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ABSTRACT 

ATMOSPHERIC AND DEEP-SEATED SOURCES OF UNSUPPORTED LEAD-210 

IN SOIL PROFILES AND THE USE OF LEAD-210 AND POLONIUM-210 

AS INDICATORS OF URANIUM MINERALIZATION AT DEPTH 

Hadi S. Ageli 

The increase of supported lead-210/polonium-210 with depth in soil profiles 

over buried uranium ore has been found to be a very cost effective method of 

uranium prospecting. 

Lead-210/polonium-210 soil profiles of the uppermost meter are superior 

to radon-222 track etch cups because the flux of radon-222 is highly variable 

from time to time depending on many factors, such as changes in wind velocity, 

pressure, and temperature. On the other hand, lead-210 has a half-life of 22.3 

years and it is a time-integrated measurement of radon-222; the method integrates 

over six half-lives of lead-210 (about 133 years). 

At Felder Mine, Texas, the lead-210/polonium-210 soil profile increases 

with depth across a fault zone since the faulting facilitates the upward migration 

of radon-222. Reversed profiles have been observed where radon-222 accumulates 

under a semi-impermeable caliche layer. Also at Felder, polonium-210 from the 

radon-222 mobilized and released to the atmosphere during strip mining operations 

was detected where the soil had been removed. 
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Atmospheric and Deep Seated Sources of Unsupported Lead-210 

in Soil Profiles and the use of Lead-210 and Polonium-210 

as Indicators of Uranium Mineralization at Depth 

Introduction 

Since the beginning of this century, the concentration of lead-210 in the 

atmosphere and in the lithosphere has interested a number of geologists. Some 

of them calculated its rate of deposition from the atmosphere, others found the 

relation between the activity of unsupported lead-210 (atmospheric lead-210) 

and depth in soil profiles. This thesis concentrates on the relation between 

supported lead-210 and depth, assuming the concentration of lead-210 will 

decrease in the general case; however, it may increase with depth over uranium 

ore. For this reason we can consider that the supported lead-210 may be a 

useful indicator for uranium exploration; we were particularly interested in 

whether or not lead-210 and polonium-210 soil profiles of the uppermost meter 

can be used instead of radon-222 track etch cups to detect uranium ore at depth. 

Lead-210, one of the decay series of uranium-238, has a half-life of 

22.3 years. We are interested in both lead-210 and its daughter polonium-210 

because of the long (22.3 years) half-life of lead-210 and the energetic (5.31 

MeV) alpha emission of polonium-210. The concentration and separation of 

lead-210 and polonium-210 from the samples was accomplished by leaching with 

hydrochloric acid and oxidizing the organic material with nitric and perchloric 

acids. The activity of polonium-210 is determined by pulse height analysis, using 

a polonium-210 tracer to determine yields. 

Eakins and Morrison (1977) and El-Daoushy et al. (1982) assumed that the 

polonium-210 is in equilibrium with lead-210 in an undisturbed soil. For this 

1 
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study we selected the Felder Mine, Live Oak County, South Texas (Figure 1), 

which is characterized by an undisturbed soil above a uranium deposit with tight 

drilling control by Exxon. Klohn and Pickens (1970) reported that the Felder 

Mine itself contained 5 million pounds of natural uranium. 
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Figure 1. Location of Felder Mine. 
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Radon-222 

Radon-222 has a half life of 3.85 days. It is a radioactive noble gas in 

the decay series of uranium-238. It forms no chemical bonds and thus is capable 

of migrating through the ground toward the surface, where it could be 

concentrated and provide an indirect indication of buried uranium. This method 

has been investigated by several workers, e.g. Jurain (1969), Smith et al. (1976), 

Pearson (1967), etc. It was reported by Mogro-Campero and Fleischer (1977) 

that there is a problem in understanding the long distance migration of radon-222 

and this problem arises from its half-life of 3.85 days and its small diffusion 

coefficient in soil; diffusion alone would reduce the concentration of radon-222 

by a factor of two at a distance of approximately 1 meter. Other possible 

transport mechanisms suggested by Mogro-Campero and Fleischer (1977) are as 

follows. 

First: Mechanical pumping which depends on the pore space, rock 

fractures, earthquakes, and earth tides. 

Second: Fluid convection which is also too time limited in transporting 

radon-222 to have a significant concentration of radon-222 near 

the surface and in the atmosphere. 

Fleischer and others (1979) concluded that measurable amounts of radon 

do not move more than 10-15 meter vertically, but Fleischer et al. (1980) showed 

that the radon-222 could migrate from greater depth if there were a more 

effective transport mechanism than diffusion. It was concluded by Pearson 

(1967) that radon-222 emanation from ordinary soil in two locations was a 

function of the concentration of uranium-238. He reported that the emanation 

of radon-222 at Central City, Col., is 1,951 + 987 10*1® curies cm*® see"* and 

at Grants, New Mex. is 37,768 +_ 26,862 x 10**® curies cm*® see**. There were 

also a series of measurements taken at Argonne National Laboratory for radon-222 
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concentration from 57+5 to 29+30 10"*® curies cm""® sec-*. Although the 

concentration of radon in the surface depends on many factors, the main one is 

the concentration of uranium in the area. The concentration of radon near the 

surface varies from season to season (Pereira et al., 1982). Mattson (1970) 

found that, in Finland, the radon-222 concentration at ground level was at a 

maximum in midwinter and late summer, and at a minimum in spring; the minimum 

must be due to a lack of exhalation. Eapen (1975) concluded that the 

concentration of radon-222 and its daughter lead-210 in the atmosphere were 

changeable according to seasonal variation (high in winter and minimum in 

summer) and this may be due to the seasonal changes in the stability of the 

surface air. 

