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PREFACE 

This report is one of a series documenting the results of the Swedish-
American cooperative research program in which the cooperating scientists 
explore the geological, geophysical, hydrological, geochemical, and struc­
tural effects anticipated from the use of a large crystalline rock mass as a 
geologic repository for nuclear waste. This program has been sponsored by 
the Swedish Nuclear Power Utilities through the Swedish Nuclear Fuel Supply 
Company (SKBF), and the U.S. Department of Energy (DOE) through the Lawrence 
Berkeley Laboratory. 

The principal investigators are L.B. Nilsson and 0. Degerman for 
SKBF, and N.G.W. Cook, P.A. Witherspoon, and J.E. Gale for LBL. Other 
participants will appear as authors of the individual reports. 

Previous technical reports in this series are listed below. 

1. Swedish-American Cooperative Program on Radioactive Waste Storage in 
Mined Caverns by P.A. Witherspoon and 0. Degerman. (LBL-7049, SAC-01). 

2. Large Scale Permeability Test of the Granite in the Stripa Mine and 
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SAC-06"]^ 
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ABSTRACT 

Granit ic rock at an experimental waste storage s i te at S t r ipa , Sweden is 

unusually high in natural radioelements (~40 ppm uranium) with higher con­

centrations occurring l oca l l y i n th in c h l o r i t i c zones and f u t u r e s . Ground­

water seeping through fractures into open boreholes is consequently highly 

anomalous in i t s radon content, with ac t i v i t y as high as one microcurie per 

l i t e r . When tota l count gamma-ray logs are run in boreholes where ground­

water in f low i s appreciable, the result is qui te unusual: the radon daughter 

ac t i v i t y i n the water adds considerably to the contr ibut ion from the rock, 

and in fact often dominates the log response. 

The to ta l gamma a c t i v i t y increases where radon-charged groundwater 

enters a borehole, and remains at a high level as the water flows along the 

hole in response to the hydraulic gradient. As a consequence, the gamma log 

serves as a flow p r o f i l e , locat ing zones of water entry (or loss) by an 

increase (or decrease) in the to ta l gamma a c t i v i t y . 

A simple model fo r f low through a th in crack emanating radon at a rate 

E shows that the radon concentration of water entering a hole is E/xh, where 

x is the radon decay rate and h the crack aperture, assuming that the flow 

rate and crack source area are such that an element of water resides within 

the source area for several radon ha l f - l i ves or more. I f the water entering 

the borehole voume V is then mixed with the water already in that volume, 

then the concentration is EQ/x2hV. Hence concentration measurements can 

provide a measurement of the inf low rate Q in cases where these conditions 

hold. Data from the 127-mm holes in the t ime-scale d r i f t behave in th i s 

fashion. 

x i i i 



XIV 

I f mixing w i th in the borehole does not occur, the ac t i v i t y decreases 

exponentially along the hole away from the entry po in t , because of the 

steady decay of radon as i t migrates in the water column. This spatial decay 

rate can be converted to a l inear f low rate since the 3.8-day h a l f - l i f e of 

radon is known. For example, i f the volumetric f low rate in a 76-mm hole 

f a l l s wi th in the range 0.5 to 50 l i t e r s per day, and i f observations are 

available from a 10 m length of hole, then the flow rate can be measured 

quant i ta t ive ly . Proportionately higher rates can be measured i f longer hole 

lengths are avai lable for observation. I f the f low rate is quite high, then 

the gamma a c t i v i t y away from the entry point is constant because the radon 

does not have time to decay, and only a minimum f low rate can be established. 

Because of i t s a b i l i t y to measure flow at very low rates in open bore­

holes, the radon method or var iants of i t deserve fur ther invest igat ion. I t 

is also apparent that the natural radioelement d i s t r i bu t i on at a potential 

waste storage s i t e must be care fu l l y determined. Even with good baseline 

data, i t is possible that the natural ly-occurr ing radioactive component in 

groundwater can change in response to changing hydrological condit ions. 

High levels of radon in subsurface waters can cause high concentrations 

in a i r . For health safety purposes, radon levels in a i r were monitored 

fo r a two-year time period. Ai r samples from the four working d r i f t s almost 

always registered less than the 0.3 Working Levels required by U.S. mine 

safety standards. Maintenance of a safe working environment is a t t r ibuted to 

the re la t i ve ly low water i n f i l t r a t i o n rates, avoicance of ponding, and 

continual operation of the ven t i l a t i on system. 



1. INTRODUCTION 

The motivation for documenting the natural radioelement distribution 

in and around a potential radioactive waste repository si te is easily under­

stood and justified. Without knowledge of the baseline conditions, any 

changes in the radiation environment during repository operations, whether 

due to man-made or natural causes, will be difficult or impossible to 

determine. For this reason, a goodly portion of the geological, geochemical 

and geophysical effort at the Stripa experimental si te in central Sweden has 

been directed towards establishing the distribution and behavior of the 

naturally occurring radioelements in the rock and in the groundwater. 

Figures 1.1 and 1.2 show the geological setting and the location of 

underground drifts and long boreholes at Stripa. Detailed maps of the 

underground test areas are given in Section 4. A large number of shorter 

boreholes ranging from 10 to 30 m in length were also drilled from the 

experimental drifts excavated in granite at the 338 r, level. The iron ore, 

which has been extensively mined, is stratiformly bound within the lepti te, a 

meta-volcanic series which forms a folded and faulted synclinal structure 

with a gently plunging ENE axis (Olkiewicz et a l . , 1979). Further geologi­

cal description and cross sections are given by Olkiewicz et al . (1979). 

This document reports our results with a total-count gamma-ray probe in 

boreholes drilled from the surface and from underground experimental drifts 

at the Stripa s i te . A companion report by Wollenberg et a l . (1981) describes 

the radioelement distribution within the context of the geological setting. 

Earlier, Fritz et a l . (1979) reported on the geochemical analyses done on 

water samples recovered from various sampling stations at the si te . Besides 

1 
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these programmed research a c t i v i t i e s , the radon content in the a i r in 

the underground working areas has been monitored throughout the experimental 

period for health safety purposes. The results and recommendations stemming 

from that data base are therefore included in th is repor t . 

As is well known, almost a l l measurable rad ioac t iv i t y in the earth's 

crust arises from potassium-40 and the decay series of uranium-238 and 

thorium-232. In our preliminary geophysical report on the work at Str ipa 

(Nelson et a l . , 1979), we reported tha t the uranium and thorium content i n 

the Stripa grani te i s around 40 and 30 ppm respect ively, unusually high 

fo r a gran i t ic rock. As a consequence, the decay of uranium and thorium 

daughter products dominate the tota l -count gamma-ray response, with the 

potassium decay contr ibut ing only about 10% of the response. We also cal led 

at tent ion to an even more unusual aspect of the natural-gamma borehole lugs: 

the response varied with the rate of water inflow in to the borehole, a 

surpr is ing phenomenon that was cor rec t ly at t r ibuted to the very high concen­

t r a t i o n of radon-222 dissolved in the groundwater. This resul t required 

fu r ther invest igat ion, since, at worst, the radon contr ibut ion to the logs 

obscured the desired information on the radioelement d i s t r i bu t i on in the 

rock; whi le, at best., i t provided information on the groundwater flow regime. 

Consequently, the general thrust of t h i s report is the analysis of ground­

water movement in open boreholes as detected by the gamma-ray signature of 

dissolved radon. The gamma-ray borehole logging probe afforded a convenient 

maans of detecting the radon in th i s par t icu lar geohydrological environment. 

The properties of radon and i t s generation, migrat ion, and occurrence in 

the subsurface have attracted the at tent ion of invest igators from many d i s c i -
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p l ines . As a resul t the pertinent l i t e r a t u r e is spread throughout diverse 

journals and reports and would be almost impossible to locate were i t not 

f o r the pair of review ar t i c les by Tanner (1964, 1980), who has painstakingly 

reviewed the f i e l d , providing extensive bibl iographies. Since th is report 

w i l l focus mainly on observations of radon transport i n boreholes, the reader 

i s referred to Tanner's reviews and c i ta t ions for background material on such 

topics as the physical mechanisms of radon emanation. 

Although our study was done w i th in the context of s i t i ng repositories 

fo r radioactive waste storage, our f indings draw and impinge upon related 

work in several applied f i e l d s . Several papers concerning the d isso lu t ion , 

mix ing, and transport of radon in groundwater were helpful in our studies. 

Andrews and Wood (1972) considered the emanation of radon in porous media as 

a funct ion of grain s i ze , coupling t h i s to the i r observations of radon 

concentrations at a f i e l d s i te in England. Stoker and Kruger (1975) studied 

the use of radon as a tracer fo r geothermal reservoir engineering and deve­

loped a model f o r radial f low in a porous media; we adapted some of the i r 

concepts to our model f o r transport in a th in crack. In addi t ion, D'Amore 

and Sabroux (1976-77) developed conceptual models fo r radon concentration in 

various mixing geometries pertinent to groundwater problems. 

The use of gamma-ray spectrometry fo r uranium explorat ion has advanced 

considerably i n the las t decade, as reported in a s ta te-o f - the-ar t paper by 

K i l leen (1979), which covers the appl icat ion of spectrometers in airborne, 

surface, and borehole surveys for discovering, mapping, and quantifying the 

amount of uranium i n place. Ki l leen also reviews the l i t e r a t u r e dealing wi th 

the pract ical problems encountered in f i e l d surveys and supplies a comprehen-
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sive bibl iography. L0vborg et a l . (1980) conducted a borehole spectrometer 

survey at a uranium deposit in Greenland, logging 23 boreholes that were 

subsequently cal ibrated using core assays from each of the logged holes. 

LfJvborg's work is especial ly in terest ing in the context of our study because 

i t documents one of the few cases in the l i t e ra tu re where radon present in 

the borehole f l u i d demonstrably perturbed the uranium estimate. 

Ordinari ly the gamma probe or the spectral gamma borehole probe is 

d i r ec t l y used in determining the d i s t r i bu t i on of potassium, uranium, and 

thorium, but occasionally i t is useful in locating foss i l or active flow 

systems where uranium, at one time dissolved in the groundwater, has been 

precipi tated onto the surfaces of the permeable un i t . A f i e l d case in an 

igneous system is described by West and Laughlin (1976). Spectral gamma logs 

obtained in a sedimentary sequence (Fer t l et a l . , 1980) display uranium 

peaks along fractured zones in a chalk, thereby del ineating permeable target 

in tervals where the casing was then perforated fo r the production of o i l and 

gas. These examples demonstrate the use of the spectral borehole probe at 

repository s i tes to f ind fracture f low zones; in fact t h i s application was 

one of our evaluation goals in using the gamma probe at Str ipa. I t should 

also be pointed out that multi-channel spectrometers have been employed at 

radioact ive waste s i tes to locate radioisotopes migrating away from the s i t e 

in the groundwater (Eggers, 1976). 

The monitoring and control of radon in underground mine atmospheres 

has become of in terest as standards have tightened in an e f fo r t to mi t igate 

the health hazard posed by radon and i t s daughter products. Dungey et a l . 

(1979) describe t h e i r experiences in the measurement and control of radon in 
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the atmospheres o f several mines in Cornwall, England. They are pa r t i cu la r l y 

cognizant of the role of groundwater in transport ing radon from the rock mass 

in to working a i r , s tat ing that radon is released rap id ly from ground-water 

once the water pressurized in boreholes and f issures is depressurized. 

Their f indings corroborate the report of Jackson et a l . (1980), who estimated 

that only a very small f rac t ion of the radon released from underground 

uranium mines in the United States is transported by drainage waters, most of 

i t having already been released in to the mine ven t i l a t i on system. Although 

we made no attempt to assess the interact ion of groundwater and airborne 

radon transport in the Stripa experimental d r i f t s , i t is apparent from our 

experience that the two are closely re lated. 

In th i s repor t , Section 2 describes the gamma-ray probe used at S t r ipa , 

concentrating upon i t s response to radon daughters in the borehole. Section 

3 describes some simple mathematical models of che consequences of raaon 

present in simple geometries that simulate a f racture and a borehole. These 

models are then used in Section 4 to explain some of the phenomena observed 

in the logs; t h i s section also presents almost a l l the gamma ray logs ob­

tained at S t r i pa . The report concludes with a section describing the moni­

tor ing of radon levels in a i r in the working areas of the underground experi­

mental areas over a two-year per iod. 
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2. GAMMA-RAY MEASUREMENTS 

2.1 Basic Considerations 

All radioactive phenomena observed in natural earth materials are 

due to the decay of members of the potassium-40, uranium-238, and thorium-232 

decay series. Figure 2.1, showing the results of spectral gamma-ray analyses 

on Stripa core, demonstrates this fact. The Stripa rock, however is unusual 

in the amount of uranium and thorium that have been detected in it—approxi­

mately 40 ppm uranium and 30 ppm thorium are uniformly present in the Nl 

core. In most granitic rocks, the concentration of uranium is in the 3 to 15 

ppm range and the Th/U ratio ranges from 3 to 5. 

A total-count gamma-ray log obtained in the Nl borehole is also shown in 

Fig. 2.1. The background levels of 40 ppm uranium, 30 ppm thorium and 

4% potassium in rock have contributed a 200-cps count rate for the particular 

probe and geometry used in this study. The total count probe combines the 

gamma counts contributed by all three decay series, although the energetics 

of the different species are such that potassium is contributing 10% of the 

total. Peaks on the total-count gamma ray log generally correlate well with 

increased uranium and thorium concentration, though the characteristics of 

the probe tend to broaden the signature of these narrow local concentrations. 

A gamma spectrum of a sample of crushed core from Stripa, obtained with 

a large Nal detector in the low-background counting facility at LBL, is shown 

in Fig. 2.2. The gamma spectrum emitted by the rock is extremely complex, 

containing hundreds of spectral lines (Smith and Wollenberg, 1972). This 

complexity is obscured in Fig. 2.2, however, because most of the individual 

lines are of such low intensity that only a few dominate the observed spectrum. 
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Fig. 2.1 Total-count gamma log from hole Nl and uranium, thorium, and 
potassium analyses from spectral gamma-ray laboratory method. 
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Fig . 2.2 Gamma-ray spectrum on crushed core sample from 3.10 - 3.49 m 
in terva l in borehole N l , time-scale d r i f t . Energy (keV) and 
isotope ident i f ied above prominent peaks. Windows fo r potassium, 
uranium, and thorium analysis specif ied by horizontal arrows. 
Sample contains 44.6 ppm U, 27.0 ppm Th and 4.10% K. 
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In addi t ion, the character ist ics of a Nal s c i n t i l l a t i o n crystal severely 

l i m i t the obtainable resolut ion. The spectral assays shown in F ig . 2.1 were 

obtained from spectra such as that in Fig. 2.2 a f te r appropriate gamma energy 

intervals were chosen and spectrum str ipping techniques were appl ied. A 

total-count system with no spectral capabi l i ty w i l l simply count a l l events 

contr ibut ing t o the spectrum, as long as the energy threshold permits. Hence 

the tota l -count borehole measurements are a gross indicator of the summed 

gamma emissions of a l l isotopes in the three major decay series. 

