absolute pressure during the a-counting 

period and the ind i ree t - reco i l mechanism should be studied concurrently. 

Treatments of radon-isotope diffusion have t a c i t l y assumed that 

gravi ta t ional effects are negl igible . Although the assumption is 

reasonable, i t appears not to have been ver i f ied . I t could be tested 

simply by performing diffusion measurements in horizontal and ver t i ca l 

or ienta t ions . 

The long-distance migration of Rn-222 needs to be tested rigorously 

a t places where i t i s thought to occur. One approach would be to measure 

the profi les of Rn-222 concentration in i n t e r s t i t i a l fluids at different 

depths to sufficient depth to establish whether the prof i le followed the 

required approximately exponential form. A second approach, reported by 

Schutz (1978), would be to measure the Pb-210 concentration prof i le , which 

should indicate the average Rn-222 profi le for the preceding several decades. 

The Ra-226 concentration at each point should be determined in either of 

the prof i le measurements. A th i rd , but less sa t is factory , approach would 

be to compare measured Rn-222 concentrations at a standard depth in the 

horizontal plane with the Rn-222 production ra tes at the respective s i t e s . 

For a l l three approaches, corrections would have to be made for the disturbance 

caused by the measurements and for the effects of variable porosity, 

saturat ion, tenperature, and enanating power; and measurements should be 

suff icient ly standardized to permit computation of the balance between 

sources and losses of Rn-222. 
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îew methods of measuring thoron (radon 220) exhalation, J. 
Geopnys. Research, 75(id3: 3635-3638. 

58 



pugrobov, V. M., and A. M. Chirkov, 1974, 0 raspredeienii radona 
V sovremennyk.h gidrotermai^nykh sistemakh Kamchatki [Radon dis­
tribution in modern hydrothermal systems of Kamchatka], in 
Naboko, S. I., ed., Gidrotermal^nyye mineralocbrazuyushchiye 
rastvory oblastey aktivnogo vuikanizma [Hydrothermal mineral 
producing solutions in regions of active volcanism], pp. 126-133, 
Siberian Otdel., Izdatel'stvo Nauka, Novosibirsk. 

Sultankhodzhayev, A. N., I. G. Chernov, and T. Zakirov, 197o, 
Gidrogeoseysnologicheskiye predvestniki gazliyskogo zemietryasen— 
iya [Hydrogeoseismoiogical premonitors of the Gazli earthquake], 
Doklady Akad. Nauk Uzbekskoy SSR, (7): 51-53. 

Sultankhodzhayev, A. N., S. U. Latipov, T. Zakirov, and L. A. 
Khamidov, 1977, 0 vozmozhnosti prognozirovaniya mesta vozniko-
veniya sil'nykh zemletryaseniy po variatsii radona [On the possi­
bility of predicting the point of origin of strong earthquakes 
by the variation of radon], Akad. Nauk Uzbekskoy SSR, Uzbekskiy 
Geologicheskiy Zhur., (3): 39-43. 

Sultankhodzhayev, A. N., A. I. Spiridonov, and V. G. Tyminskiy, 
1977, 0 prichinakh anomal'nogo povedeniya radona v podzemnykh 
vodakh seysmoaktivnykh rayonov [On the causes of anomalous behav­
ior of radon in underground waters of seismically active regions], 
Akad. Nauk Uzoekskoy SSR, Uzbekskiy Geologicheskiy Zhur., (2): 
29-37. 

Sultankhodzhayev, A. N., V. G. Tyminskiy, V. I. Ulomov, and I. S. 
Fayzullin, 1974, Ob ispol-'zovanii radona dlya prognozirovaniya 
zemletryaseniy [On the use of radon for prediction of earth­
quakes], Akad. Nauk Uzbekskoy SSR, Uzbekskiy Geologicheskiy 
Zhur., (2): 44-49. 

Sykes, Lynn R., and C. Barry Raleigh, 1975, Premonitory effects 
of earthquakes. Part 7, pp, 853-863, in American Seismology 
Delegation, Earthquake research in China, EOS, Trans. Am. Geophys. 
union, 56(11): aSS-dol. 

Tanner, Allan 3., 19o4a, Physical and chemical controls on 
distribution of radium-22o and radon-222 in ground water near 
Great Salt Lake, Utan, in Adams, John A. S., and Wayne lA, Lowder, 
eds.. The Natural Radiation Environment, Symposium Proceedings, 
Houston, Tex., April 1(3-13, 1963, pp. 253-27o, Univ. Chicago 
Press, Chicago. 