Mogro-Campero et aL (1980) found that the radon anomalies are sometimes 

associated with earthquake activity; thus the radon variation which was observed 

at Blue Mountain Lake, New York, was not controlled by changes in atmospheric 

parameters, but by earthquakes which had occurred 14 km away. On the other 

hand, Pearson et aL (1965) found, on a single experiment done in summer, the 

radon emanation from the leaves of field corn was 2.6 times that from adjacent 

soiL This result has been criticized by Mattson (1970) whose data imply a much 

smaller radon-222 flux due to transpiration by birch trees. 

Another possible explanation for radon variation on the surface by 

Fleischer et aL (1979) is that the radon concentration depends upon sweeping 

gases flowing upward or downward in response to atmospheric circulation and 

pressure. Thus, there is much evidence that the flux of radon-222 is highly 

variable from day to night, from season to season, and from time to time, 

depending on many factors such as changes in wind, pressure, and temperature. 

The radon flux also varies with the homogeneity of the porous medium and its 

moisture content. 
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Fractures, joints, faults, and earth movements such as earth tides and earthquakes 

are other largely unknown factors to consider. 

The complex and highly variable nature of these many factors has made 

radon-222 an uncertain indicator for buried uranium ore. This is one of the 

main reasons for our research on lead-210 and polonium-210 as an alternative 

to radon-222 track etch cups. Another reason is that not all the radon formed 

from rocks or from ore itself will be available to migrate toward the surface 

by diffusion or any other process as part of it is constantly decaying along the 

path of migration. The measurement of radon toward the surface depends upon 

the emanation coefficient, which is defined as the ratio of the liberated radon 

to the radon formed in the rocks. If the emanation coefficient is low, uranium 

deposits may yield little or no radon. In some parts of South Texas where 

caliche is common, the radon-222 may be incapable of migrating to the surface 

and accumulates below the semi-impermeable caliche layers. 

We can conclude that radon-222 atoms migrate through the sediments 

toward the surface by diffusion and mass transport and/or sweeping (movement 

with fluid). It escapes from the surface to the atmosphere directly from the 

soil, from active volcanoes, and indirectly from plant leaves with the transpiration 

of water (Pearson et aL, 1965; and Mattson, 1970). George (1981) reported 

that over a three year period the radon-222 flux measurements made at the 

baseline station in Chester, N.J., averaged four to five times higher than the 

estimated global base line average (45 x 10~1® curies cm~3 sec-*). This may 

be due to the higher local concentration of radium-226 in the soil (0.7 x 10~12 

curies cm“3 sec“^®) and the soil structure in that area. George also found that 

the radon-222 flux was reduced in winter. 
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Radon-222 is decaying as it migrates through sediments or is released 

from plant leaves, soils, and active volcanoes to the atmosphere. The radon-222 

decay scheme is shown in Figure 2. In this decay scheme we are particularly 

interested in lead-210 and polonium-210 because of the long (22.3 years) half-life 

of lead-210 and the very energetic (5.31 MeV) alpha of polonium-210. 
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Lead-210 

Radium-226 decays to gaseous radon-222 (see Figure 2), some of which 

diffuses into the atmosphere and rapidly decays to lead-210 (unsupported 

lead-210). Radon-222 has only a 3.85 day half-life and much of it will decay 

within the lithosphere during its migration upwards through the sediments. The 

amount of lead-210 formed in this way depends on the amount of radon-222 

emanating from relatively immobile radium-226. Additional sources of 

atmospheric lead-210 vapor include burning vegetation, industrial combustion, 

and active volcanoes. 

The lead-210 is deposited from the atmosphere in two ways, as shown in 

Figure 3, wet precipitation and dry deposition. Knuth and Knuston (1981) 

estimated the dry deposition velocity of lead-210 at Chester, N.J., to be 

0.08 cm/sec, but this value is higher than the weighted average deposition 

velocity of 0.04 cm/sec calculated by Knuth and Knuston (1981). This difference 

may be due to the larger value for particle density and surface roughness in 

the calculation. Turekian et al. (1977) also calculated the dry deposition velocity 

in different places finding a range from 1.33 to 0.43 cm/sec in England, Australia, 

New York, and Connecticut; in Antarctica a value of 0.12 cm/sec was reported. 

A summary of lead-210 fluxes in wet and dry fallout can be found in Table I. 

For the wet deposition velocity there is no estimate, but Turekian et al. (1977) 

concluded that lead-210 deposition is 3.5 times higher in winter than in summer, 

so it could be that the wet velocity deposition is higher than the dry velocity 

deposition. On the other hand, Crozaz et aL (1966) reported that the annual 

deposition of lead-210 from the atmosphere appears to be relatively constant, 

therefore the rate of supply of unsupported lead-210 to the sediment surface 

annually is probably constant. 



Table t Lead-210 fluxes in wet and dry fallout 
(Modified from Turekian et aL (1977)) 
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Location 
Lead-210 flux 

(dpm cm~2yr“l) 
Average 

(dpm/cm"yr_l) 

Milford Haven, UK (51°44,N,5°02'W) 0.51+0.081 
Moscow, USSR (55045,N,37042,E) 0.69+0.062 

India3 

Bombay (18°57’N,72055’E) 1.50+0.36 
Srinagar (34o06'N,74o55'E) 1.09+0.29 
Ootacamund (11°23,N,76°40,E) 0.52+0.16 
Delhi (28°45,N,77o20'E) 0.80+0.26 0.88+0.32 
Bangalore (12o57'N,77°30,E) 0.49+0.19 
Nagpur (21°12'N,79°04,E) 0.61+0.21 
Gangtok (27°12,N.88°23,E) 1.38+0.76 
Calcutta (22®34'N,88°25,E) 0.61+0.29 