The uranium-238 decay series is portrayed in F ig . 2.3. The higher 

members of the series generally have quite long h a l f - l i v e s . Lower members, 

radon-222 and i t s daughters, possess comparatively short ha l f - l i ves . As 

indicated in the spectrum of F ig . 2.2, the great preponderance of gamma 

energy emitted by the ent ire series is due p r inc ipa l l y to the Bi-214 isotope, 

with Pb-214 a secondary cont r ibutor . Therefore the measured gamma decay of 

Bi-214 can be quant i ta t ive ly related to a higher member of the series only i f 

i t is in secular equil ibrium with that member, tha t i s , only i f a l l of the 

intervening daughter products have remained in place during the decay proces­

ses. As a consequence, the count rate measured by a calibrated borehole 

probe can be used to assay uranium in place only i f a l l daughter products, 

including radon, have neither migrated away nor been contaminated by the 

addit ion of mobile radioactive species. 

Radon is the only gas in the uranium and thorium decay ser ies; conse­

quently i t is more mobile than other members of the series and is often 

responsible fo r disequi l ibr ium condit ions. As indicated in F ig . 2.3, 

radon-222 resu l ts from the decay of radium-226. The mechanism of radon 
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F ig . 2.3 The U-238 series decay chain, adapted from Smith and Wollenberg 
(1972). 
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escape and migration are reviewed by Tanner (1964, 1978). The direct detec­

tion of radon utilizes the alpha emission characteristic of its decay. 

However, since the decay times of Bi-214 and Pb-214 are short relative to 

that of radon, many situations can be envisioned where the radon daughters 

effectively remain in equilibrium with migrating radon, and hence their gamma 

activity reflects the amount of radon present. This principle allows us to 

use the gamma probe as a detector of the presence of radon in a steady-state 

hydrological situation. 

2.2 Instrumentation 
The gamma-ray probe was one of a set of borehole geophysical tools 

used at Stripa (refer to Nelson et al . (1979) for a complete description of 

the logging system). The total-count gamma probe used for this study was 

acquired with the Mt. Sopris 3000NB logging system produced by the Mt. Sopris 

Instrument Co. of Delta, Colorado. Pulses produced by the gamma ray tool 

were counted and integrated by the Mt. Sopris ratemeter and the output was 

recorded in the form of counts per second on the chart recorder. Logs were 

recorded at a depth scale of 50:1 or 1/2 m of borehole per 1 cm of chart 

paper. Averaging time was 4 sec at a logging speed of 2.5 n/min. Logs were 

acquired at a scale of 50 counts per second (cps) per cm of chart paper with 

a backup log at a scale of 25 cps per cm. The dead-time compensation circui­

try in the ratemeter was not needed and was not used. Total pulses could 

also be counted for a specified period of time by a Canberra model 1775 

nuclear counter operated in parallel with the ratemeter. 

The gamma probe is 32 mm in diameter and 2.07 m in length. Gamma rays 

are detected by a 12 mm x 38 mm Nal(Tl) scintillation crystal. Gamma rays 
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interact with the scintillation material to produce flashes of light within 

the crystal that are then converted to electrical pulses by a photomulti-

plier tube. Intensity of the flash, and thus the height of the pulse, is 

proportional to the energy of the incident gamma ray. Sensitivity of the 

crystal to gamma rays of varying energy is a function of the crystal size. 

The detector circuit has no adjustable discriminator setting; the low energy 

cutoff is estimated to be about 50 keV. 

Knowing the radioelement concentration allows us to calibrate the 

probe used at Stripa. The International Atomic Energy Agency (1976) suggests 

that calibration of a total-count gamma-ray probe be based on a new unit 

called the unit of radioelement concentration, abbreviated "ur," and defined 

in terms of the instrument response to one part per million of uranium in 

equilibrium with its daughter products* An empirical relation between the 

observed count rate and radioelement concentration (P.H. Dodd, private 

communication, 1979) that appears applicable to our case is: 

N(counts per second) = k [1.5 K(%) + U(ppm) + 0.47 Th(ppm)]. (2.1) 

Using the data from the upper 4 m in borehole Nl, as given in Fig. 2.1 and 

in Appendix A of Nelson et al.(1979), the average values are K = 4.29 %, 

U = 42.7 ppm, Th = 31.6 ppm, and N = 205 cps. The resulting sensitivity 

factor for this particular probe is then k = 3.3 cps/ur. 

The gamma probe remained at Stripa for 2.5 years, from January 1978 to 

mid-1980. During this period, repair work was performed two or three times, 

which required that the probe housing be opened. No truly adequate provisions 

were established for referencing the count rate of the probe during its 

service time, such as a calibration jig and a gamma source would have provided. 
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However, checks at the top of borehole Nl near the beginning and end of the 

2.5 year service period showed that the count rate was within about 5 cps out 

of 210 cps. S t a b i l i t y was not t h i s good overa l l , however; a drop in count 

rate of about 10% was noted during one 3-week operating period. The cause of 

whis i n s t a b i l i t y was not determined. 

2.3 Radioact iv i ty in Groundwater 

Many gamma-ray borehole logs from Stripa are well above the 200 cps 

rate for much of the i r length. Most notable are several logs from the 

time-scale heater holes. During the time-scale heater experiment, water was 

regularly removed from the heater holes. Those with high overall gamma count 

reles were also the holes with the higher water inf low rates. Figure 2.4 

demonstrates a good l inear corre la t ion between water inflow rate and gamma 

count ra te . Thus the gamma log was recognized as a potential water f low 

indicator at S t r ipa . 

Radon dissolved in water was the suspected cause of the exceptionally 

high count ra tes . To confirm that radon was being transported by water into 

the boreholes, a sequence of logs was run in borehole M3, a 38 mm diameter 

hole located at the rear of the time-scale d r i f t . Hole M3 is unusual i n that 

i t has an exceptionally high f low ra te . The water was removed from M3 and 

several gamma ray logs were run over a period of a day as water i n f i l t r a t e d 

into the hole. A gamma log recorded pr ior to dewatering and the logs run 

sequential ly a f te r the dewatering are shown in F ig . 2.5. Low count rates 

were observed with the probe in a i r , high rates in water, and a shelf re ­

f l ec t i ng the air-water interface can be seen r i s ing upwards progressively in 

the three logs obtained 0:06, 1:02, and 1:33 hours:minutes after water 
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Fig. 2.5 Sequence of gamma-ray logs in hole M3, which was dewatered at 
0:00 hours. Final log was run 20:16 hours:minutes later. 
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removal. The rising shelf confirms that water flowing into the holes was 

responsible for the high gamma activity seen in the logs. 

Of the underground boreholes, M3 has had an exceptionally high inflow 

since it was first drilled. Water samples for geochemical analysis were 

taken from M3 in 1977 and 1978 when the inflow was about 216 liters per day 

(Fritz et al., 1979). The inflow rate can be estimated from the rate of rise 

of the shelf in Fig. 2.5 to be about 124 liters per day in January 1979. 

Eleven months later, in December 1979, the outflow from M3 was measured 

directly as 995 ml in 10 minutes, equivalent to 143 liters per day. This 

latter measurement was higher than the January rate because the holes in the 

neighboring ventilation drift were packed off in November 1979 for the 

macropermeability experiment. The closure of the ventilation drift boreholes 

noticeably increased the water flow into boreholes and along exposed frac­

tures in the rear of the time-scale drift. 

To check that radon was the radioelement being transported by water, 

a water sample from M3 was collected in a 60-liter vessel of 0.18 m radius 

and the gamma-ray probe inserted into it through a rubber stopper. The 

count rate was then monitored for 13 days as shown in Fig. 2.6. The 

straight line, shifted vertically to match the data, has a slope determined 

by the decay rate of radon-222. 

Fortunately, water from M3 has been analyzed for radon, as reported 

by Fritz et al. (1979). Table 2.1 shows that the M3 sample yielded radon-

222 values of 1.9 and 1.3 microcuries per liter from analyses performed in 

two laboratories. The concentration level is extremely high, some three 

to six orders of magnitude greater than radon concentrations normally found 
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Fig. 2.6 Gamma ray activity of water from M3, measured with probe inserted 
into 60-liter vessel. Count time is 100 seconds. The straight 
line gives the decay of radon-222. 

Table 2.1 Radon-222 and radium-226 analyses reported by Fritz et al . (1979), 
Tables 1 and 14. Samples designated AT were analyzed by AB 
Atomenergi, Sweden; UB, by University of Bath, Great Britain. 

Sample 
number Location 

Sampli ng 
Date 

Radon-222 
(uci/1) 

Radium-226 
(pCi/D 

16(AT) M3 9-21 Sept 77 1.9 n.d. 

16(UB) M3 9-21 Sept 77 1.3 34 

17(AT) 410-hole 
6.3-50m 

9-20 Sept 77 0.48 n.d. 

29(UB) 410-hole 
376.5-471m 

Jan-Mar 78 0.56 40 
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in groundwater. These uniquely high concentrations explain why there are 

almost no similar observations reported in the literature. The field study 

by L0vberg et al. (1980) is the only other study known to us where radon in 

the borehole was reported to perturb the gamma ray measurement. 

A second test quite similar to that of Fig. 2.6 was run to examine the 

early time behavior of the count rate, with the results shown in Fig. 2.7. 

The activity requires some 3 to 4 hours to reach a maximum before starting to 

decline, after which the decay rate duplicated that of Fig. 2.6. The 

build-up time of Fig. 2.7 is controlled by the half-lives of Pb-214 and 

Bi-214, each being about 20 minutes. The computed curve incorporates the lag 

introduced by Bi and Pb, providing good assurance that the daughter products 

have not stayed with the radon parent during the transport process. Presum­

ably they plated out onto the surface of the high-flow, smal1-diameter hole, 

or onto the surfaces of the small diameter tubing used to connect hole M3 to 

the sampling vessel. 

The result of Fig. 2.7 would seem to pose a dilemma for the detection 

of radon in boreholes by gamma techniques, since it indicates that radon is 

out of equilibrium with its daughter products. But, this is not a problem 

because of the very low rates of flow. The highest rates observed are on the 

order of 100 linear meters per day; consequently the one-hour error would 

result in four meters of mislocation. Most rates are less than this. There 

is also the question of cations plating onto the probe itself. This was not 

observed, however, as bi-directional passes of the probe through high count 

zones did not appear to disturb the patterns. 
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A size effect for boreholes containing radon-charged water was quite 

evident from the logs run at Stripa. High-flow boreholes showed a progres­

sive increase in count rate with hole diameter, which would be expected as 

the amount of radon present in the probe-wall annulus increases. Both 

analytical and empirical checks are discussed next to examine the effect of 

hole size on gamma-ray absorption and generation. 

2.4 Computation of Borehole Effects 

Case 1 — general case. Figure 2.8 i l lustrates the general and specific 

borehole cases of interest in addressing the problems of borehole attenuation 

and the impact of a radioactive source within the probe-borewall annulus. In 

th is f igure, a source of M̂  photons per cm -̂sec occupies the annulus between 

a probe of radius c and the borehole of radius a. Outside the borewall is a 

pervasive source, M2. We consider the detector to be a spherical detector, 

localized at the coordinate origin. Conceptually, following Rhodes et a l . 

(1961), the gamma flux at the detector is obtained by integrating over the 

source volume, 

I = / M G 8 dV (2.2) 

V 

where M (photons/cm3/sec) is the source strength, G = l/4irR2 accounts for 

geometric spreading from a point source a distance R from the detector, 

and B is the dimensionless attenuation factor. The factor B takes the form 

exp (uR), where u is the linear attenuation coefficient (cm - 1) for gamma 

rays of a specific energy. 

To our knowledge, formulae derived from Eq. (1) for the general case of 

Fig. 2.8 do not exist in the l i terature. However, Czubek (1962) and Rhodes 
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Fig. 2.8 Detector probe in a borehole surrounded by medium of source 
strength M and attenuation coefficient u. Probe radius is c, 
borehole radius is a. The small cross at the coordinate center 
denotes the location of a spherical point detector. 
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et a l . (1961) present solutions for special cases applicable to our geometry 

as shown in the fo l lowing paragraphs. 

Case 2 — external source wi th attenuation. Czubek (1962) gives resul ts 

pert inent to case 2 of Fig. 2.8, where we consider the attenuation due 

to water of gamma rays incident from the rock. (Czubek's f lux term J™ i s 

equal to M2/W2 i n o u r nomenclature). Using Czubek's resu l t s , attenuation 

curves for the diameter range of in terest (32 < 2a < 127 mm) are constructed 

in F ig. 2.9. The formulation by Rhodes et a l . provides a check case fo r 

the results of Czubek, fo r the l i m i t i n g case where the probe radius goes to 

zero: 

•pj— = J cos 4> exp(-w 1a sec<f) d<j> (2.3) 

0 

The tabulat ion of t h i s integral by Rhodes et a l . confirms the graphical 

resul ts of Czubek. 

The attenuation curves in F ig . 2.9 have a few shortcomings. Because 

u varies with photon energy, and because the to ta l count probe measures over 

a broad energy spectrum, there is an inherent uncertainty in the choice of 

y . The range of values shown in F ig . 2.9 i l l u s t r a t e the effect of u upon the 

attenuation fac to r . A second, more serious discrepancy i s the apparent 

discordance between the calculated values and empirical factors avai lable in 

the l i t e r a t u r e , which indicate that the real attenuation is less than i n d i ­

cated in Fig. 2.9 fo r ei ther the central ized or the decentralized cases. 

Dodd and Eschliman (1972) indicate that the correct ion for a decentralized 

probe should be about 0.9 for a 127-mm borehole. Wilson et a l . (1979) give a 
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Fig. 2.9 Gamma ray attenuation by water in borehole, Case 2, gamma rays 
incident from a source external to the borehole, from Czubek 
(1962). The ratio Im/It indicates the measured/true ratio. 
The two curves are drawn for an attentuation factor of a 1 MeV 
photon in water; the upper and lower bounds correspond to the 
spread of photon energies as shown in the key. 
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factor of about 0.8 for windowed peaks using a 38-mm c r ys ta l . Other empir i ­

cal data and a subsequent discussion by Wilson et a l . indicate that t h i s 

value w i l l increase for a smaller crystal used in a total-count mode. 

A t h i r d reason that the curves of F ig . 2.9 appear unsatisfactory fo r 

our purposes i s that our gamma logs (presentsd l a te r in th is report) show no 

trends ind icat ing a borehole attenuation ef fect of more than 10%. Despite 

the hole-to-hole v a r i a b i l i t y caused by geological and radon var ia t ions , a 

diameter dependence of more than 10% should be evident from inspection of the 

data, but i t is not. For these reasons, no borehole diameter correct ion for 

attenuation has been applied to any of the gamma ray logs. 