, 19o4b, Radon migration in the ground: a review, 
in Adams, John A. S., and Wayne M. Lowder, eds.. The Natural 
Radiation Environment, Symposium Proceedings, Houston, Tex., April 
10-13, 19o3, pp, Iol-I90, Univ. Chicago Press, Chicago. 

, Robert M. Moxham, and Frank E. Senftle, 1977, Assay for 
uranium and determination of disequilibrium by means of in situ 
high-resolution gamma-ray spectrometry, 22 pp., U.S. Geol. 
Survey Open-file Report 77-o71, Reston, Va. 

Teng, T. L., T. L. Ku, and R. P. McElrath, 1975, Groundwater 
radon measure.-ents along San Anoreas Fault from Cajon to Gorman 
[aostr.], tz-06, Trans. Am. Geop.hys. Union, oo(12): 1019. 

59 



Jewari, S. G., and N. S. Bhalla, I97o, Lognormal distribution of 
radon in soil—an analysis, Indian J. Pure Appl. Pnysics, 14(7): 
66O-670. 

Thompkins, R. W., and Ku-Chuan Cheng, 1909, The measurement of 
radon emanation rates in a Canadian uranium mine, Canadian -iining 
.Metall. bull., o2(o92): 1350-13o2. 

Tikhomirov, V. 7., 1972, 0 vzaimootnoshenii geliya i radiya v 
plastovykh vodakh bukharo-Karshinskogo artezianskogo basseyna 
[Interrelation between helium and radon in ground water of the 
bukhara-Karshi artesian basinl, Sov. Geoiogiya, (12): 147-150. 

Traubenberg, Heinrich Freiherr Rausch von, 1904, Uber de 
Gditigkeit des Daltonschen resp. Henryschen Gesetzes bei der 
Absorption der Emanation des Freiburger Leitungsv/assers und der 
Radiumemanation durch verschiedene FiUssigkeiten [On the validity 
of Dalton^s and Henry's Laws, respectively, in the absorption of 
emanation oy Freiburg tap water and of radium emanation by 
various liquids], Phys. Zeitschr,, 5(5): 130-134. 

Turekian, K. K., Y. Noza^i, and L. K. Benninger, 1977, Geochem­
istry of atmospneric radon and radon products, A.nn. Review Earth 
Planet. Science, 5: 227-255. 

Turkevich, Ant.nony L., James H. Patterson, Ernest J. Franzgrota, 
Kenneth P. Sowinski, and Thanasis E. Economou, 1970, Alpha Radio­
activity of the lunar surface at the landing sites of Surveyors 
0, o, and 7, Science, lo7(392o): 1722-1724. 

Tyukhtin, M. I.., 1974, Vliyanie Rn i Tn v prizennom slcye 
atmosfery na gamma-spektral^nyye opredeleniya U i Th [Effect of 
hn and Tn in tne surface layer of the atmosphere on the 
gamma-spectroscopic determination of U and Th], Zapiski 
Leningrad. Gornyy Inst., 64(2): 94-9o. 

Ulomov, V. I., and B. Z. Mavashev, 1967, 0 predvestnike sil'nogo 
tektonicheskogo zemietryaseniya, Doklady Akad. Nauk SSSR, I7o(2): 
319-321, translated in English as, A precursor of a strong 
tectonic earthquake, Acad. Sci., USSR, Doklady, Earth Sci. Sec, 
17o: 9-11, Am. Geoi. Inst., Wasnington, D.C. 

Vdovenko, V. M., and Yu. V. Dubasov, ly73, Analiticheskaya 
khimiya radiya, Izdatel'stvo "Nauka", Leningrad, translated 
in English as, .Analytical Chemistry of Radium, 198 pp., [1975], 
Keter Publishing House, Ltd., Jerusalem; John Wiley and Sons, 
New York. 

Ve.nkatasubra,manian, V. S., 1963, Studies on radon leakage in 
minerals, in Geophysical Exploration, Symposium Proceedings, 
Baroda, India, August 15-17, 1959, pp. 102-1 Ob, Council of Scien­
tific and Industrial Researcn, New Delhi. 

Vershinina, L. K., and Dimaksyan, A. M., e d s , , 19o9, Issledovan-
iya metodov,.apparatury i tochnosti opredeleniya zaposov vody v 
snezhncm pokrove, Gosudarst. Gidrologicheskii Inst. Trudy No. 
178, Gidrometeorologichsskoe Izdatel:'stvo, Leningrad, translated 
in English as, Jeter.mination of the Water Equivalent of Snow Cover, 
Methods and Equipment, 142 pp, Israel Program for scientific 
Translations, Jerusalem, No, TT 70-5(3(393, .<TIS [19/1], 

50 



•Vogler, G., ivoo, Ursachen enanometrischer Anomalien [Origins 
of emanometric anoT.alias], Zeitschr. Geophysik, 2o(2): 57-71. 