Hokkaido, Japan (41°50'N,140'25’E) 2.2 +0.604 

New Haven, USA (41°18'N,72°55,W) 0.92+0.095 

Australia6 

Perth (31°58’S,115°49,E) 0.26+0.07 
Wokalup (33°07,S,115°52,E) 0.28+0.11 
Port Hedland (20°24,S,118#36,E) 0.19+0.06 
Darwin (12o23*S,130°44,E) 0.57+0.15 
Alice Springs (23°42,S,133°52,E) 0.34+0.06 
Adelaide (34°55'S,138°35,E) 0.32+0.07 
Meadows (S5all,^138°4S,E) 0.35+0.08 
Townsville (19°13,S,146°48,E) 0.23+0.07 
Brisbane (27#30'S,153°00'E) 0.39+0.05 0.33+0.07 
Saraford (27#22'S,152°53,E) 0.37+0.07 
Sydney (SS'SS'S.m'lO'E) 0.32+0.09 
Berry (34°48,S,150#41»E) 0.42+0.11 
Melbourne (37045'S,144°58*E) 0.30+0.07 
Warragul (38°11'S,145#55,E) 0.40+0.08 
Hadspen (41°30,S>147°05'E) 0.32+0.05 
Hobart (42°54,S,147#18’E) 0.18+0.02 

New Zealand7 

Kaitaia (35«08'S,173n8'E) 0.37+0.10 
Aukland (36055*S,174°45'E) 0.30+0.07 * 
New Plymouth (39°03,S,174°04,E) 044+0.09 
Greymouth (42°28*S,171°12,E) 0.75+0.07 
Invercargill (46°26*S,168#21'E) 0.21+0.07 
Dunedin (45°52,S,170°30,E) 0.18+0.05 0.32+0.04 
Christchurch (43o33,S,172°40'E) 0.14+0.01 
Havelock North (39°40'S,176°53,E) 0.18+0.01 

Suva, Fiji (18°08'S,178°25,E) 0.48+0.10 
Rarotonga (21°15,S.159°45,W) 0.31*0.09 

IPeirson, Cambray <5c Spicer (1966) 
2Baranov <5c Vilenskii (196S) 
3Joshi, Rangarajan & Gopalakrishnan, (1969) 
4Fukuda <5c Tsunogai (1975) 
5Benninger (1976) and unpublished data 
6Bonnyman <5c Molina-Ramos (1971) 
7L.P. Gregory, New Zealand National Radiation Laboratory, personal 

communication. Also NRL, 1968-1975. 
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The lead-210 flux can be determined by measuring lead-210 and radium-226 

in an undisturbed soil by using the following formula: 

lead-210 (flux) = (Lead-210A*R), where 
100 

lead-210A = the mean concentration in disintegrations 

per minute per liter. 

R = the annual precipitation in centimeters. 

It was determined by Chung et aL (1982) that the total atmospheric flux into 

the Red Sea is 2.2 x 10
i:>dpm/yr; this value is very low and represents fall-out 

under arid conditions. 

Although the oceans are very minor sources of radon-222, the continentally 

derived lead-210 flux back to the oceans makes them a major sink of atmospheric 

lead-210. Krihnaswami and Somayazulu (1975) measured the activity ratio of 

lead-210 and radium-226 in the Santa Barbara Basin. They found that the 

activity of lead-210 increases with depth (higher values near the bottom of the 

basin). This is probably due to the scavenging of lead-210 by the particles 

during their settling. Therefore, we must consider this observation in our study 

because of the occurrence of organisms in the upper meter of the soil. In 

particular, earthworms may ingest and redistribute lead-210. 

The concentration of atmospheric lead-210 in the soil profiles decreases 

with depth (Petit, 1974). Moore and Poet (1976) concluded that "the 

concentration of lead-210 decreases with depth until the lead-210 to radium-226 

activity ratio becomes less than unity" as shown in Figure 4. Nozaki et al. 

(1978) concurred that the lead-210 concentration decreases with depth as shown 

in Figure 5. All of these investigators chose for their experiments soils that 

had been undisturbed for approximately 100 years. A summary of these studies 

can be found in Table II. 



Table IL Lead-210 fluxes calculated from soil profiles 
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Location 

Half 
Concentration 
Depth (cm) 

(dpm/cm2/yr) 

Pb-210 Flux, 
(dpm/cm2/yr) 

Model 
Estimates, 
(dpm/cm2/yr) 

Other 
Method 

Eastern United States 1 

Maryland 3 1.2 

Branford, Conn. 0.8* 1.1 

New Haven, Conn. 1 

Cook Forest, Pa. 3 1.2 

Steam Mill, Pa. 3 0.9* 

Limestone Run, Pa. 3.5 0.8* 

Central United States 0.8 

TWSE, N.M. 2.6 

F WAN, N.M. 1.3* 

Colorado 4 1.6 0.8 

South Africa 0.5 

Durban 12 0.65* 

*Calculated from excess Pb-210 in relation to Ra-226. 

iTurekian et al. (1977) 
2Fisenne (1968) 
3McCaffrey (1977) 
^Benninger et aL (1975) 
^Nozaki et al (1978) 
6 Moore and Poet (1976) 
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General Geology 

South Texas is a very important area in terms of economic geology, as 

the region contains oil and uranium. The uranium in South Texas was discovered 

in 1954 during an airborne survey in southwest Karnes County. The sedimentary 

beds likely to contain uranium ores are gently dipping (not more then 3°) and 

late Eocene to Pliocene in age. These beds are a part of the Gulf Coast 

Geosyncline. The strike of the beds and the major faults approximately parallel 

the Gulf shore line (see Figure 6). These beds are interbedded with volcanic 

tuffs (Eargle et al., 1975). 