Case 3 — source inside borehole, without at tenuat ion. We now consider 

the case applicable to the presence of radon-charged water w i th in the bore­

hole, with no source outside the hole. I f attenuation is ignored by set t ing 

the factor B of Eq. (1) at one, then the volume integral becomes, 

I = ^ f i J ~T^l dzdrde < 2 ' 4 ) 
o c -» 

the integral over z i s 

ao 

dz - I t a n ' U ' - * 7 ^ r r | r 

?o that 
I = \ (a-cjMj , (2.5) 

which shows that the intensity increases linearly with borehole size if 
attenuation can be ignored, as it can be if the diameter is sufficiently 
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smal l . Equation (4) is used to construct the uppermost curve ("u=0,cen") in 

F ig . 2.10. 

Since many of the gamma measurements were made in incl ined holes, we 

need to consider the decentralized case where the probe is positioned against 

the borehole w a l l . Figure 2.11 provides the geometry necessary to examine 

the problem. From the previous integrat ion of Eq. (2 .4 ) , i t should be clear 

that the in tegrat ion over z i s not affected by the off-centering of the 

probe, leaving only the r and 6 integrat ions. With the center of the coordi­

nate system at the probe center, the equation fo r the outer boundary i s : 

b = -s cose + V a

2 - s 2 s in 2 e , (2.6) 

where 

so that 
s = a-c 

M 2ir b 

I = ^ / / dr de 
0 C 

M *• 
= 2^ / -scose + a>yi-^ 2 /a 2 )s in 2 e - c de 

(2.7) • " i f f? E K ! ) -
where the function E is an elliptic integral of the second kind. This 

latter expression was evaluated to construct the dashed curve (O.decen) 

in Fig. 2.10. 

Case 4 — source inside borehole, with attenuation. For the geometry 

of case 4, in Fig. 2.8, the formulae of Rhodes et al. can be reduced to: 
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Fig. 2.11 Nomenclature for probe decentralized in borehole. 
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-~ = 1 - 1 cos<(i exp [ -p(a-c) sec*] d* . (2.8) 

o 

This expression was evaluated numerically to construct the lower two curves 

with non-zero w values in F ig. 2.10. Note that the effect of attenuation 

by water in the borehole becomes important in boreholes of diameter greater 

than 56 mm, u n t i l i t reduces the observed f lux by 1/3 in boreholes of 127 mm 

diameter. The attenuation by water w i l l not cause the curves to reach an 

asymptote unless the probe is centered in a borehole considerably larger than 

127 mm, however. No curves were developed fo r the decentralized geometry 

with the e f fec t of water at tenuat ion. 

2.5 Experimental Determination of Borehole Effects 

Having determined that radon-charged groundwater in the borehole could 

dominate the gamma-log response, we assessed the ef fect of borehole size on 

the counting rate contributed by the radon daughters. These tests were 

carried out near the time-scale d r i f t , using a set of iron pipes of appro­

priate diameter. The pipes were f i l l e d with water from borehole M3, and the 

counting rate read with the gamma ray probe inside each of the pipes, f i r s t 

in a central ized posit ion and then in a decentralized pos i t ion, with the 

probe pressed against the wall of the pipe. The measurements were re la t i ve 

only; no attempt was made to measure the amount of radon in the water. The 

only constraint was to do the measurements in a time that was short compared 

with the radon h a l f - l i f e so that the radon a c t i v i t y in each pipe would be 

approximately the same. 
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The count rates measured with the M3 groundwater in the pipes is given 

in Table 2.2. I t was impractical to d is t inguish between the central ized and 

decentralized posit ions of the 32 mm probe in the 38 mm and 46 mm pipes, and 

the resul ts seemed to be unaffected by probe posit ion in pipes with a d ia­

meter smaller than 56 mm. Hence the 277 and 338 counts per second values in 

Table 2.2 apply to both the centralized and decentralized pos i t ions. 

The count rate observed with wa te r - f i l l ed pipes also contained a 

contr ibut ion from the background wi th in the d r i f t . The probe suspended in 

a i r registered 146 counts per second. The count rate measured in each 

pipe w i th no water is given Table 2.3. The decrease from 146 to about 100 

cps is a t t r ibuted to absorption of gamma rays by the wall of the pipe. I f 

the probe-pipe annulus were f i l l e d with radon-free water, the water would 

fu r ther attenuate the background cont r ibut ion. This f ina l correct ion for 

water attenuation has minor impact and is d i f f i c u l t to assess, as mentioned 

previously. Therefore the background contr ibut ion was subtracted d i rec t l y 

from the second set of measurements (Table 2 .2 ) . 

The corrected data are plotted in F ig . 2.10. The count rate increases 

with borehole diameter, l i n e a r l y at small diameters, and becomes less than 

l inear at larger diameters as the effect of attenuation becomes progres­

s ively more important. Superimposed on the data are four curves, computed 

from cases 3 and 4 . The two cases with no attenuation are c lear l y inade­

quate, especial ly at larger diameters. The two curves with attenuation 

incorporated match the data better as the attenuation factor increases. (The 

value of 0.0856 cm""* corresponds to a photon energy of 0.6 MeV; 0.14 

cm -* corresponds to 0.2 meV). I t does appear that a decentralized attenua-
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Table 2.2 Count rate measured in water-f i l led iron pipes, using radon-
charged water from borehole M3. The corrected rate accounts for 
background act iv i ty in the d r i f t given in Table 2.3. Measure­
ments were done in the time-scale dr i f t in April 1980. Values 
are the average of two 100-second counting intervals. 

Measured Count Corrected Count 
Rate (per second) Rate (per second) 

Nominal 
Diameter (mm) Centralized Decentralized Centralized Decentralized 

38 277 — 174 

46 338 — 241 

56 437 421 344 328 

76 665 602 568 505 

127 972 812 872 712 

Table 2.3 Count rate measured in a i r - f i l l ed iron pipes of different 
diameters. The probe suspended in air registered 146 counts per 
second. Measurements were done in the time-scale d r i f t in 
Apr i l , 1980. 

Nominal Measured Inside Wall Thickness Count Rate 
Diameter (mm) Diameter (mm) (mm) (per second) 

38 39.0 3.0 

46 46.5 4.0 

56 57.0 4.0 

76 78.5 3.5 

127 126.0 3.0 
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tion model would reduce the 0.14 cm - 1 curve to a level in rough agreement 
with the decentralized data, judging from the ratios of the case 3 no-attenu­
ation curves. 

The limitation of the models appears to be the restriction to mono-
energetic photons, without knowledge of a suitable attenuation value. It is 
quite possible that the attenuation factor will change with borehole dia­
meter, due to skewing of the incident spectrum by the water and probe hous­
ing. From the plot it also appears that the 38-mm measured value is too 
high, possibly from an error in the experimental procedure. 

Figure 2.12 furnishes a final observation on diameter dependence. The 
data are taken from the maximum count rate observed in the highest flow holes 
of each diameter size, with 200 cps subtracted to remove the gamma flux 
incident from the rock. Picking high flow rate holes helps ensure that the 
measured count rate is close to the equilibrium count rate of radon-charged 
water within the rock mass. As a consequence, the increasing trend of Fig. 
2.12 shows that the entering initial concentrations among the several bore­
holes must be comparable to within a factor of 2. In addition, the plot 
clearly demonstrates the need for a diametral correction when comparing such 
data from different size boreholes. 
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Fig. 2.12 Gamma count rates from different diameter boreholes of relatively 
high flow rate. Hole DBH V-1 is on the 410 m level , the others are 
in the time-scale d r i f t . A 200 cps background contribution has 
been subtracted from the data. 
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3. MODELS OF RADON TRANSPORT IN FLOWING BOREHOLES 
3.1 Introduction 

The radon concentration observed in flowing boreholes will be controlled 
by two factors, the concentration of the radon in water at the time it enters 
the holes, and the mixing that occurs after entry. The entering concentra­
tion will be determined by the emanating power of the rock, the quantity of 
water moving through the emanating region, and the length of time which a 
given volume of water spends within the emanating region. As our data 
were gathered in igneous rocks where the flow is along fractures, we first 
develop a simple model of flow along a single planar fracture containing 
a source of radon. Because the flow is the only hydrological quantity 
measured, the model assumes that only flow is known, and the reservoir and 
well bore pressures are not included. 

In reality, the distribution of radon within the borehole will depend in 
a complicated way upon the points of entry, the flow rate, the diffusion of 
radon in water, and dispersion occurring during flow. It is likely in some 
situations that convective overturn within the hole will also further mixing. 
We ignore diffusion and dispersion in developing a few simple models for 
comparison with the field data. The simplest case considered is the inter­
section of the borehole by a single fracture, with either uniform, non-
dispersive flow or complete mixing within the borehole. Some of the profiles 
could not be explained in such a simple fashion, and the next complication is 
to allow continuous water inflow along the length of the hole, retaining the 
non-dispersive condition. Finally, a discrete model is developed for non­
uniform entry, although the resulting non-uniqueness requires that other 
geological or hydrological information be available to furnish constraints. 
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3.2 Radial Flow Along a Thin Crack 

A simple crack model (Fig. 3.1) can be used to better understand the 

relation between flow rate and radon concentration. We follow the develop­

ment of Stoker and Kruger (1975) for porous media, adapted to a thin, flat 

disk of aperture h which intersects a vertical hole of radius a. Water flows 

radially inward from all directions through the crack to be collected within 

the central hole. As it flows inward, it picks up a fraction of the radon 

atoms produced by radium present on the surfaces of the fracture. The rate 

of radon production is called the emanating power, expressed as the effective 

radium (not radon) activity per unit area, or equivalently, as the production 

of radon per unit time per unit area. 

The parameters employed in the crack model are: 

h crack width(cm) 
a borehole radius (cm) 
A cross-sectional area of borehole (cm^) 
b disc radius (cm) 
r radial distance from borehole axis (cm) 
z axial distance along borehole (cm) 
Q volumetric inf low (cm^/day) 
E emanating power (number of radon atoms produced per cm^ per 

day) 
x decay constant of radon-222 (0.18/day) 
I radon i n f l ux (radon atoms/day) 
C radon concentration (radon atoms/cm^) 
Co radon concentration of water entering borehole 

I f an elemental annulus of width dr (F ig . 3.1) produces radon at a 

rate E, then i ts contribution to the inf lux of radon atoms entering the 

borehole wi l l be: 

dl = Ee"Xt2irrdr (3.1) 

where the time for f l u i d to move from the annulus to the borehole is : 
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Converging flow,Q 

Borehole of 
volume V 

2b 

XBL 902-6794 

Fig. 3.1 Thin crack model for radon transport. Water flows radially 
at a rate Q through a thin crack of aperture h into the bore­
hole. The crack contains a circular source area of outer radius b 
which produces radon atoms at a rate E. 
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^ S 2M hrdr = f (r 2 - a 2) . (3.2) 

If radon is produced from a disc source extending outwards from the 
borehole, then the influx I is obtained by integrating the above expression 
over its inner radius a to its outer radius b. The result is: 

I IK -\Trh(b2-a2)/Q (3.3) 

and the concentration C 0 in the borehole is simply I/Q, 

Co = 
E 1 -ATrh(b2-a2)/Q (3.4) 

The flow rate and the source geometry determine the value of the 

exponent and hence the dependence of the concentration upon flow. I f the 

flow is suff icient ly high so that 

Q » wh (b 2 - a 2 ) (3.5) 

then, 

CQ a ETr(b2 - a 2 ) /Q (3.6) 

and the concentration increases l inearly with the source area and decreases 

inversely with Q. This condition occurs i f the source area is small enough 

so that the f lu id crosses i t in a fraction of the radon ha l f - l i fe . The 1/Q 

dependence is quite contrary to our observations at Stripa, hence the high 

flow condition does not apply to conditions at the Stripa si te. 

On the other hand, i f the flow rate is low enough or the source area 

large enough that the f lu id residence time within the source area is several 

half- l ives or more, so that 

Q « Xnh ( b 2 - a 2 ) (3.7) 
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then the exponent can be ignored and 

CQ = E/xh . (3.8) 

Hence, the concentration is independent of flow rate and dependent upon 

geometry only through the fracture width h. Assuming a flow rate Q of 10 

l i t e rs per day and a value of h of 0.01 cm, the low flow approximation 

requires that the outer radius of the disk be at least 13 m. Because there 

is good f ie ld evidence that the radioelement concentration is more or less 

uniform over a 100 m scale, i t is apparent that the low flow approximation 

applies to the data under consideration here. Therefore, we expect the radon 

concentration of groundwater entering each borehole to be reasonably cons­

tant , subject only to local variations in radon emanation and crack aperture. 

3.3 Borehole Concentration for a Single Entry Point, No Mixing 

I f radon enters at one depth within a borehole and moves upward within 

the water column without diffusion or dispersion, then a simple exponential 

decay with distance z from the source should be observed. The travel time 

from the entry point to the observation point in a hole of area A is simply 

Az/Q, so the concentration is 

C(z) = CQ e'^2^ (3.9) 

or 

In [C(z)/CQ] = -AAz/Q . (3.10) 

Since gamma-ray count is proportional to concentration C(z), Eq. (3.10) 

suggests that the logarithm of the gamma-ray count rate be plotted against 

depth. Then a straight- l ine f i t to the decay wi l l give the flow rate Q i f 

the single-entry, no-mixing conditions prevail. For example, i f z represents 
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the distance over which the count rate decreases by ha l f , then Eq. (3.10) 

shows that Q is XAz/0.693. 

Figure 3.2 shows Eq. (3.10) p lot ted fo r f i ve l inear f low ve loc i t i es , Q/A. 

The volumetric f low rate Q is also given for a 76-mm-diameter hole. Along 

a 14-m travel path, d i f fe ren t flow rates can be distinguished only wi th in the 

range 0.1 to 10 m/day. Above 10 m/day there is less than 20% drop over a 10 

m length; at higher ve loc i t ies we can determine only that the flow rate is 

greater than 10 m/day. At rates below 0.1 m/day dispersion, sens i t i v i t y and 

water displacement by the probe w i l l l i m i t the detection of anomalous concen­

t r a t i o n s . Figure 3.2 applies to longer or shorter t ravel paths simply by 

scal ing: over a 140 m path we could evaluate flows ranging between 1 and 

100 m/day. 

3.4 Complete Mixing 

I f the inf low Q from a single entry point , or from any d is t r ibu t ion of 

mul t ip le entry po in ts , i s somehow mixed throughout a volume V, then the 

observed concentration w i l l be an average of a l l contr ibut ions, allowing fo r 

the amount of decay during the mixing t ime. This model encompasses the case 

where the entry point is a fracture at the bottom of an artesian borehole, 

wi th complete mixing occurring before an entering elemental volume of water 

ex i t s at the c o l l a r . 