Vohra, K. G., A , . - C , Suboaramu, and A. M. Mohan Rao, 1964, 
Measure.ment of radon in soil gas, Nature [London], 2(31(4914): 
37-39. 

Wahl, Arthur C , and Norman A. donner, 1951, Radioactivity 
Applied to Chemistry, o04 pp., John Wiley and Sons, New York. 

Walker, R. Y., and Samuel R. Litzenberg, Jr., 1959, New Explora­
tion technique shows oromising results. World Oil, 148(6): 
134-137. 

Ward, W. J., Ill, R. L. Fleischer, and A. Mogro-Campero, 1977, 
Barrier technique for separate measurement of radon isotopes. 
Review Sci. Instruments, 4d(ll): 144(3-1441. 

Warren, Roy K., 1977, Recent advances in uranium exploration with 
electronic aipna cups,'Geophysics, 42(5): ••^<i2-969, 

Wenrich-Verbeek, Karen J., Donna B. Collins, and J. Karen relmlee, 
1977, Bibliography on Uranitim ano Daughter Products in Water and 
.Associated Sediments, 13y p., U.S. Geol. Survey Open-file Report 
77-82, Denver, Colo. 

Wertenstein, L., 1935, Vapour pressure and condensation of radon 
at low temperatures, Proc. Royal Soc. London, AloO: 396-410. 

Wickman, Frans E., 1942, On the emanating power and the measure­
ment of geological time, Geol. Fdren. Stockholm Fttrhanoi., o4(4): 
465-470. 

Wilkening, Marvin H., 1977, Radon 222 concentrations in the 
Carlsbad Caverns, in Cullen, Thomas L., and Eduardo Penna Franca, 
eds.. International Symposium on areas of High .Natural Radioac­
tivity, P050S de Caldas, Brazil, June I0-20, 1975, p. 165, Acad, 
brasileira de CiSncias, Rio de Janeiro. 

, 197o, Radon transport processes below the earth's surface. 
Preprint, This Symposium. 

, and David E. Watkins, 1976, Air exchange and 222Rn 
concentrations in the Carlsbad Caverns, Health Physics, 31: 
139-145. 

Wollenberg, H. A., 1974, Radioactivity of Nevada hot-spring 
systems, Geophys. Research Letters, 1(8): 359-362. 

— , 1977, Radiometric methods. Chap. 2, in Morse, Jerome, 
ed.. Nuclear Methods in Mineral Exploration and Production, 
pp. 5-36, Elsevier, ,Amstardam-Oxford-New York. 

, Tore Straume, Alan Smith, and Chi-Yu King, 1977, Variations 
in radon-222 in soil and ground water at the Nevada Test Site, 
o pp., Univ. California, Lawrence Berkeley Laboratory Report 
LbL-6 9(33, i>«riS. 

51 



Yaniv, A*, ana D. Heymann, 1972, Measurements cf radon emanation 
from Apollo 11, 12, ano 14 fines. Earth Planet. Sci. Letters, 
15(2): 95-100. -

Zaborenko, K. 3., T. E. Os'kina, and N. A. Chernova, 1974, 
Investigation of the diffusion mobility of 220Rn in thorium by 
the emanation method [in Russian], Radiokhimiya, lo(5): o25-o29, 
in Englisn translation, Sov. Radiochemistry, Io(5): ol4-ol7. 

Zielinski, Rooert A., and John N. Rosholt, 197c, Uranium in 
waters and aquifer rocks at the Nevada Test Site, Nye County, 
Nevada, J. Research U.S. Geoi. Survey, o(4): 4o9-498. 

Zimen, \ , E , , and P. ./iertens, 1971, Kernrtlckstoss in festen 
Stoffen und j^nock-out-Effekt [Nuclear recoil in solids and 
the knock-out effect], Zeitschr. Naturforschung, Ser. A, 2o(4): 
773-776. 

7 or'kin, L. M., A. N. Sultankhodzhayev, V. G. iyminskiy, A. I. 
Spiridonov, and S. U. Latipov, 1974, Interrelation between helium 
and radon in stratal waters [in Russian], Akad. i.'auk Uzbekskoy 
SSR, Uzoekskiy Geologicheskiy Zhur.,, (o): 40-44, translated in 
English in Sov. Hydrology: Selected Papers, 1974, (o): 405-409, 
Am. Geophys. union, Washington, D,C, 

62 