A summary of the geologic history of the South Texas Coastal Plain can 

be found in Table III and a stratigraphic column of the South Texas uranium 

province in Figure 7. 

The Jackson Group 

The Jackson Group is the major host for the first uranium deposits 

discovered in South Texas, principally the youngest, uppermost units. The marine 

beach sandstone of this formation regionally forms a general transgressive and 

regressive pattern. The upper part of the Jackson Group and the underlying 

Yegua formation consist of interbedded sand, mud, and lignite deposited on a 

coastal plain in the upper part of a major progradational cycle. Secondary 

transgressive and regressive pulses punctuate the Jackson offlap sequence 

(Galloway et aL, 1979). 

The Jackson Group includes a fluvial delta system and a strand plain 

system dominated by barrier island, lagoonal and paludal deposition (Fisher et 

aL, 1970). 



dprVï 
15 

Figure 4. The calculated profiles of lead-210, radon-222 and radnim-226, 

Cook Forest, Pennsylvania. 

ACTIVITY dpm/g 

Figure 5. The specific activity of radium-226 and lead-210 versus soil depth 

for an undisturbed soil. 
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The Frio Clay 

After the deposition of the Jackson group, the shoreline regressed nearly 

to its present position. All subsequent sedimentary deposits in the study area 

took place after the regression in Oligocène, Miocene, Pliocene, and Pleistocene 

times, and are of continental flood plain origin. 

The Frio Clay was deposited during the Oligocène epoch and is 

characterized by continental deposition. It is composed of light gray to green 

clays, montmorillonitic zeolites, and tuffaceous clays interbedded with stream 

channel sands (Eargle et aL, 1975). 

The Catahoula Tuff 

The Catahoula Tuff consists of three members: Chusa Tuff, Soledad 

Volcanic Conglomerate, and Fan Tuff member. During Miocene time, the volcanic 

activity caused a strong influx of sediments that formed the Catahoula Formation. 

The Catahoula Tuff lies conformably on the Frio Clay and unconformably on 

the Jackson Group (see Figure 7). It is characterized by brown to gray tuff, 

fluvial sandstone and conglomerates. The Soledad Volcanic Conglomerate contains 

rounded boulders and pebbles of lava that probably originated in West Texas 

and northern Mexico. These boulders are composed chiefly of rhyolite, trachyte, 

and tr achy andesite (Eargle et al., 1975). 

Oakville Sandstone 

The rejuvenation of the coastal streams in late Miocene time brought the 

clastic materials from the Llano Uplift and the Edwards Plateau into the area 

to form the Oakville Sandstone, which is characterized by gray to light-reddish 

brown fine to coarse grained fluvial sandstone containing silt, clay, and clay 

pebbles cemented by calcite. In general, the Oakville Sandstone is composed 

of coarse sandstone, tuff, and claystone. Vertebrate fossils such as 
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Figure 6. Map of South Texas Coastal plain showing major geologic features. 

From Eargle et.aU (1971). 

The star locates the Felder Mine in Live Oak County. 
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horse teeth are present. The Oakville is crossed by large stream channel sands. 

Discriminating between the Oakville and the Fleming Formation, which overlies 

the Oakville Sandstone conformably, is difficult; however, an increase in red, 

calcareous clay upward in the section indicates a drier climate during Fleming 

deposition (Eargle, 1975). 

The Fleming Formation 

The Fleming Formation is interbedded by sandstone resembling the Oakville 

Sandstone and contains claystone. It grades upward into finer sedimentation 

which is red in color (Eargle et al., 1975). 

The Goliad Formation 

Conformably overlying the Fleming Formation, the Goliad Formation is 

composed of light gray sandstone and calichified sandstone which is medium to 

coarse grained at the base, grading upward to fine sands. An arid climate 

continued in this epoch and channels were formed by streams that originated 

in West Texas, New Mexico, and perhaps as far west as the ancestral Rocky 

Mountains (Eargle et ai, 1975). 
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Geology of the Felder Uranium Deposit 

The Felder Mine produced about 5 million pounds of uranium. The uranium 

was found in the basal sandstone of the Oakville Sandstone, which was deposited 

during the Miocene when the paleostreams brought clastic material from North 

and West Texas, which was favorable for uranium deposition and is composed of 

an alluvial sandstone containing tuff and volcanic ash, siltstone and claystone. 

In Live Oak County, the Oakville Sandstone strikes northeast-southwest and dips 

about 1° southeast (Klohn and Pickens, 1973). The uranium deposits occupy an 

area approximately 70 miles wide. Normal faults penetrate the area and strike 

parallel to the regional beddings and have displacements of 300 feet in the 

Oakville Sandstone. There is no evidence which indicates that these faults were 

active during Oakville deposition (Klohn and Pickens, 1973). The ore occurs as 

coffinite and uraninite in a reduced zone. A most important observation is that 

all commercial deposits of the uranium in South Texas are in lignite sands of 

the Eocene Jackson Group, except the uranium deposits in the Miocene Oakville 

Sandstone. The Oakville Sandstone is a fine to medium-grained carbonate rich 

in quartzose sandstone which contains clay lenses, basal conglomerate, and large 

clay balls (Klohn and Pickens, 1973). The age of the uranium ore in Felder mine 

is 5.07+0.15 m.y according to Ludwig et aL (1982) who used lead-206/lead-204 

versus uranium-238/lead-204 and lead-207/lead-204 versus uranium-235/lead-204 

isochrons. The major source for Felder uranium was probably tuffs from both 

the Catahoula Formation and Oakville Sandstone (Klohn and Pickens, 1973). 
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Felder Uranium Deposit 

The mined deposit had the shape of a flattened crescent (Figure 8). The 

Felder mine deposit is characterized by two kinds of sediments ranging from 

reduced sandstone (light to dark gray) and claystone (blue-green) to the oxidized 

sandstone (yellow tan) and the oxidized claystone (red brown). The measurement 

of the Eh in the groundwater in the Felder mine indicates a change from 

oxidizing conditions to reducing conditions (from +150mV to -50 then -150mV). 