For a mixing time of T, the average concentration w i l l be: 

C=j f CQe"X tdt (3.11) 

or, 
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.2 Ratio of the radon concentration in one-dimensional water flow 
(logarithmic scale), plotted against distance from the source. The 
radon decay rate is 0.18 per day. Linear flow velocities range 
from 0.1 to 10 meters/day. Numbers in parentheses give the equi­
valent volumetric flow in a 76 mm hole. 
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(T = xf f l - e " X T ) . (3.12) XT 
The mixing time can be no less than the time required to fill the volume, 

which is V/Q, in which case, 

t " c . S » (l-e- i V / Q) • (3.13) 
This result is shown graphically in Fig. 3.3, and is discussed in conjunc­

tion with the model for continuous uniform entry in the next subsection. 

Values of *V are given in Table 3.1. 

3.5 Continuous Uniform Entry 

Assume that water enters the borehole uniformly along its entire length, 

as shown in Fig. 3.4, rather than at a discrete entry point. At the time 

of entry, each elemental volume of water bears radon at a concentration C 0. 

Since the infiltration rate is q (1/m-day), the volumetric flow along the 

axis of the hole is: 

Q(z) = qz (3.14) 

and the linear velocity is: 

v(z) =qz/A . (3.15) 

The water or ig inat ing from an elemental length dz' located at z ' w i l l 

occupy a f rac t ion dz ' /z of the volume passing an observation point z. The 

time required t o transport the elemental volume from the entry point z ' to z 

i s : 

f - f d x 

or: 
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Fig. 3.3 Radon concentration in borehole water for two infiltration models. 
Values of XV are given in Table 3.1. 

Table 3.1 Volume capacity of boreholes, in l i ters per meter length of 
hole. The length and diameter of the gamma ray probe are 2.07 m 
and 33 mm, displacing approximately 1.8 l i t e r s . The third column 
gives the product of A, the radon decay rate , and V, the volume of 
a hole 10 m long of specified diameter. 

Hole diameter (mm) Volume per length{l/m) XV(1/day) 

38 
56 
76 

127 

1.13 
2.46 
4.53 

12.67 

2.0 
4.4 
8.2 

22.8 
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f = ~ l n ( z / z ' ) . (3.16) 

The concentration at z due to the contr ibut ion from z' is 

C = C e"X t" o 

= C 0 ( z 7 z ) X A / q , (3.17) 

Integrating over all contributions between 0 and z, 
z 

k l c„ (fl 
XA 

CU) = T J cn l M q dz1 

= C o q f x A ' ( 3 ' 1 8 > 

Hence the concentration is constant along the borehole length, f o r any 

specif ied q and A (or equivalent ly, Q and V). The relat ionship given in Eq. 

(18) is shown in F ig . 3.5, f o r two d i f fe rent borehole sizes. The sigmoidal 

shape is of considerable in te res t , showing that for high flows the concen­

t ra t i on in the hole asymptotes to C 0 , at moderate flows i t is proportional 

t o the log ( q ) , and at low f low rates i t is l inear wi th q, as given by 

C0q/XA. 

In terms of to ta l f low, Eq. (3.18) can be w r i t t e n : 

c W " c o T^q7W ' ( 3 ' 1 9 ) 

which is compared with Eq. (3.13) f o r the complete mixing case in Figure 3.3. 

The two cases are very s imi lar . A borehole log responding to concentration 

cannot d is t inguish between the two since both cases produce a constant 

concentration throughout the hole. At low f lows, the concentration ra t i o for 

both cases increases l inear ly with Q/xV. At intermediate f lows, the depen-
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Fig. 3.4 Borehole wi th a continuous uniform water in f lux of q l i t e r s per 
l inear meter per day. Water entering the borehole has a radon 
concentration C 0 . 
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Fig. 3.5 Concentration ra t i o as a function of continuous f l u i d entry along 
the ent i re length of the hole, fo r 76 mm and 127 mm diameter 
holes. 
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dence i s logar i thmic, wi th the mixing model producing concentrations higher 

than the continuous entry model. At very high flows the entry concentration 

w i l l be observed. 

3.6 Continuous Non-Uniform Entry 

We now extend the model of F ig. 3.4 to include non-uniform inf low. 

The borehole length is divided into N discrete equal segments of length AZ, 

each contr ibut ing a flow of qj l i t e r s per meter. The tim£ required to move 

a volume of water from segment i to segment i + 1 is 

at. = AAZ/Q 1 , (3.20) 

where 

Q i = i q j A Z . ( 3 . 2 1 ) 

The concentration in the f i r s t segment i s : 

q,AZ 
1 o q-.AZ x ' 

and in subsequent segments the concentration is computed sequential ly: 

CQg 2AZ + C l Q l e-^z/Q, 
L 2 q-

CO.AZ + C2 Q2 e-^^Z 
C 3 = — Qp • ( 3 ' 2 3 ) 

C^AZ + C^ q ^ e-^/Qi-1 
t 1 g- . 



45 

The result expressed in the set of Eqs. (3.23) represents a numerical 

approximation, the accuracy of which improves as Az becomes smaller. A 

particular case of non-uniform entry can be modeled by assigning one or more 

of the segments Az to each inflow interval. 

The discrete model can be checked by examining the case where the 

inflow is constant along the length of the borehole. Then Eq. (3.23) becomes, 

C oqAz + C i_ 1(1-l)qAze- X A'< 1- 1> <' 

After rearranging, 

c i - - — m • { 3 - 2 4 ) 

C Q = i C. - (i-lJC.^e" ( i _ 1 ) q . (3.25) 

At the Nth interval, i = N, and NAz = L, so: 
AA A Z 

C

0 - E C , - H - M c i - i * q ' ^ • ' 3 - 2 6 > 
Now let r = Az/L: 

XA . r 
rC Q = C. - (1-r) C ^ e «» 1 _ r . (3.27) 

As the segment length becomes small, C-j becomes approximately equal to C-j_^: 

C, = C £ . (3.28) 

1 _ ( i - r ) e " 1 ! " r 

The l im i t as r*0 is obtained by applying L'Hospital's rule, 

C i " Co q-fTA • ( 3 - 2 9 ^ 

which is identical with Eq. (3.18) obtained for the continuous and uniform 

model. 
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Two cases based on Eq. (3.23) are presented in Fig. 3.6, where the 

i n i t i a l concentration is given in counts per second to simulate a gamma ray 

log . Two d i f fe rent qi d is t r ibu t ions along the 12 m hole length give the 

same concentration (count rate) p r o f i l e , i l l u s t r a t i n g the problem of non-

uniqueness that arises fo r mult ip le entry s i tuat ions. Other combinations of 

i n i t i a l concentration and inf low d is t r ibu t ion could be contrived to produce 

approximately the same p r o f i l e . 

3.7 Discussion 

We have developed four simple models to describe the radon concentration 

wi th in the hole, using d i f fe ren t assumptions fo r mixing and fo r the entry 

point locat ions. The resu l t ing expressions fo r the four borehole models are 

given in Eqs. (3 .9 ) , (3 .13) , (3.19), and (3 .23) , where the borehole concen­

t r a t i on can be expressed as a function of the entering concentration C 0 . 

The concentration ra t io is generally dependent only upon the volumetric flow 

rate Q and the borehole volume V. For the single entry point with no mixing, 

the f low rate can be in ferred from a log that is proportional to the concen­

t r a t i o n . For the other three cases, C 0 cannot be determined from the l og , 

and Q must be separately determined before C 0 can be estimated, o r , con­

versely, C 0 must be independently established i f Q is to be estimated. We 

have also pointed out that the case of complete mixing cannot be d i s t i n ­

guished from the case of continuous uniform f l u i d entry into the hole. 

Independent hydrological evidence is needed to dist inguish them. 

The th in crack expression for C 0 of Eq. (3.4) can be merged with any 

of the four borehole models to provide an expression for the borehole concen­

t r a t i o n in terms of the f low and source parameters. As an example, the th in 
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Fig. 3.6 Two hypothetical gamma logs for two different water inflow distri­
butions along a borehole. The graph illustrates the problems of a 
non-unique solution if the radon concentration of water flowing 
into the borehole is unknown. 
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crack result of Eq. (4) is combined with the mixing model of Eq. (3.13) to give 

EQ 
~£ = 7 7 x'-hV 1 - e - ^ 1 _ e-X 1rh(b Z-a 2)/Q (3.30) 

We have already stated that Q/X w i l l be small compared with the source 

volume in the crack, making the term in the second pair of brackets in Eq. 

(3.30) approximately equal to one. For the larger borehole, Q/X w i l l also be 

small compared with the mixing volume (see Table 3.1 fo r values of XV), and 

hence the f i r s t term in brackets w i l l also be approximately one, so that : 

"C = - | 9 - . (3.31) 
X^hV 

This result seems appropriate for the Stripa results of Fig. 2.4, 

since the flow values are reasonable and the concentration increases linearly 

with the flow rate. It must be emphasized however, that this dependence upon 

Q is really a result of the fluid residence time within the borehole rather 

than a consequence of the flow rate within the radon source area. 

For various limits of the groundwater inflow rate, Eq. (3.30) yields 

quite different expressions for the radon concentration in a borehole. 

Table 3.2 summarizes the four conditions where the flow is either very high 

or very low with respect to the product of the radon decay time and the radon 

source and borehole volumes. As the table shows, only if the fluid spends 

considerable time in both the source area and within the borehole does 

borehole concentration increase linearly with flow rate. Otherwise, if the 

fluid spends only a fraction of the radon half-life in either of these 

volumes, the concentration either remains constant or depends inversely upon 

Q. In the right-hand column, where Q>XV, the flow is so high that the 
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borehole does not affect the concentration, which maintains its entry point 

1 evels. 

Table 3.2 Expressions for average radon concentration in borehole of volume 
V, after inflow from a thin, flat source of volume nh(b 2 - a 2 ) , 
and with mixing within the borehole. (See Subsection 3.2 for 
nomenclature.) 

Flow rate Flow rate vs. mixing volume 
vs. source volume Q < XV Q > XV 

Q < Xrrh(b2-a2) EQ/X2hV E/Xh 

Q > Xnh(b 2-a 2) Eir(b2-a2)/XV E«(b 2-a 2)/Q 



50 

4. GAMMA-RAY BOREHOLE LOGS 

A large number of to ta l count gamma-ray logs were collected in the 

underground and surface boreholes at Str ipa during 1978 and 1979 (Table 4 .1 ) , 

a l im i ted select ion of which were presented and discussed in Nelson et a l . 

(1979). In th is section we present almost a l l of the gamma-ray logs acquired 

at Str ipa and discuss them in terms of the associated data which provide 

information on the groundwater f low. Figure 4.1 shows the location of the 

underground d r i f t s and boreholes in which many of the logs were acquired. 

Surface boreholes are shown in F ig. 1 .1 . 

At the time the logging was done, the importance of the radioelement 

content of the water was not suspected; in fac t , the unusually high count 

rates were quite puzzling at the t ime. As a consequence no special care was 

taken regarding the source of water in the boreholes, except that a l l bore­

holes were f i l l e d with water before being logged i f they were not already 

f u l l . The source of the water for topping of f the boreholes was the mine 

water supply, which comes from a 700-m3 holding reservoir at the 260 m 

l e v e l . A container f u l l of th is mine supply water was checked with the gamma 

probe and registered no indication of radon content. Hence at the time of 

logging, the water in any hole could be a combination of water which had 

flowed through the rock end into the borehole under ex is t ing pressure grad­

i en t s , plus an addi t ions ' amount of radon-free water poured in from the mine 

water supply to bring the level up to the top of the borehole. However, most 

of the holes were f u l l from i n f i l t r a t i o n and did not require a r t i f i c i a l 

f i l l i n g . 
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Table 4.1 List of boreholes at Stripa logged fo r to ta l gamma-ray counts, 
by date and locat ion. 

Ful l-Scale D r i f t 

1 Feb 78 CI , E l l , M6, M8, M9, T13, T14, T15, U l , U2, U3 
3 Feb 78 E6, E7, E8, E9, E10, H9, M7, T16 
7 Feb 78 E7, E8, E9, E10, T16 

10 Mar 78 E12, E13, E14, T19, T20, T22, U l l , U12 

Time-Scale Dr i f t 

27 Jan 78 E l , E2, E3, H I , H3 
30 Jan 78 E4, E5, H I , H2, H4, H5, H6, H7, H8, M l , M2, M4, M5, N l , N2, T2 S 

T3, T4, T7, T8, T12 
31 Jan 78 H2, Tl , T2, T5, T6, T9, T10, Til 
16 Feb 78 H3, N2, T3 

7 Dec 78 M2, M4 
17 Jan 79 M3 

Extensometer Drift 

12 Jul 78 N3, N4 

Ventilation Drift 

17 May 78 HG3, HG4, R4 
26 May 78 R3, R5 
15 Jun 78 S2 
30 May 79 S2 
21 Nov 79 SI 
22 Nov 79 S2 

410 m Level 

5 Jun 79 DBH V-l 

Surface 

17 Feb 78 SBH-1 
Dec 78 SBH-1 (SGU) 
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Fig. 4.1 Plan map of the LBL experimental dr i f ts at the 343 m elevation 
at Stripa. 
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4.1 Full-Scale D r i f t 

The gamma-ray logs from the f u l l - sca le d r i f t (F ig. 4.2) are presented 

in F ig . 4.3, which shows the holes located along the central axis of the 

d r i f t , and in Fig. 4 .4 , which contains holes from the H9 tes t area. 

These two f igures contain a l l the logs obtained in the f u l l - sca le d r i f t . 

Most, but not a l l , of the holes in the H9 area were logged, but only the 

holes along the center l ine of the d r i f t were logged in the H10 area. 

The horizontal and ver t ica l spatial scales are the same in Fig. 4.3, 

thereby portraying the logs superposed on a true cross-sectional view of the 

rock mass, except fo r the break in the cross-section between holes E8 and 

E13. A l l the gamma ray baselines in th i s f igure are given as 200 cps, 

with the exception of heater hole H9 where the count was much reduced 

due to the increased attentuat ion in the w a t e r - f i l l e d , large-diameter (406 

mm) hole. One prominent feature can be seen in Fig. 4 .3 . An anomalous 

decrease in the count rate with a hal f -width of less than 0.5 m indicates a 

planar feature dipping downwards from r i g h t to l e f t in holes E6 through U2. 

This feature is caused by a pegmatite d i ke , which in most gran i t i c rock would 

produce a count rate increase due to the higher potassium content of pegma­

t i t e s . Here, however, the count rate in the pegmatite decreases because i t s 

uranium and thorium content is lower than that of the Str ipa grani te. 

Figure 4.4 is not a cross section l i k e F ig. 4.3; instead, the remaining 

holes from the H9 area are grouped according to the i r diameter, which de­

creases from l e f t to r i g h t . Where the pegmatite intersects boreholes M9, C I , 

and T15, a small count decrease can again be seen. A pos i t ive 500 cps 

anomaly peak occurs near the bottom of hole M7. Because of our experience 
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Fig. 4.2 Borehole layout in the full-scale dr i f t . 
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F ig . 4.4 Gamma-ray logs from the H9 area in the f u l l - s ca le d r i f t . Since 
th i s is not a p r o f i l e , there is no horizontal spatial scale. 
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with similar positive peaks in hole Nl in the time-scale room, we attribute 

the peak to the occurrence of a local concentration of uranium and thorium, 

probably associated with a mafic (chloritic) zone within the granite. 