The Eh values increase gradually and continuously down-dip away from the 

oxidation, reduction boundary. The pH measurements of the ground water are 

near neutral (6.5-7.0 pH). The reductant source is interpreted as hydrogen 

sulfide gas which comes from hydrocarbon reservoirs from depth along the faults. 

Note that the Eh values increase downdip towards the fault, to -280mV (Klohn 

and Pickens, 1973). 
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EXPLANATION 
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Vertical exaggeration X5 

Figure 8. Cross sections A-A* and B-B' through Felder uranium mine, Live Oak 

County, Texas. After Klohn and Pickens (1970). 
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Sampling 

Thirty-three samples were collected by hand digging holes about 50 cm 

deep and 40 cm in diameter. Three different locations were sampled (see Figure 

9), two of them across the fault (A,B,C,D,E), (G,H,I,J,Kf), and the third one (F) 

outside the fault over the uranium ore as mapped by Exxon on the basis of 

closely spaced drilling. The samples were labelled, sealed in plastic bags, and 

detailed notes of all sample locations were made. Each sample weighed about 

1 kg. The samples were dried at 60°C overnight. Each sample was ground and 

homogenized. 

Polonium 

Twenty-two isotopes of polonium are known, ranging in mass from 197 to 

218, all of which are radioactive, most of them emitting alpha particles ranging 

from 4.95 MeV to 10.52 MeV. The isotope of polonium-210 is one of the natural 

isotopes existing in sufficient quantities to be detected readily. Polonium is 

characterized by volatility at room temperature and loss from hydrochloric acid 

solution above 150°C (Bagnall, 1966). The polonium-210 can be deposited as 

thin sources by two methods, electro-deposition and spontaneous deposition. We 

are interested in the second method of deposition. 

It is well known that polonium can be deposited onto silver, gold platinium, 

copper, nickel, bismuth, and other metals like aluminum, iron, etc., but each 

metal has its advantages and disadvantages. We chose silver for the spontaneous 

deposition of polonium-210. During the deposition of polonium-210 onto silver 

from dilute hydrochloric acid solutions, a black film appears on the silver and 

may consist of either silver oxide or peroxide containing the polonium-210 

(Bagnall, 1966). The deposition of trace polonium from hydrochloric solution or 
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Figure 9. Felder mine sampling sites. 
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nitric solution is independent of the acid concentration, but dilute solutions are 

preferred. Otherwise, the acid will react with the silver in the case of 

polonium-210 and with the planchet in the case of polonium-212. Furthermore, 

the brownish film will be black in the case of polonium-210. As Bagnall (1966) 

mentioned, the polonium is included in this film; in fact, according to our 

experiments, the concentration of the polonium-210 will be very, very weak or 

undetectable when the film is present. We tested seven samples and found that 

the concentration activity of polonium-210 in the case of blackish film or 

brownish film was very low. By contrast, in the case of silvery white metallic 

color (very thin source), high and reproducible counting rates were obtained. 

For example, the sample F-3 gives 24 counts per 60,000 seconds in the case of 

black film, while it gives more than 5,000 counts in the case of silvery white 

metallic film. Both forms of polonium, simple cubic and simple rhombohedral, 

have a silvery white metallic appearance while contaminated sources have a 

brownish appearance. The most important characteristics, as Bagnall (1966) 

reported, are that polonium metal melts at 254°C and boils at 962°C. Polonium 

is insoluble in concentrated sulphuric acids or in normal hydrochloric acid; it has 

a density of 9.196g/cm3. It resembles thalium, lead, and bismuth in the same 

period. There are two methods of determining lead-210 - by counting beta 

particles from its daughter bismuth-210 or by counting the alpha particles from 

its daughter polonium-210 (see Figure 2). 
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Beta Method 

Other workers have determined lead-210 by counting the beta (1.16 MeV) 

from its daughter, bismuth-210, because the direct lead-210 beta emission is 

very low in energy (0.1706 MeV). This method has the disadvantage of low 

signal-to-background ratios. Also, the source must be left at least 40 days to 

reach secular equilibrium between bismuth-210 and its parent lead-210. 

Alpha Method 

For this study we selected the alpha method for several reasons: 

1. It is possible to use polonium-210, polonium-208, or polonium-209 as a spike. 

2. Alpha counting is more sensitive than beta counting because of the strong 

ionization caused by alpha pareticles and the resultant low backgrounds. 

3. Counting took place directly after the preparation of the source. For 

purposes of prospecting with the advantage of time integration, the lead- 

210 that has been in the soil for only the last year or so and has not 

fully established secular equilibrium with its polonium-210 daughter is not 

as meaningful as the lead-210 that has been in the soil for 3 to 100 

years. With the alpha method, the lead-210 was determined indirectly 

by counting the alpha (5.3 MeV) of its granddaughter, polonium-210, which 

has a half-life of 138 days and decays directly to stable lead-206 (see 

Figure 2). 
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Method of Separating Polonium-210 from the Sediment 

Each sample was dried at 60°C overnight and ground to a fine powder. 

Each sample was mixed thoroughly to make it homogeneous and representative. 

A 100 gm aliquot of the sample was placed in a 500 ml beaker and digested 

with dilute nitric acid, washed with distilled water, leached with 12 N 

hydrochloric acid and oxidized with perchloric acid. Some samples were spiked 

with polonium-210, adding 10 ml of nitric acid to the solution containing 

polonium-210 to oxidize the organic materials. Finally the polonium-210 was 

spontaneously deposited on a silver planchet. 

Procedure (substantially modified from those of Holtzman, 1964) 

1. Pour 100 grams of the sand into a 500 ml beaker. 

2. Add 20 ml of concentrated nitric acid to digest the sand and to completely 

destroy the carbonate, stirring with a glass rod. If effervescence occurs, 

add more concentrated nitric acid until the effervescence disappears while 

keeping the sample covered with distilled water (about 20 ml). 

3. Add 2 ml of polonium-210 spike. 

4. Remove the glass rod and wash with distilled water to remove any 

sediment. 

5. Transfer the beaker to an oven at 70°C and evaporate for about four 

hours. Make sure that the sediment is still covered with 2 or 3 ml of 

water. If there is any reaction and the bubbles occur again after heating, 

repeat Step 2 until there is no reaction. 

6. Cool, then wash the sample with about 400 ml of distilled water and 

filter through a filter paper, collecting the filtrate in a beaker. 



29 

7. Add about 400 ml of 12 N hydrochloric acid to the residual (sample), 

stirring. Filter, collecting the filtrate in a beaker. Repeat Step 7 twice. 

8. Transfer the beaker solution which contains the polonium-210 into an 

oven (70°C) and evaporate for two hours. 

9. Add 20 ml of 62% perchloric acid to the solution to oxidize any organic 

material. 

10. Evaporate down to 100 ml. 

11. Add 20 ml of concentrated nitric acid to remove the easily oxidized 

materials. 

12. Evaporate down to 20 ml to get a very thin source (silvery metallic in 

color). Note that the color of the solution changes from brown/red to 

very light yellow. 

13. Cool and add about 125 mg of ascorbic acid to prevent interference by 

ferric ions during the plating of the polonium-210. 

14. Dilute with distilled water. 

15. Clean a one inch diameter silver planchet with distilled water and place 

it in the plating celL 

16. Transfer the polonium-210 solution to the cell and wash the beaker with 

distilled water to make a final volume of 150 ml. 

17. Place the cell in a water bath (90°C) and stir for three hours. 

18. Remove the silver planchet from the cell and wash with distilled water. 

Dry the planchet in the air at room temperature. 

19. Count the alpha source with a gold barrier silicon detector and Canberra 

Series 30 Multichannel Analyzer (See Figure 10). 



Figure 10. Polonium-210 spectrum. 
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Calibration 

For this research it was necessary to make two calibrations: the energy 

calibration and the absolute calibration. The energy calibration was essential 

to identifying the various alpha particle emissions. The absolute calibration 

enabled the conversion from counts per second to Becquerels (Bq), making the 

results independent of the particular instrumental characteristics. 

Energy Calibration 

For the general energy calibration the following were used: 

americium-241, polonium-212, polonium-210, polonium-216, radon-220, 

bismuth-212, radium-226, thorium-228, uranium-235, uranium-234, uranium-238, 

uranium-232, and gadolinium-241. The routine settings of the Canberra instrument 

were: 

ADC gain = 1024 

ADC offset = 252 

Memory = 1/1 (1024) 

C*G (coarser gain) = 30 

F*G (fine grain) =775 

Bias = 30 

LLD (lower level discriminator) = 0.1 

Dead time less than 10%. 

For more details, see Figure 11. 

Absolute Calibration 

In the absolute calibration two alpha particle standards from the National 

Bureau of Standards, americium-241 (Standard Reference Material 4904M-F) and 

gadolinium-148 (Standard Reference Material 4907), were used. 
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Figura 11. Alpha pulse height calibration. 
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Americium-241 

This isotope has a half-life of 432.2 years and emits an alpha of 5.48 

MeV energy. This N.B.S. source is essentially weightless and was electroplated 

onto a 0.010 cm thick platinum foil. Its diameter is 0.6 cm. It was cemented to 

a stainless steel disk 2.54 cm in diameter. Its activity is 6.063 x 10^ Bq. By 

counting the source and integrating the 5.48 MeV peak for a period of 2 seconds, 

it gives an activity of 5017 c/2 sec. By dividing its original activity of 6063 Bq 

by 2 one obtains half or 2 pi space: 

6063 
2 = 3031.50 Bq 

Its activity detected in our instrument was: 

= 2508.50 c/S 2 sec 

Therefore: 

2508.50 c/S n on .. . 
3031.50 e/S = °'83 * eountln8 efflclcnc'' 

In fact, this calibration was not used as the americium-241 source diameter is 

too small relative to the sample planchets. The gadolinium-148 was used because 

its diameter (1.6 cm) is very similar to our sample planchet diameters (1.7 cm). 

Gadolinium-148 

Gadolinium-148 has a half-life of 93 years and an alpha of 3.1828 MeV. 

It was prepared and calibrated on August 13, 1979 by the U.S. Department of 

Commerce National Bureau of Standards. At that time its activity was 1.455 
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X 1()3 Bq. This standard was scanned by the N.B.S. and only alpha particles 

from gadolinium-148 were detected by a silicon surface-barrier detector. 

The gadolinium-148 standard was electroplated onto a 0.010 cm thick 

platinum foil (1.6 cm in diameter) and the foil was cemented to a monel disk 

2.54 cm in diameter and 0.16 cm thick. 

By counting the source for 11 seconds and integrating over the 3.1828 

MeV peak, an activity of 5034 c/llsec was recorded. By dividing the original 

activity by 2 one obtains the activity for half or 2 pi space: 

= 727.50 Bq 

5034.00 
11.00 = 457.64 c/S in our instrument 

and 457.64 
727.50 = 0.63 = counting efficiency 

Note that this source was prepared 8/3/79, approximately four years ago. 