Only two holes in Figs. 4.3 and 4.4 display anomalously high count 

rates that can be attributed to the inflow of water. Both E8 and Ell are 

roughly 50% higher in count rate for almost their entire lengths. Based on 

the previous discussion and on the data reviewed in the following sub­

sections, we suspect that E8 and Ell have significantly higher inflows of 

water than any other holes logged for gamma rays in the full-scale drift. 

Unfortunately, no water inflow data are available for comparison. As 

described by Schrauf et al. (1979), the holes were grouted when the exten-

someters were installed prior to the initiation of the heater experiments in 

the summer of 1978. 

4.2 Time-Scale Drift 

Figure 4.5 shows the collar locations of all the boreholes located in 

the time-scale drift. The appropriate logs are presented in five cross 

sections, three parallel with the long axis of the drift and two transverse 

to it, in Figs. 4.6 through 4.10. Figure 4.6 shows logs along the drift 

centerline and Figs. 4.7 and 4.8 show logs from sections parallel with the 

centerline section. Because of the overlap on intersecting orthogonal 

sections, the two transverse sections shown in Figs. 4.9 and 4.10 each 

contain three logs also displayed in the longitudinal sections. Borehole M3, 

discussed in the Section 2, is the only time-scale borehole log not shown in 

Figs. 4.6 through 4.10. In all five figures the horizontal and vertical 

scales are equal so that the gamma-ray logs are projected upon a scaled 



58 

^H3 

•Ml 

H7 T9 'HI T6 H5 o * o * o 

Tf AE2 J 5 

E4 El H4 
- A - A — • -

H5 T!l T2* T ' A E5 
" TI2T8M4T7 H6 o x«° p v x1 o 

V/° "I 
N2 
•M2 

^ 

^ 

Slant holes 

H.N 

, Heater array 

LEGEND 
o Heaters (H ) 9 l27mm 
• Moni tor ing (M) 938mm, 56mm, 76 mm 
A E x t e n s o m e t e r s ( E) 976mm/H6mm 
» Thermocouples (T) 9 3 8 m m 

Geophysics(N) 9 4 6 mm 

XBL 787-1986A 

Fig. 4.5 Borehole layout in the time-scale d r i f t . 
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Fig. 4.10 Gamma logs along H7-H5 cross-section, time-scale d r i f t . 
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ve r t i ca l section of the rock mass. 

The three types of features observed in the fu l l - sca le logs are also 

apparent in the t ime-scale logs. A pegmatite dike intersects borehole E2 at 

two d i f fe ren t depths (Thorpe, 1979), but the corresponding decrease in count 

r a t e , although v i s i b l e , i s not as obvious as i t was at the pegmatite in the 

H9 area. 

Posit ive increases in the count rate are much more common, however, and 

are due both to local concentrations of uranium and thorium in the rock and 

to increases in the concentration of radon in the water. Anomalous increases 

of the f i r s t type are discrete features, usually of less than one meter 

ve r t i ca l extent in any one hole and usually also v is ib le in one or two 

neighboring holes. Examples can be seen at three elevations in Fig. 4.6: 

near the surface in holes E l , T l , T2, and T3; at f ive meters above the heater 

center l ine in holes H3, Nl and N2; and at zero elevation in holes T3, H3, and 

N l . These high-count zones can also be seen in other holes on some of the 

adjoining cross-sections. For example, the feature at the five-meter eleva­

t i on can also been seen in Fig. 4.9 in holes H8, T12, and T8 as well as H3. 

The combined view shows that the anomalous feature is dipping downwards from 

H8 to N2. S imi la r ly , the extension of the feature near the f loor of the 

d r i f t can be viewed i n holes M4 and E5 in F ig. 4.8. The logs suggest that 

these mafic zones, which contain high uranium and thorium concentrations, are 

f l a t features with long dimensions of several meters, and short dimensions, 

here v e r t i c a l , of less than one meter. Core observations show that these 

zones are generally highly f ractured, the fractures healed with ch lor i te and 

other minerals. The thicknesses of the c h l o r i t i c fractured zones were 
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everywhere less than 0.2 m. Nelson et al. (1979) discuss the effect of these 

mafic zones on other types of logs that were run in the underground holes. 

Positive increases in the count rate due to radon in the water can be 

observed in all but two heater holes and in several of the smaller diameter 

holes. Heater holes H3 and H8 in Fig. 4.9 have count rates close to the 200 

cps background rate, while all the rest have count rates greater than 200 

cps. Average count rates from these logs have been shown in Fig. 2.4 and 

discussed in the section on gamma ray measurements. A number of the smaller 

diameter holes also have high count rates that can only be explained by radon 

in the water. These are E3, E2, and M2 (Fig. 4.6), T9 and E4 (Fig. 4.7), T6 

and T5 (Fig. 4.8), and T4 (Fig. 4.9). Only heater hole? HI - H8, however, 

furnished data that could be used for comparison with the gamma-ray logs 

because they were equipped with dewatering apparatus (Burleigh et al. 1978) 

that was operated during the heater experiments. The smaller diameter T and 

E holes in the time-scale room were grouted when the instrumentation was 

emplaced (Schrauf et al. 1979), and no water inflow information was collected. 

The anomalous boreholes are summarized in Table 4.2, where the count 

rate in excess of 200 cps is tabulated. By spotting the data onto the plan 

map of Fig. 4.5, it is easy to see that most of the unusually high counts 

occur in holes at the rear of the drift, as has also been demonstrated by 

the sectional presentations. 

Most of the high-count gamma-ray logs in Figs. 4.6 through 4.10 do not 

vary much with depth, indicating either complete mixing or multiple entry, as 

discussed in the section on models. However, hole H2 is an exception, as the 

count rate decays from bottom to top of the hole. As suggested by Eq. (10), 
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Table 4.2 Boreholes in the time-scale d r i f t with a counting rate above the 
200 cps background. Counts from tha gamma logs are averaged over 
the ent i re hole length or over intervals of several meters where 
the count rate was high and uniform. A 200 counts per second 
rate was subtracted from the data to remove the average rock 
cont r ibu t ion. 

38 mm 76 mm 127mm 

M3 180 
T4 40 
T5 200 
T6 175 
T7 20 
T9 60 

Ml 550 
M2 50 
E2 82 
E3 50 
E4 170 

HI 20 
H2 1000 
H4 240 
H5 100 (max) 
H6 25 
H7 110 

1600 

Depth (m) 
XBL802-6792 

F ig . 4.11 Logarithmic p lot of the H2 gamma log ; 200 cps were subtracted 
from the gamma log to remove the background ef fect of the rock. 
Curves 1 and 2 are plausible f i t s over the depth range 4.0 to 6.5 
m. Curve 1 indicates that the water moves 6.1 m while losing ha l f 
i t s a c t i v i t y , which is equivalent to a flow ra te of 20.1 l i t e r s per 
day. Curve 2 indicates a f low of 23.1 l i t e r s per day. 
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the H2 log is replotted in F ig. 4 .11 , with the count rate on a logarithmic 

scale. The portion of the log from 4.5 m to 6.0 m shows a reasonable 

s t r a i gh t - l i ne decay, and curves 1 and 2 represent two f i t s through that 

in terva l of the log . Curve 1 indicates that the water moves 6.1 m while 

losing ha l f i t s a c t i v i t y , equivalent to a veloc i ty of 6.1 m in 3.84 days, or 

1.59 m per day. This converts to a volumetric flow rate of 20.1 l i t e r s per 

day (see Table 3.1). S im i la r l y , curve 2 indicates a l inear veloci ty of 1.82 

m per day, or 23.1 l i t e r s per day. These estimates are 2.5 times greater 

than the flow in H2 that was measured during the summer of 1978, plotted in 

F ig. 2.4. The discrepancy could be due to the crudeness of the gamma-ray 

estimate, or i t could be due to a real change in the average f low. The 

average f low into H2 could have changed e i ther due to a change in hydraulic 

gradient or as a resul t of the commencement of the time-scale experiment. 

Obviously, i t is desirable to do a control led experiment to check the ef fec­

tiveness of the gamma-ray estimate of flow ra te . 

Figure 4.1 shows two holes, SI and S2, col lared in the main d r i f t and 

posit ioned paral le l with the time-scale d r i f t . Both dip at a 30-degree angle 

with the hor izonta l , so that borehole SI passes wi th in 1.5 m of the heater in 

H5, which is centered at 10 m below the f l oo r of the time-scale d r i f t . 

Hydrological and f racture data from SI and S2 have been reported by Gale and 

Witherspoon (1979), a port ion of which is shown in Figs. 4.12 and 4.13. 

These f igures also show gamma logs acquired during 1978 and 1979. 

Both the SI and S2 logs show prominent increases in the count rate in 

the lower halves of the holes. Hole SI shows a peak between 35 m and 39 m, 

a decrease, and another peak over the 20 to 29 m depth i n t e r v a l . Hole S2 has 



63 

0 200 400 600 800 
Counts /sec 

0 4 8 12 14 16 
Q/AP (cm 2/sec x lO 6 ) 

XBL 808-72:90 

Fig. 4.12 Gamma log and injection test data from borehole SI. The ratio 
Q/AP, taken from Fig. 10 of Gale and Witherspoon (1979), is propor­
tional to the permeability. 
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Fig. 4.13 Gamma log a:*! injection test data, taken from Fig. 11 of Gale and 
Witherspoon (1979), from borehole S2. 
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two sharp peaks on a l l three gamma logs located at 25 and 38 m depth. These 

peaks are at t r ibuted to contributions from uranium in rock, because of t he i r 

narrow ha l f -w id th , and because of t he i r addit ive contr ibut ion to the three 

logs. The broader increase over the interval 24-32 m i s at t r ibuted to radon 

in water. The Q/P rate rat ios given in Figs. 4.12 and 4.13 are d i rec t l y 

proportional to the rock permeabil i ty. The radon increases depicted in the 

f igures occur wi th in the permeable zones, and decay above them. The upper 

permeable zones do not appear to be contr ibut ing radon, however. In accord 

wi th the previous discussions, we believe that radon-charged groundwater is 

entering the boreholes at the lower permeable zones, moving up the holes, and 

ex i t i ng near the c o l l a r s . 

Hole S2 was logged three times during 1978 and 1979. The f i r s t l og , 

obtained on June 15, 1978, was made exactly 15 days a f te r the turn-on of the 

time-scale heaters at the 1.125 kW power leve l . The second L.g was taken on 

30 May, 1979 just six days before the turn o f f -o f the heaters. The th i rd 

l o g , on November 2 1 , 1979, was taken almost six months a f te r the cessation of 

heater operation, but unfortunately i t s flow cannot be related to heater 

operation because a major change occurred in the local hydrologic flow regime 

in early November as a result of packing o f f a copiously flowing interval i n 

borehole Rl . A logarithmic plot of the count rate in S2 i s shown in F ig. 

4.14, establ ishing f low-rate estimates of 3.0 and 11.5 l i t e r s per day over 

the indicated in te rva ls for the l a t t e r two logs. 

Hole SI was logged once, on November 21 , 1979. The log shown in 

F ^ . 4.12 exhibi ts two peaks, ind icat ing a zone of i n f l ux at 35-39 m and at 

c^ Z8m. The s t r a i gh t - l i ne f i t on semi-logarithmic paper (not shown) es tab l i -
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Fig. 4.14 Logarithmic plot of S2 gamma logs for three different dates. The 
200 cps background due to the rock and the anomaly at 25 m have 
been subtracted out. The slopes of lines 1 and 2 indicate flows of 
3.0 and 11.5 liters per day, respectively. 
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shes that the lower zone contributes 3.7 l i t e r s per day to the flow up the 

borehole. The flow rate above the upper zone is estimated to range between 

7.2 and 11.6 l i t e r s per day; the uncertainty i s due to ambiguity i n picking 

the slope, but the higher estimate is preferred. Accepting the 11.6 value as 

the to ta l f low and subtracting the lower zone cont r ibu t ion, we f ind the upper 

zone is cont r ibut ing 7.9 l i t e r s per day. 

The outf low at the co l la rs of SI and S2 was measured with the bucket-

and-stop-watch method in February 1980, and found to be 12.7 and 13.4 l i t e r s 

per day, a very encouraging check with the November 1979 estimates of 11.6 

and 11.5, respect ively, from the gamma log . (No known hydrological changes 

occurred between late November and February.) However, the ear l i e r two logs 

in S2 cannot be t ied with confidence to any of the time-dependent heating or 

flow occurrences, because records were inadequate. 

4.3 Vent i la t ion Dr i f t 

Five holes in the ven t i l a t i on d r i f t were logged with the gamma probe, 

and the resul ts are compared with two independent sets of hydrological data 

in Fig. 4.15. A l l the holes have gamma count rates above the 200 cps base 

ra te , and a l l display one or more t rans i t ional increases in ra te , progressing 

from the bottom to the top of the hole. The bar graphs represent the results 

of hydrological testa in packed-off intervals conducted by J.E. Gale and his 

associates o f the University of Waterloo. This inf low i s the product of the 

permeabil ity and the drain pressure for each i n t e r v a l , and re f lec ts the flows 

to be expected in an open hole. Intervals with flows less than one m i l l i ­

l i t e r per minute are not shown. Hydrological tes t ing was not done wi th in 2 

to 4 m of the d r i f t face. 
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XBL 808-7297 
Fig. 4.15 Gamma logs and hydrologic measurements at rear of venti lation 

d r i f t . Inflow into packed-off intervals at atmospheric pressure is 
given by the bar graph. Question marks indicate missing data. The 
letters F and MF designate fast and moderately fast pressure 
build-up within packed-off intervals. 
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Below the 200 cps base l i n e are t i ck marks and the le t te rs F and MF. 

These data were provided to us by J . Long of LBL, based upon measurements 

made by R. Galbraith during the ins ta l l a t ion of the packers for the macro-

permeability experiment. Af ter a given zone was packed o f f , the water 

pressure w i t h i n the zone bui lds up to a steady-state value, with the rate of 

build-up cont ro l led by the rock permeability of the zone. The l e t t e r F 

indicates that the build-up was f a s t , re f lec t ing a zone of re la t i ve l y high 

permeabil i ty, while the l e t te rs "MF" indicate a moderately fast bui ld-up. 

Unmarked i n te r va l s , where the pressure build-up was slow, are inferred to be 

re la t i ve ly impermeable. 

The cor re la t ion between the gamma increases and the hydrological in fo r ­

mation in F ig . 4.15 is very encouraging. Al l the gamma increases occur at 

zones where e i ther the flow data or the pressure buildup data, or both, 

indicate that the zones are more permeable than the rest of the hole. At 

th is stage, however, the corre la t ion is only qua l i t a t i ve . 

4.4 Borehole DBH V-l 

One deep hole designated DBH V- l was d r i l l e d early in the course of the 

experimental work at Stripa for hydrological studies conducted by members of 

the Swedish Geological Survey. The hole is 56 mm diameter and was d r i l l e d 

ve r t i ca l l y f o r more than 400 meters from i t s co l l a r in the 410 m level of the 

mine (see F ig . 1.2). I ts approximate col lar locat ion is x = 294, y = 1082, 

z = 410 in mine coordinates, located to the southeast and below the level of 

the plan map in Fig. 4 . 1 . The hole is artesian. Water was flowing from 

the co l la r when the hole was logged in June 1979. 
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In F ig. 4.16 the gamma log i s plotted with the permeability data 

collected by the Swedish Geological Survey (Olkiewicz et a l . , 1978). The 

lower l i m i t of measureable permeabil ity was determined by the i n - s i t u pres­

sure and the f low measurement capab i l i t y . The permeabil i t ies range over 

three orders of magnitude, with a bottom 160 m zone of measurable, e r ra t i c 

values, a middle interval from 100 to 300 m where the permeability was 

generally so low as to be unmeasurable with the system used, and an upper 100 

m zone of measurable values. 

Note that the log of F ig . 4.16 is great ly compressed compared with those 

plotted in the ear l ie r f i gu res , so that individual features appear to have a 

very narrow width. Most of these individual spikes are probably caused by 

uraniferous zones in rock, such as those shown in F ig . 2 . 1 . 

The data points posted on F ig . 4.16 are taken from Table 4 .3 . The 

potassium, uranium and thorium analyses done with gamma spectrometry on core 

samples are converted to a count rate for the gamma probe using the ca l ib ra­

t ion expression derived e a r l i e r . I t is these calculated points that are 

plotted in F ig . 4.16, representing the gamma component or ig inat ing wi th in the 

rock mass. The calculated values j u s t i f y the subtraction of 200 cps back­

ground from the log pr ior to estimating the f low ra te . 

The outstanding features in F ig . 4.16 are the high gamma-count ra te , 

which is well in excess of background for the ent i re hole length, and the 

qua l i ta t i ve corre la t ion between the gamma ray and permeability data. The 

high rate is due to radon entering the lower port ion of the hole and migrat­

ing upward i n the flowing water column. From 300 m downward, both the 

gamma log and permeabil ity measurements vary considerably. Because of the 
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Fig. 4.16 Gamma log and permeability measurements in the 410 m level bore­
hole, DBH V-1. Data points calculated from core analyses. Perme­
ab i l i t y data taken from Olkiewicz et a l . (1978). 
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Table 4.3 Potasium, uranium, and thorium analyses on 20-cm crushed core 
samples from holes DBH V-l (410 m level) and SBH-1. The calcu­
lated count rate is based on the empirical expression for the 
total count probe. Measured count rate is taken from gamma-ray 
logs. 

Depth(m) K(%) U(ppm) Th(ppm) 

Count Rate (counts/ sec) 

Depth(m) K(%) U(ppm) Th(ppm) Calculated Measured Difference 

Dbh V-l 4.73 3.75 39.5 31.1 197 325 127 
73.41 3.83 43.8 33.1 215 385 170 
125.30 3.49 38.9 26.4 187 380 193 
149.51 3.38 42.6 30.6 205 400 195 
168.59 3.10 41.5 30.6 200 410 210 
178.10 3.77 39.6 29.1 194 435 241 
234.70 3.89 46.1 35.8 227 475 248 
264.99 3.79 41.2 32.2 205 475 270 
289.79 3.92 46.6 34.1 226 510 284 
299.44 4.17 41.2 30.9 205 530 325 
325.25 3.78 43.4 32.4 212 550 338 
349.62 4.57 12.8 39.6 126 530 404 
404.77 3.90 47.4 38.3 235 585 350 
414.52 4.74 20.9 33.5 144 470 326 
464.62 4.10 45.5 35.4 225 — - — -

SBH-1 148.65 2.42 4.14 11.3 43 178 135 
232.85 4.26 39.9 28.7 197 325 128 
255.20 3.89 38.8 30.3 194 315 121 
320.36 3.87 35.7 29.4 183 368+33 185 
371.75 4.02 41.3 30.6 204 190 -14 
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f l uc tua t i ons , the geologic noise evidenced by the calculated single points at 

350 and 408 m, and the lack of a gamma log below 430 m, i t is not possible to 

state exactly where water is entering DBH V - l , although i t i s apparent that 

most of i t enters below 300 m, and that a substantial f rac t ion comes from 

below 400 m. The low permeabil ity in terval from 100 to 300 m produces no 

gains or losses in radon, with the resul t ing steady decline in count rate as 

water moves up the hole. In the upper 100 m the decline continues at a 

reduced slope above the step- l ike increase at 90 m. The permeable zone at 90 

m is contr ibut ing radon-charged water and increasing the upward flow ra te . 

Using the " h a l f - l i f e decay length" method on the gamma log over the 

low-permeability section at 100 m to 300 m depth, we obtain a flow rate of 

114 l i t e r s / day in the 56-mm-diameter hole. Above the in f l ux at 90 m, the 

method y ie lds a flow rate of 192 l i t e r s /day , showing that the 90-m zone 

contr ibutes about 80 l i t e rs /day or 40% of the t o t a l . This zone seems to be 

contr ibut ing more to the to ta l flow than would be expected from i t s perme­

ab i l i ty - th ickness product compared with that below 300 m depth. The consis­

tency of the radon-derived flows cannot be checked un t i l a f u l l analysis is 

performed on the permeabil i ty and hydraulic head measurements. However, the 

overal l f low rate seems quite reasonable, as other estimates of the artesian 

f low range between 120 and 240 l i t e r s per day (J.E. Gale, pr ivate communica­

t i o n ) . 

4.5 Borehole SBH-1 

The surface borehole SBH-1 (see F ig . 1.1 for location) was logged by the 

LBL and Swedish Geological Survey (SGU) logging systems on d i f fe rent dates, 

as shown in Fig. 4.17. The LBL log has more averaging than the SGU log, as 
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Fig . 4.17 Gamma-ray logs in SBH-1 taken wi th the LBL system i n early 1978 and 
with the SGU system in late 1978. Water l e v e l , as indicated by 
other logs, f e l l from 80 m to about 90 m between the f i r s t and 
second logging runs. 
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shown by the f iner structure on the SGU l og . Except for th i s d e t a i l , the two 

logs over la id perfect ly below 100 m. Above 100 m, the logs are also quite 

s imi lar except for the discrepancy between 78 m and 90 m, where the SGU log 

registers a higher rate than the LBL log . The decrease at 78 m in the LBL 

log and the decrease at 90 m in the SGU log each corresponds to the depth of 

the standing water level in the borehole at the time of the logging, as 

determined from the response of other logs. 

We interpret the log behavior above the water level to be caused by 

the introduct ion of radon into the well bore by groundwater i n f i l t r a t i n g into 

the open hole and t r i c k l i n g down the lower s ide. The higher count rate 

observed above the water level is a t t r ibuted to the fact that radon is more 

soluble on a volumetric basis in a i r than in water. In other words, water 

entering the hole gradually releases i t s radon to the a i r as i t t r i ck les down 

the hole. The steady release during t r i c k l e flow could be coupled with 

d i f fus iona l loss of radon upwards and out the open co l lar to cause the count 

rate gradient observed above the water column. Once the radon-charged water 

reaches the top of the water column, the count rate drops because the water 

has already released some of i t s radon. 

The radon-charged water t r i c k l i n g down the open bore does not mask 

the spikes caused by uraniferous zones, nor does i t mask the count decrease 

observed at the g ran i te - l ep t i t e contact near 52.5 m. The count rate in 

l e p t i t e above the water level is constant because the l e p t i t e does not 

contr ibute radon-charged water. This does not exclude the poss ib i l i t y that 

water is entering through fractures in the l e p t i t e , however, because above 

the water column the count rate would not be affected. 
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The complete log of SBH-1 is shown in F ig . 4.18. The individual data 

points are based on spectral analyses, calculated according to the Eq. (2.1) 

for ca l ib ra t ion of the probe. Two of the features are ascribed to geological 

e f fec ts . The step- l ike increase of about 140 cps at 208 m at the granite-

l e p t i t e contact checks qui te nicely with the data of Table 4 .3 , which shows a 

computed count di f ference of 150 cps between granite and l e p t i t e (compare 

samples 148.65 m with 232.85 m, e t c . ) . A second feature, a reduced count 

rate at 280 m, is associated with a 2.5 m intercept of "greenstone," which 

may be a l e p t i t e xeno l i th . 

Most important in SBH1, however, is the excess of actual counts above 

the expected rate indicated by the f ive data points. In the l e p t i t e , 

the gamma log should be ind icat ing 40 to 50 cps; instead, i t registers 

almost 200 cps. In the g ran i te , 200 cps is expected, based upon the logging 

in underground holes as well as the computed response; instead, the count 

rate is i n excess of 300 cps. These excess rates are a t t r ibu ted to radon 

transported downward in the water column and eventually ex i t i ng the borehole 

at depths where f racture zones occur. The most prominent of these fracture 

zones occurs at about 320 m, below which depth the count rate declines to the 

expected value of 200 cps. The gradual decline below 325 m indicates some 

fur ther loss of water below 320 m, as discussed below. 

This in terpretat ion of f l u i d movement is consistent with other data 

available on SBH-1. The fractures observed i n core and the geophysical 

logs (see Figs. 2.3 and 2.4 in Nelson et a l . ) reveal the presence of an 

8 m in terva l of fractured rock centered at 320 m. A sh i f t in the stat ic 

temperature gradient at that depth also convincingly indicates that outflow 
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Fig. 4.18 Complete gamma log of hole SBH-1, logged in February 1978. The 
f ive data points are computed from laboratory spectral gamma 
analyses of core samples. 
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occurs. And f i n a l l y , water pressure measurements (see F ig . 7 of Gale and 

Witherspoon, 1979) show that i n - s i t u pressure is less than hydrostatic below 

a depth of 150 m. 

The downward f low rate must be quite high above 325 m i n SBH-1 because 

no gradient in the gamma log i s d iscern ib le , as i t is in DBH V- l (Fig. 4.16), 

for example. As a consequence, only a minimum flow rate can be established 

using the concept presented in Fig. 3.2. Mult ip ly ing the length parameters 

in that f igure by a factor of 20 provides an assessment of the SBH-1 case 

where we observe no gradient over the 240 m column of f lowing water. A 

conservative estimate of the minimum flow rate down to 325 m i n SBH-1 is then 

1000 l i t e r s per day. 

Below 325 m the f low rate reduces to about 50 l i t e r s per day with most 

of i t ex ist ing at another f racture zone at 337 m, as shown in the detai led 

gamma log of Fig. 4.19. Hydrological and geophysical data also indicated in 

F ig . 4.19 confirm the locat ion of the f racture zone. Below 337 m the f low 

reduces to 3 l i t e r s per day. The measurement sens i t i v i t y does not permit 

detection of the exodus of th is small amount of f low. 

In sum, the downward f low rate in SBH-1 under s tat ic open hole conditions 

is in excess of 1000 l i t e r s per day. Over 90% of th is f low ex i ts the hole at 

a f rac ture zone at 320 m. Less t l r in-, of the flow e; .... at a second 

f rac ture at 337 m. 

4.6 Borehole SBH-2 

The log from SBH-2 (see Figs. 1.1 and 1.2 fo r l oca t ion ) , shown in F ig . 

4.20, was obtained in August 1980. Water level at time of logging i s un-
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Fig. 4.19 Detail of gamma log in SBH-1 over the interval 325-350 m, with 200 
cps background subtracted. Hal f - l i fe distances and volumetric flow 
estimates are posted next to straight-l ine segments. Sonic waveform 
anomalies (Nelson et a l . , 1979) and straddle packer injection 
tests (Witherspoon et a l . , 1980) show possible flow zones. 
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Fig . 4.20 Complete gamma log of hole SBH-2, logged on August 2 1 , 1980. 
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known, but general ly is at 20 m slant depth, with f luctuat ions from 0 to 35 m 

(C. Wilson, pr ivate communication). No other geophysical logs were run in 

SBH-2. 

There is no evidence that radon is present in th i s borehole, as the 

count rate exceeds 200 cps only in a few short i n te rva ls . There are three 

possible reasons fo r th is absence. F i r s t , SBH-2 i s collared at the edge of 

the ta i l i ngs pond. I f a high-f low conduit existed between the pond and the 

borehole that contributed most of the water inf low in to SBH-2, the radon 

concentration would be quite low because the t a i l i n g pond water would be 

"o ld" with regard to radon. This poss ib i l i t y seems unl ikely but cannot be 

ruled out. Second, hydrological conditions in SBH-2 could be such that there 

is no flov* i n the hole under open hole condit ions. However, pressure mea­

surements in SBH-2 indicate that t h i s is not the case (C. Wilson, private 

communication); the heads are such that there should be downward f low in 

SBH-2. 

The t h i r d and most l i k e l y poss ib l i ty is that groundwater is entering 

the borehole in the upper i n te rva l s , but is not picking up radon from the 

rock. As reported by Olkiewicz et a l . (1979), the upper intercept in SBH-2 

is neither l e p t i t e nor grani te , but "appears to be amphibolite or d i o r i t e 

near the surface, grading in to l e p t i t e in the upper 30 m." As shown in Fig. 

4.20, the count rate in the amphibolite is even lower than in the l e p t i t e , a 

fact confirmed by a surface measurement on amphibolite with a portable gamma 

spectrometer which gave 0.7% K, 0.8 ppm U, and (not detectable) Th (Wollen-

berg et a l . 1981). The l e p t i t e , which also has considerably less uranium 

content than the gran i te , extends from 30 to 81 m, as shown in F ig . 4.20. As 
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a consequence, water entering the borehole through fractures anywhere in the 

upper 81 m slant depth would not be anomalous in radon concentration. 

Some of the indiv idual features in F ig . 4.20 warrant comment. The 

two spikes at 105 and 210 m are the largest responses observed in the Str ipa 

gamma logs and must represent very high local ized concentrations of uranium. 

A much smaller peak at 34 to 36 m wi th in the l ep t i t e is caused by two grani te 

intercepts observed i n core. The gamma record from 90 to 130 m has a spiky 

appearance with above-average count ra te . This interval overlaps the i n t e r ­

val 88-118 m, which on the basis of hydrological tests appears to be the most 

permeable zone in the SBH-2 granite (C. Wilson, private communication), along 

wi th a narrow (2 m) permeable zone at 222-224 m. The low count interval from 

204 to 224 m occurs in granite in which no unusual character ist ics ere 

v i s i b l e . Laboratory spectral gamma measurements confirm that the low count 

rate is caused by a marked reduction in uranium content. Two samples from 

206.7 and 213.1 m have an equivalent uranium content of 7.2 and 8.7 ppm, 

respectively (see Appendix A). The computed to ta l counts fo r the gamma probe 

are shown as three data points in F ig . 4.20; values are 168, 93, and 94 cps 

at 196.4, 206.7, and 213.1 m, respect ively. This s ingle intercept of grani te 

wi th 7 to 8 ppm uranium shows that not a l l of the Str ipa granite is uniformly 

high in uranium content. 