4 
gj = 0.04 as a linear approximation 

Thus, the corrected counter efficiency is 0.04 + 0.63 = 0.67. Furthermore, 

as we detect 0.67 or 2/3 of the alphas in 2 pi or half space geometry, the 

conversion factor by which our counts per second are multiplied to give Bq is: 

( 0.67 ) 1 ',*U 

Note that: 

1 curie activity = 3.7 X 10^® disintegrations/sec 

= 3.7 X 1010 Becquerel (Bq) 
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Error 

The errors in the indirect determinations of lead-210 reported here arise 

at several stages in the determination. The sampling cross section of some 40 

cm. diameter is superior to track-etch cups by a factor of about 25. The 

Oakville samples measured did not have enough clay for mud cracks to affect 

the permeability of radon-222. The easily detected variability of the amount 

of carbonate and caliche during digging as well as after acidification has already 

beed discussed. 

The yields with the polonium-210 spike were 87 + 3 %, which is only 

slightly less than the average yield reported by Holtzman, 1964, using essentially 

the same procedure. 

The polonium-210 separations and spontaneous depositions on silver had 

no detectable background and the alpha pulse height counting was continued 

until a thousand counts were recorded, giving a statistical counting error of 

about + 3 %. 

Overall, it is estimated that the polonium-210 determinations reported 

here in Bq are accurate to within +_ 10 %. It should be noted that the polonium- 

210 data are internally consistent within each profile and with the literature. 

The only major exception is sample F-l, where the soil and plant cover had 

been stripped off some months before sampling. The lead-210 resulting from 

the large flux of radon-222 released from the now completed mining is probably 

grossly underestimated by polonium-210 measurements. After the polonium-210 

has had time to grow into secular radioactive equilibrium (about 2 years) it will 

be much more abundant than at present. 
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DISCUSSION AND RESULTS 

Profile F 

The samples (Fj_, F2, and F3) of this profile were taken over a known 

uranium ore buried at a depth of 12 meters. The upper few meters of the soil 

in this location had been removed by Exxon during mine reclamation. The soil 

in this profile is characterized by permeable sandy soil cemented by calcite. 

In this profile there is no atmospheric lead-210 because it was removed with 

the upper meter of the soil and all the vegetation. The first sample Fj at the 

stripped surface from 0-3 cm is unique among the samples studied in that fallout 

lead-210 (pollution), which was deposited as a result of the mining mobilizing of 

a large amount of radon-222, is dominant over the indigenous lead-210. The 

indigenous lead-210 originated within the soil or rocks as a result of the decay 

of radium-226. At the second sampling at the depth of 12-15 cm and the third 

at 40-43 cm, indigenous lead-210 was found as well as lead-210 supported by 

radon-222 coming from ore at depth. 

The most important observation in this profile is that the supported 

lead-210 increases with depth over the ore of natural uranium (Figure 12 and 

Table IV). The positive gradient of supported lead-210 in the uppermost meter is 

a strong indicator of uranium ore at depth. 

Note that profiles A, B, D, E, G, I, and K were taken across the fault 

zone as shown in Figure 9. In all these profiles, unlike samples F, the atmospheric 

lead-210 which fell out from the atmosphere as a result of the decayed radon-222 

in the atmosphere was observed as well as some radon-222 pollution from the 

mining. In all surface samples, the lead-210 pollution is underestimated to an 

unknown extent, as the polonium-210 measurement can only be a minimum (see 

previous section on errors). 
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Figure 12: Idealized lead-210 soil profile over uranium ore. 
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Figure 13: Idealized lead-210 soil profile above a fault zone. 
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Table IV: 

Profile 
Name 

Lead-210 soil profile F over the ore of the natural uranium, Felder 
Mine, Live Oak, South Texas, U.S.A. 

Sample Depth Polonium-210 Polonium-210 
Name (in cm) (c/S) (Bq) 

FX 0-3 0.047 0.141 

F2 12-15 0.024 0.072 

*3 40-43 0.088 0.265 



Table Y: Lead-210 soil profiles A and B across the fault zone, 
Felder Mine, Live Oak, South Texas, U.S.A. 
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Profile 
Name 

Sample 
Name 

Depth 
(in cm) 

Polonium-210 
(e/S) 

Polonium-210 
(Bq) 

Al 0-3 0.055 0.166 

A a2 12-15 0.031 0.094 

A3 
40-43 0.035 0.105 

Bl 0-3 0.185 0.554 

B B2 
12-15 0.037 0.110 

B3 
40-43 0.055 0.163 



Table VL Lead-210 soil profiles D and E across the fracture 
of the fault zone. D is very close to the fracture 

while E is on the fracture of the fault. 
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Profile 
Name 

Sample 
Name 

Depth 
(in cm) 

Polonium-210 
(c/S) 

Polonium-210 
(Bq) 

Dl 0-3 0.379 1.136 

D D2 12-15 0.021 0.063 

03 40-43 0.105 0.316 

El 0-3 0.545 1.635 

E E2 
12-15 0.088 0.252 

E3 
40-43 0.101 0.302 
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Profiles A and B 

In these two surface profiles there are three kinds of lead-210 - the 

indigenous lead-210, the atmospheric lead-210, and the lead-210 pollution. The 

lead-210 pollution here is higher than at the recently stripped surface at F. In 

both profiles A and B, the supported lead-210 increases with depth (Figure 13 

and Table V). In this case the positive gradient is not solely the result of 

buried ore, but is related to the fault zone, which provides greater permeability 

for radon-222 and other gases, such as the hydrogen sulfides that can be smelled 

along the fault line on occasion. 

Profiles D and E 

At these two profiles the interpretation is very similar to A and B except 

that these two profiles lie very close to the fracture zone of the faults. Very 

high concentrations of lead-210 are detected (see Figure 13 and Table VI). The 

concentration of lead-210 at depth 40-43 cm is more than the concentration of 

lead-210 in the profile F over buried ore at approximately the same depth. 