4.7 Borehole SBH-3 

The character of the SBH-3 log (see Fig. 1.1 fo r hole location) shown in 

F ig . 4.21 is s t r i k i n g l y s imi lar to that of SBH-1, especial ly so once the 

geological differences are recognized and accounted f o r . Radon-charged water 

enters the borehole through fractures in the gran i te , t r i c k l e s down the 
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F ig . 4.21 Complete gamma log of hole SBH-3, logged on August 27, 1980. Water 
level at time of logging was not measured, but is inferred to be at 
32 m from th i s l og . 
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sides, and causes the high, progressively increasing count rate over the 

interval 0 to 32 m. The count rate drops wi th in the two l ep t i t e intercepts 

because the background level is lower. At the top of the water column, here 

located at 32 m, the count rate drops sharply. There may be fur ther radon 

in f l ux within the wa te r - f i l l ed hole between 32 and 100 m, as the gamma log 

appears to increase s l i g h t l y . 

Other features in Fig. 4.21 corre late with observations of core. The 

decrease at 284 m i s caused by a l e p t i t e intercept . The positive-going spike 

at 268 m l ies w i th in a two-meter in terval where a number of fractures f i l l e d 

wi th ca lc i te and f l u o r i t e were noted. The posit ive-going spike at 97 m l i es 

j us t above a one-meter interval described as highly f rac tured, weathered 

gran i te . Other geophysical correlat ions are not posible because no logs 

other than gamma ray were ru^ in SBH-3. 

There appear to be two f l u i d loss zones in SBH-3. Between 100 and 200 m 

the count rate decreases from 390 to 345 cps. Applying the " h a l f - l i f e decay 

length" method over t h i s interval y ie lds a l inear f low rate of 68 m/day, or a 

volumetric rate of 307 l i t e rs /day . The zone of water outflow from the hole 

appears to be in the 210 to 220 m depth. Between 220 m and 260 m the count 

rate drops again, from 345 cps to about 215 cps. The estimate obtained over 

t h i s interval i s 3.7 m/day or about 17 l i t e rs /day . Due to the slow rate and 

the consequent long decay t a i l on the record, i t i s d i f f i c u l t to pick the 

loss i n te r va l , but i t appears l i k e l y to be at the f racture zone at 268 m. 

Hence two loss zones are interpreted in SBH-3: one at 210 - 220 m taking 

about 290 l i t e r s /day and another, probably at 268 m, tak ing about 17 l i t e r s / 

day. 
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5. IMPLICATIONS FOR RADON EMANATION AND URANIUM DISTRIBUTION 
5.1 Emanating Power and the Thin Crack Model 

The thin crack model and the measurements of radon activity in the M3 
water allow us to make some estimates, admittedly crude, of the emana­
ting power of a "typical" fracture in the Stripa granite. Equation (3.31), 
for the case where the inflow rate Q is small with respect to both the crack 
and borehole mixing volumes, allows us to compute the emanating power: 

E A= x2hVC/Q . ( 5 , 1 

A crack width of 0.01 cm is assumed. The volume V i s based on the borehole 

volume of 127 l i t e r s for a 127 mm hole (see Table 3 .1) , and the inflow Q i s 

taken as 10 l i t ers per day. The measured activity in the M3 water was about 

1 pCi per l i t er (Fritz et a l . , 1979), which converts to 18 x 10 6 atoms 

per cm3 using: 

N = I cE = 0718" x 3 1 9 7 x 1 Q 1 2 X 1 0 " 6 X 1 0 ~ 3 • 

The factor 3197 x 1 0 1 2 converts the activity in Ci to the number of dis inte­

grations per day. 

The numerical values are: 

X = 0.18 (day"1) 

h = 0.01 (cm) 

V = 1.3 x 10 5 (cm3) 

Q = 1 x 10* (cm3/day) 

C = 18.0 x 10 6 (radon atoms/cm3) 

yielding an emanating power from Eq. (5.1) of: 

E. = 7.3 x 10^ (radon atoms/cm2 - day). 

Obviously this estimate is not much better than order-of-magnitude, as the 
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value for the average fracture estimate is only a rough guess, and the model 

i t se l f is rather simplist ic. Nevertheless, the above value for E/\ gives a 

rough indication of the number of radon atoms escaping daily from a square cm 

of rock into the water f i l l i n g a crack. 

At this point i t is necessary to relate the surface emanating power, 

E/\, a parameter derived from the thin crack model, to the volumetric eman­

ating power, Ey, which gives the radon produced per volume (or weight, 

of rock, Emanation values Ey measured on Stripa core samples are tabulated 

in Appendix A. Excluding the hand specimens l isted there and the samples 

with uranium content less than 25 ppm we have 18 samples for which the 

average value of Ey is 1.57 pCi/gm, equivalent to: 

Ey = 1.57 x 10"12(Ci/gm) x 2.63 (gm/cm3) x 3197 x 10 1 2(dis./day/Ci) 

3 3 
Ev - 13 x 10 radon atoms per day per cm rock 

whereas our surface area emanation was estimated to be 

3 2 
E» - 73 x 10 radon atoms per day per cm of fracture surface. 

The ratio E/̂ /Ey ~ 5.5 cm /̂cm^ forms a measure of the rock volume con­

t r ibut ing radon to unit area of fracture surface. The ratio of 5.5 suggests 

that a square centimeter of fracture surface has an effective volume extend­

ing about 2 cm from either side of the fracture. Radon must diffuse through 

the pore space to reach the fracture surface. Interestingly, I . Neretniks 

(personal communication, 1980) indicates that a diffusion distance of a few 

centimeters is reasonable, based upon •'Dtf, for the radon ha l f - l i fe t and for 

known estimates of the diffusion coefficient D. 
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This comparison between laboratory data and the thin crack model 

coupled with field data is quite satisfactory in demonstrating that the 

emanation numbers thus obtained are physically reasonable. 

5.2 Geological Considerations 

The development in the preceding paragraphs indicates that the high 

radon concentration in Stripa groundwater is satisfactorily explained by a 

combination of high uranium content and thin fracture aperture. This result 

also implies that other igneous rocks with similar fracture characteristics 

will produce radon concentrations differing from that at Stripa in proportion 

to the fraction of the uranium present. If so, then many sites must exist 

where the radon concentration is 10% or more of the Stripa concentrations, 

yet there is l i t t l e documentation to support this . 

Only a fraction of the radon produced within a cubic cm of rock escapes 

from the matrix. The data in Appendix A show that 0.10 is quite a reasonable 

value for the fractional emanation coefficient, which conforms well to the 

estimates of escape to production ratio obtained by Barretto et al. (1972). 

With reference to this data base, the Stripa samples do not appear to be 

unusual in fractional emanation. 

Another possibility is that radon emanation is extraordinarily high 

along permeable fractures and that these surfaces were not represented in the 

core samples reported in Appendix A. Mobilization and deposition of any 

member of the U-238 series higher than radon could produce such an effect, 

iwo likely candidates are uranium and radium. Wollenberg et al . (1981) used 

the fission track-radiographic method to locate and determine the abundance 

of uranium in uncovered thin sections. They find that uranium is localized 
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in the Stripa granite (quartz mcnzonite) in three distinct mineralogical 

associations. In brief, they find that uranium is found concentrated in: 

1) tiny euhedral opaque grains found usually in chlorite, but also 

in muscovite-chlorite-sericite filled fractures, and even within 

quartz or feldspar grains. 

2) anhedral opaque grains associated with both a quartz-epidote-

sericite-filled fracture and with fine carbonate-sericite stringers. 

The absolute abundance of uranium in this second category is greater 

than in the f i r s t . 

3) dispersed along chlorite-filled fractures without associated dis­

crete grains. 

The number of thin sections examined was smalT, so no statistical 

inferences were possible. At the present time, the petrographical evidence 

indicates that uranium is preferentially disposed along flow paths, but the 

evidence is far from conclusive. 

However, Wollenberg et a l . (1981) present another line of evidence 

indicating that uranium is located in sites that can be leached by ground­

water rather than in inaccessible sites in accessory minerals. Although the 

outcrops at Stripa are comparatively fresh as a consequence of glaciation, 

the uranium content in surface outcrop is depleted (mean of 27 ppm) relative 

to subsurface samples (values in the range 40 to 45 ppm). The data provide 

good evidence that uranium sites within the rock favor i ts leaching by acidic 

near-surface groundwater. 
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6 . RADON MEASUREMENTS IN AIR 

6.1 Introduction 

As mentioned in Section 1 , the ro le of groundwater in transporting 

radon from the rock mass into the a i r in underground d r i f t s has been recog­

nized by previous studies. Our monitoring of radon daughter ac t i v i t y in the 

a i r of experimental work areas stemmed from health safety concerns rather 

than a study of radon transport . Hence the results of t h i s action are 

not c losely t i ed to the models and data presented in previous sections, but 

are given here fo r the sake of completeness and to emphasize the assumed 

re lat ionship between water-borne and air-borne transport of radon in under­

ground workings. 

Measurements were taken in the Str ipa workings at approximate weekly 

i n te r va l s , beginning in la te Apri l 1978 and continuing un t i l late May 1980. 

Four stations were included in almost every survey: the computer room (CR), 

the fu l l - sca le d r i f t (FS), the time-scale d r i f t (TS), and the vent i la t ion 

d r i f t (VD). From mid-July 1978 onwards, an instrument peformance check 

rout ine has been followed that permits re-normalization of results obtained 

from th i s sampling monitoring program, based on the response observed from 

check sources and from f i e l d intercomparisons with Swedish measurement 

teams. Such re-normalization has been done by Carl Lionberger (private 

communication, 1980), and a l l results presented here are taken d i rec t ly from 

Lionberger's analysis. 

6.2 Measurement of Airborne Alpha A c t i v i t y 

Estimation of the health hazard associated with inhalat ion of atmos­

pheric Rn-222 and i t s daughters is based mainly on considerations of the 
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alpha decay of these radionuclides while they are wi th in the pulmonary 

system. Three alpha-decay nuclides are of primary concern here: Rn-222, 

Po-218, and Po-214. The l a t t e r two may be present in varying proportions 

wi th respect to Rn-222: secular d isequi l ibr ium is frequently encountered in 

mine environments. Thus, measurement of Rn-222 concentration alone would not 

always provide su f f i c ien t information f o r health protection purposes. 

A more adequate measurement is the determination of airborne alpha-decay 

a c t i v i t y , leading to the specialized concept of the Working Level (WL), 

widely used in the uraniuir mining industry. The WL and i t s derived uni t of 

integrated exposure, the Working Level Month (WLM), are defined and discussed 

in Appendix B. This appendix contains material extracted from the chapter in 

Instrumentation fo r Environmental Monitoring—Radiation (LBL-1, Vol. 3) 

that deals with Rn-222, including part of i t s bibl iography. 

B r i e f l y , the method involves drawing a i r at a known flow rate through 

a f i l t e r fo r a measured t ime; subsequently, the a lpha-act iv i ty trapped on 

t h i s f i l t e r is measured. Given the sampling ra te , the co l lec t ion t ime, the 

delay before counting, the counting t ime, and the counter background, resul ts 

of t h i s procedure are converted to units o f WL, as reported here. 

6.3 Results 

Working Level (WL) values for each individual station are listed on 

Table 6.1 for the period July 1978 through May 1980. In general, values at 

all four stations change concordantly, suggesting that the average of values 

from all stations measured on a particular day is a useful quantity, parti­

cularly for very low values. A value reported as 0.01 WL is based on ap­

proximately 10 counts, measured against a counter background that produces 
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Table 6 . 1 . Radon leve ls , i n units of Working Level, measured in a i r samples 

from four underground d r i f t s : CR, computer room; FS, fu l l - sca le 
d r i f t ; TS, time-scale d r i f t ; VD, vent i la t ion d r i f t . 

Year Month/Day CR FS TS VD Avg. 

1978 7/14 .02 .08 .06 .05 .05 
7/28 .08 .22 .13 .05 .12 
8/11 .02 .11 .11 .10 .08 
8/21 .11 .32 .22 .15 .20 
9/ 4 .19 .03 .35 .28 .21 
9/ 8 .06 .12 .14 .12 .11 
9/15 .13 .15 .06 .16 .12 
9/22 .09 .17 .16 — .14 
9/28 .07 .15 .17 — .13 
10/ 5 .01 .07 .03 .08 .05 
10/12 .14 .26 .27 — .22 
10/20 .01 .09 .19 — .10 
10/26 .05 .06 .09 .08 .07 
11/ 2 .14 .26 .27 — .22 
11/ 9 .14 .20 .21 .18 
11/16 .01 .03 .08 .08 .05 
11/23 .04 .06 .10 .06 .06 
11/30 <.01 <.01 .01 <.01 .01 
12/ 7 <.01 .01 .02 .01 .01 
12/22 .12 .30 .24 .18 .21 

1979 1/12 .06 .04 .14 .11 .09 
1/18 .02 .10 .16 .11 .10 
1/26 .02 .09 .03 .06 .05 
2/ 2 .11 .19 .20 .16 .16 



97 
Table 6.1, cont'd. 

Year Month/Day CR FS TS VD Avg. 

2/ 9 .06 .10 .11 .05 .08 

4/20 — .01 — .02 .02 

4/23 .01 ___ .05 .01 .02 

5/10 .08 ( .01, .30) .01 .02 .08 

5/15 (.44, .; 24) .22 (. 61, . 26) .28 .34 

6/28 .01 — .15 .22 .13 

7/27 .09 .22 .17 .22 .18 

8/ 2 .43 — ( • ,17, . 17) — .26 

8/ 7 .13 — — — .13* 

8/ 8 — .17 .22 .27 .20* 

8/13 — .02 .23 .23 .16 

8/14 .08 ( . 21 , .19, .11 L).26 .27 .19 

8/21 

9/ 4 M _ M 

.23 (. .16, . 09) .03 .13 

9/ 5 

9/11 .04 ( .02, .27) .08 .08 .10 

9/21 — .01 .08 .04 .04 

10/ 1 — .02 .03 .01 .02 

10/ 8 .02 .06 .05 .03 .04 

10/30 — <.01 .03 .05 .03 

11/ 6 .03 .06 .08 .05 .06 

11/15 — .02 .02 .19 .08 

11/27 .01 .02 .04 .03 .02 

12/ 6 — .07 .08 .07 .07 

12/14 .02 .03 .04 .04 .03 



Table 6 . 1 , con t ' d . 
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Year Month/Day CR FS TS VD Avg. 
1980 1/7 — .10 .09 .16 .12 

1/17 — .01 .01 .01 .01 
1/22 — .01 <.01 .01 .01 
2/ 4 — .21 .27 .32 .27 
2/ 7 — (.16, .21) — .19 .19 
2/14 — .34 .34 .25 .31 
2/21 — .30 .40 .28 .33 
2/22 — — .15 — .15 
2/28 — .12 .19 .15 .15 
3/13 — .20 .19 .16 .18 
3/20 — .16 .23 .23 .21 
4/ 2 — .15 .26 .15 .19 
4/17 — .12 .09 .09 .10 
4/25 — .06 .03 .11 .07 
5/ 7 — .13 .11 .09 .11 
5/22 ___ .09 .08 .08 .08 
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1 to 5 counts in the typical f ive-minute count t ime. 