These high concentrations are a result of the very high permeability. 

Profiles G, I, and K 

These profiles are located across the fault zone (SW). At this location 

some of the soil is completely different from the first location (NE) across the 

fault zone. Some of the soil in this location was covered by a very thin layer 

of caliche (1-3 cm thick). 

Profile K 

This is a normal profile as shown in Figure 13 and Table VII. It was 

not covered by the thin caliche layer. 
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Figure 14: Idealized lead-210 soil profile above a fault zone in area covered 

by thin layer of caliche. 
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Profile G and I 

As mentioned above, these profiles represent another location and another 

situation across the fault at the SW border of the Exxon property at the Felder 

Mine. At the surface the area is covered by a very thin layer of caliche. This 

layer increases in thickness to the northwest until it is about 3 cm or 4 cm thick 

at the profile L Decreasing in thickness to the SE, the caliche is about 1 cm 

thick at profile G and is missing completely at profile K. In the laboratory it 

was observed that samples Ij_, I2, I3, Gj, G2, and G3 were very rich in carbonate 

(a component of caliche) and these samples consumed more nitric acid during 

dissolution. The caliche layer in this case acts as a low permeability layer or 

cap which slows or prevents the radon-222 from escaping to the atmosphere. 

Thus, the radon-222 can accumulate and decay (half-life of 3.85 days) under 

this caliche cap resulting in the reversed profile found at I, i.e. more 

concentration of lead-210 at depths of 12-15 cm than the surface (Figure 14 

and Table VIIL On the other hand, profile G has more concentration of lead-210 

at the surface because the layer of the caliche is only 1 cm thick so the radon 

accumulates and decays very close to the surface. 



Table VIL Lead-210 soil profile K across the fault zone, Feld» Mine, 
Live Oak, South Texas, U.S.A. 
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Profile 
Name 

Sample Depth Polonium-210 Polonium-210 
Name (in cm) (c/S) (Bq) 

Ki 0-3 0.241 0.722 

K2 12-15 0.047 0.467 

K3 
40-43 0.156 0.467 



Table VHL Lead-210 soil profile G and I across the fault zone, 
the area covered by thin layer of the caliche, Felder Mine, 

live Oak, South Texas, U.S.A. 
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Profile 
Name 

Sample 
Name 

Depth 
(in cm) 

Polonium-210 
(c/S) 

Polonium-210 
(Bq) 

Gl 0-3 0.582 1.746 

G G2 12-15 0.184 0.551 

G3 
40-43 0.121 0.363 

II 0-3 0.365 1.094 

I 12 12-15 0.597 1.792 

13 40-43 0.550 1.651 
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CONCLUSION 

The present work indicates that supported lead-210 in soil profiles is one 

of the better and more cost effective methods to detect uranium ore at depth. 

According to the results of this work, the lead-210 and polonium-210 soil profiles 

of the upper meter can be used instead of radon-222 track etch cups to detect 

uranium ore at depth for several reasons: 

1. The flux of radon-222 is highly variable from time to time, from day 

to night, and from season to season depending on many factors such 

as changes in wind velocity, pressure and temperature, etc. 

2. Delay: The track etch cups are left in the soil at least for 30 days 

to allow for averaging of variable radon level fluctuations, but this 

period of time (30 days) is still not enough to prevent the variable 

change of radon. 

3. This method requires one trip to the field to deploy the cups and a 

second to retrieve. 

4. In many places cups are difficult to use because of dense population 

(as in Europe) or blowing sand (as in the Sahara). 

The advantages of the new method of determining lead-210 in soil profile 

include: 

1. Only one trip to the field is necessary. 

2. No delay: The analysis took place immediately after the collection 

of the samples from the area. 

3. There is no delay between the separation of polonium-210 and alpha 

pulse height analysis. 

4. Lead-210 has a 22.3 years half-life, so it is considered to be a 

time-integrated measurement of radon-222. The method integrates 

over six half-lives of lead-210 (about 133 years). 
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5. Counting by alpha source is very sensitive with low backgrounds. 

6. This method reduces the expense of drilling in uranium exploration. 

7. This method could be applied directly after the radiometric survey 

(airborne or carborne or foot survey) if the structure of the area is 

very well known. If the structure is unknown, the method could be 

applied after using geophysical methods to determine the structure 

of the area. It is difficult to differentiate between anomalies from 

an ore or from structure (faults, fractures, etc.), or from cavities 

(caliche or any impermeable layer at the surface). 

As a result of this work we have three different cases. 

A. Over the uranium ore 

As shown in Figure 12, the supported lead-210 increases with depth as 

a result of the buried natural uranium in the area. Note that this ore is over 

the water table; the only question which comes directly to mind is what happens 

to the lead-210 soil profile if the ore lies below the water table. It is very 

well known that radon-222 dissolves in water and only very small amounts come 

out from the water to the sediment. In this case, the supported lead-210 may 

be increased only slightly and it could be very difficult to detect. Therefore, 

care needs to be taken to make very accurate measurements to detect slight 

differences. On the other hand, the supported lead-210 will be increased just 

below the water table. 

B. Across the fault zone 

Also in this case, the supported lead-210 increases with depth (Figure 

13) as a result of the faulting which enhances the migration of the radon-222. 

Note that along the fault zone it was easy to smell the hydrogen sulfide. This gas 
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comes from the hydrocarbon reservoirs at depth and escapes along the fault 

zone. The hydrogen sulfide is believed to be the reducing agent in this area. 

C. Below a very thin layer of caliche 

The lead-210 increases immediately below the impermeable caliche layer, 

as shown in Figure 14. If the caliche is very thin at the surface, the result is 

a reversed profile . 
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