The last column on Table 6.1 l i s t s the average WL value obtained on 

each survey day. The range of th i s average is 0.01 to 0.34 WL. (For pur­

poses of averaging, values reported as < 0.01 WL are assigned the value 0.01 

WL.) The averages are also plotted on F ig . 6 . 1 . The averaged WL values 

are presented in d i f f e ren t format on F ig . 6.2, where they are grouped 

according to the number of cases that l i e wi th in increments of 0.05 WL. Of 

the 62 cases, 12 l i e below the value 0.05 WL, while only 3 l i e above the 

value 0.30 WL. 

The wide range of WL values observed (greater than a 10-fold change in 

successive measurements) make i t d i f f i c u l t to in fer time-average values 

without a clearer understanding of the physical mechanisms that accompanied 

them. However, some of the observed variat ions known to have occurred during 

the two-year measurement period can be enumerated: 

1) Groundwater inf low into the d r i f t s through boreholes and seeps. 

Water in f lux has been found to be an important source of radon in mines 

(Dungey et a l . , 1979). Most of the in f low into the time-scale and ven t i l a ­

t i o n d r i f t s came from a few boreholes, but , to avoid ponding, t he i r f low was 

diverted out to a point in the main d r i f t opposite the entry of the f u l l -

scale d r i f t . These diversions and the extent of ponding wi th in individual 

d r i f t s changed somewhat during the two-year period. 

2) Seasonal and short-term weather variat ions caused dramatic f l uc tua ­

t ions in the humidity and temperature of the in le t ven t i l a t i on a i r from 

surface. Consequently, the evaporation rate of water from d r i f t surfaces 
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changed noticeably from time to time. 

3) A variety of circumstances caused changes in the mass flow rate 

of ven t i la t ion a i r . In October 1978 the vent i la t ion f low rates were ap­

proximately: main tunnel to experimental areas: 3.5 m/s; vent i la t ion d r i f t : 

1.5 m/s; time-scale d r i f t : 0.3 m/s; f u l l - s c a l e d r i f t : 1.5 m/s. The i n s t a l ­

l a t i on and operation of the vent i la t ion (macropermeability) experiment 

changed th i s a i r - f l ow d i s t r i b u t i o n , as did numerous undocumented short-term 

changes in the local vent i la t ion system wi th in the experimental d r i f t s . 

Othor al terat ions a f fec t ing a i r - f low were also made in the unused mine areas 

adjactTt to the experimental area. 

4) Radon levels in the computer room were substant ia l ly below values in 

the other working areas because of f i l t r a t i o n by the a i r condit ioning uni t 

provided fo r the computer system. 

In summary, i t was early recognized that there was a potential radio­

log ica l health hazard due to natural occurrences of radon in the underground 

experimental areas, even before the high concentrations of radon in ground­

water were known. Periodic sampling i n the four work areas showed that the 

levels were generally below 0.3 WL during the two-year operational period and 

hence wi th in the requirements of the U.S. mine safety regulations (see 

Appendix B). No systematic ef for ts were made to correlate radon levels with 

changes in the ven t i l a t i on system or wi th groundwater i n f l ux rates. 



102 

7 . SUMMARY 

1) At Stripa the groundwater contains su f f i c ien t amounts of radon to be 

observed on the to ta l -count gamma-ray l o g , over and above the gamma con t r i ­

bution from the rock i t s e l f . The radon level is high at Str ipa because: 

a) the uranium content in the Str ipa granite is high, between 35 

and 40 ppm. 

b) the uranium seems to be local ized along f rac tures. 

c) groundwater f low is along fractures in low porosity rock so that 

d i l u t ion i s minimal, and the f low rates are high enough to bring i n 

su f f i c ien t radon to be detected. 

2) Step-l ike increases (decreases) in radon levels re f l ec t zones of f l u i d 

entry ( loss) . Examples are the f l u i d loss zones at 320 m slant depth in SBH-1 

(F ig . 4.18) and at 210 m in SBH-3 (F ig . 4.21). Examples of f l u i d entry can be 

seen c lear ly on the f i ve HG and R holes in Fig. 4.15. These examples esta­

b l i sh that the radon-charged water provides a flow p ro f i l e of the hole, 

showing which zones produce or take water under the hydrostatic conditions 

prevai l ing under open hole condit ions. 

3) I f mixing occurs wi th in the borehole, then the average concentration of 

radon may depend upon the volumetric f low rate as Q" 1 , Q°, or Q + 1 , depending 

upon the ra t io of Q/X to the source and mixing volumes (see Table 3.2). We 

mainly see evidence fo r mixing in the largest (127 mm) diameter holes in the 

time scale d r i f t ( re fe r to Fig. 2 .4) , where the inf low rate Q is always low 

enough that the concentration varies l i nea r l y with Q. In th i s case, concen­

t r a t i o n is control led by the residence time in the hole that is less than 

the radon h a l f - l i f e . Fluid entry from a single f racture followed by mixing 
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cannot be distinguished from uniform f l u i d entry along the borehole length 

( re fe r to Fig. 3.3 and the corresponding discussion). 

4) I f mixing does not occur, and i f the f low rate f a l l s w i th in a range of 

values determined by the radon h a l f - l i f e and the observation length wi th in a 

hole, then the flow rate can be estimated from the exponential decay of radon 

a c t i v i t y along the hole ( refer to Fig. 3 .2) . Applying the method to borehole 

H2 (F ig . 4.11) y ie lds an inf low estimate of 20 l i t e r s per day (1/d) . Flow 

estimates in boreholes SI and S2 were both aDout 11 l i t e r s per day, within 2 

1/d of the flow measured with the bucket-and-stopwatch method. Upward f low 

in DBH V- l is about 192 1/d. The downward f low in SBH-1 i s so high that the 

a c t i v i t y level remains constant down to the loss zones; the rate must exceed 

1000 1/d. The downward f low in SBH-3 i s considerably lower, about 300 1/d. 

No independent checks on the SBH-1 and SBH-3 estimates are avai lable. 

5) Natural ly occurring radon may also be useful as a t racer at other s i tes 

in igneous rock. I f the radon levels are too low to be detected with a 

to ta l -count gamma t o o l , then we might consider: 

a) a spectral gamma probe, to be used where the bismuth-214 counts 

associated wi th radon in water are higher than those from rock, but 

are masked by potassium-40 counts from rock; 

b) water sampling, followed by spectral gamma or chemical analysis; 

c) some method of alpha counting i n the borehole. 

6) The natural radioelement d i s t r i bu t i on at a waste storage s i te must be 

ca re fu l l y determined during the s i te characterizat ion phase, to determine 

levels of the natural radioisotopes in rock and groundwater. Although not 
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many cases have been documented, high radon levels in groundwater may not 

be a l l that unusual i n igneous rock s i t es : a recent groundwater study i n 

Maine by Hess et a l . (1980) shows that radon levels in groundwater are higher 

i n gran i t i c than in metamorphic rock, ususally above the nanocurie per l i t e r 

l e v e l , with some samples as high as 0.2 vCi per l i t e r . Hence careful base­

l i ne studies are necessary, and even then one must remain aware that the 

natural radioactive component of groundwater may change due to changes in the 

hydrological regime. 
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APPENDIX A 

RADIOELEMENT CONCENTRATION AND RADON-222 EMANATION 
FROM GAMMA SPECTROMETRY ON STRIPA SAMPLES 

Measurement of uranium, thorium, and potassium concentrations were 

performed at the LBL Low Background F a c i l i t y , using a h igh-sens i t iv i ty Y 

spectrometer to analyze samples of 800-1000 gram weight. In t h i s system, 

events detected in an 8- in diameter by 4- in th ick Nal(Tl) crystal are pro­

cessed by a gain-stabi l ized multichannel pulse height analyzer to produce 

400-channel spectra that span the Y energy range from 0.1 to 4 .1 MeV. 

Radioelement assays derived from these data are based on three spectral 

in terva ls that are commonly used fo r th is purpose: the "potassium" i n te rva l , 

centered at 1.46 MeV; the "uranium" i n t e r v a l , centered at 1.76 MeV; and the 

"thorium" i n t e r va l , centered at 2.62 MeV. Since the Y-rays used fo r U-assay 

or ig inate from decay of Rn-222 daughter nucl ides, two analyses of a single 

sample can also provide a measure of emanating Rn-222: the f i r s t , while 

Rn-222 i s free to emanate; the second, at a suitable time af ter sealing 

against Rn-222 escape. The difference between the two apparent U-concentra­

t ions can be converted in to a value for Rn-222 emanation. 

A l l materials studied here were f i r s t processed in a jaw crusher to 

reduce the size of the largest fragments to about - 1 / 2 " ; a l l f i n e r sizes were 

retained in the samples. Although for very small pa r t i c les , the emanation 

rate of Rn-222 is known to be sensitive to pa r t i c le s ize, no s ign i f icant 

f rac t i on of these materials is believed to be in the size range fo r which 

such e f fec ts are important. The observed Rn-222 i s more l i k e l y to be related 

e i ther to the degree of chemical weathering, or to radiat ion damage that has 
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accrued over the formation's long l i f e , due to decay of the unusually high 

concentration of uranium. 

Values are l i s ted f o r the absolute U, Th, and K concentrations, along 

with errors associated with counting s t a t i s t i c s . The errors (enclosed in 

parentheses) are also in terms of concentrations, and represent single 

standard deviat ion values. For U and Th these er rors , when smaller than 1% 

of the amount present, are useful only for r e l a t i ve purposes, since the U 

and Th content of ca l ib ra t ion standards are known only to 1%. For K, abso­

lute concentrations can be known to better than 1% precis ion, since the 

ca l ib ra t ion standard is CP potassium chlor ide. 

Values fo r Rn-222 emanation are given as that f rac t ion of t o t a l sample 

Rn-222 that was observed to emanate. The errors (enclosed in parentheses) 

also represent a single standard deviation based on propagation of counting 

errors. Note that these errors are expressed in percent, and apply to a l l 

three quant i t ies l i s ted f o r emanating Rn-222. 

Borehole DBH V- l 

Thirteen of the 15 samples have high uranium concentrations, ranging 

from 39 to 47 ppm. Rn-222 emanation ranges from 0.6 to 2.2 pCi/gram of 

mater ia l . An average value i s 1.4 +_ 0.5 pCi/gram, and represent emanation of 

approximately 10% of the t o ta l Rn-222 in the mater ia ls . 

Borehole SBH-1 

Four of the 5 samples have high uranium concentrat ion, ranging from 35 

to 41 ppm. Rn-222 emanation ranges from 1.6 to 2.4 pCi/gram of mater ia l . An 

average value is 2.1 + 0.3 pCi/gram, and represents emanation of approxi-
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mately 16% of the to ta l Rn-222 in the mater ia ls. 

Boreholes Nl and SBH-2 

The single sample from borehole Nl has high uranium concentration and 

Rn-222 emanation simila- *-o the average value fo r DBH V-1 borehole samples. 

The single sample from borehole SBH-2 has approximately 1/2 the uranium 

concentration of the high-U samples, but shows about the same f ract ion of 

emanating Rn-222 as do the high-U materials. 

Hand Specimens 

The 6 hand specimens tested fo r Rn-222 emanation had uranium concentra­

t ions ranging from 15 to 41 ppm. Rn-222 emanation ranges from 0.8 to 2.3 

pCi/gram of mater ia l , and represents emanation of 10 to 25% of the tota l 

Rn-222 in the materials. Some of these samples were taken from surface 

outcrops (see Wollenberg et a l . (1980), fo r loca t ion) , for which the effects 

of chemical weathering may enhance Rn-222 emanation rates compared to values 

obtained from fresher (borehole) materials. 
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DBH V-l Borehole: Crushed Core Samples 

Concentration Values 
Depth 
Meters Rn-222 Emanation 

4.55 -
4.92 

granite 

73.33 -
73.50 

grani te 

125.23 -
125.38 
grani te 

149.42 -
149.61 
grani te 

168.50 -
168.68 
grani te 

178.00 -
178.19 
grani te 

234.60 -
234.79 
grani te 

264.88 -
265.10 
grani te . 

289.68 -
289,90 
grani te 

299.35 -
299.53 
grani te 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

39.5 
31.1 
3.75 

43.8 
33.1 
3.83 

38. 
26. 

3. 

42. 
30. 

3. 

41. 
30. 

3. 

9 
4 
49 

,6 
,6 
,38 

,5 
.6 
.10 

39.6 
29.1 

3.77 

46.1 
35.8 
3.89 

41. 
32. 

3. 

46. 
34. 

3. 

41. 
30. 

2 
2 
79 

6 
1 
92 

2 
9 

4.17 

(0.2) 
(0.3) 
(0.02) 

(0.2) 
(0.3) 
(0.03) 

(0.2) 
(0.3) 
(0.03) 

(0.2) 
(0.4) 
(0.03) 

(0.2) 
(0.4) 
(0.03) 

(0.2) 
(0.4) 
(0.04) 

(0.2) 
(0.4) 
(0.03) 

(0.2) 
(0.3) 
(0.02) 

(0.2) 
(0.4) 
(0.03) 

(0.2) 
(0.2) 
(0.02) 

f ract ion 
pCi/g 

f ract ion 
pCi/g 

f ract ion 
pCi/g 

fraction 
pCi/g 

f rac t ion 
pCi/g 

f ract ion 
pCi/g 

f ract ion 
pCi/g 

f ract ion 
pCi/g 

f ract ion 
pCi/g 

fraction 
pd'/g 

0.044 
0.57 

0.126 
1.84 

0.094 
1.22 

0.158 
2.24 

J. 132 
1.83 

0.108 
1.42 

0.044 
0.67 

0.088 
1.20 

0.132 
2.05 

(26%) 

(9.8%) 

(15%) 

(7.6%) 

(9.4%) 

(12%) 

(27%) 

(11%) 

(8.2%) 

0.054 (24%) 
0.74 
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DBH V- l Borehole: Crushed Core Samples 

Concentration Values 
Depth 
Meters 

325.12 -
325.36 
granite 

349.52 -
349.73 
granite 

404.70 -
404.84 
granite 

414.43 -
414.61 
brecciated 
granite 

464.54 -
464.70 
granite 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

U ppm 
Th ppm 

K pet 

43. 
32. 
3, 

4 
4 
78 

12.8 
39.6 
4 

47. 
38. 

3. 

57 

4 
3 
90 

20.9 
33.5 
4.74 

45.5 
35.4 
4.10 

(0.2) 
(0.3) 
(0.03) 

(0.1) 
(0.3) 
(0.02) 

Rn-222 Emanation 

f ract ion 
pCi/g 

f rac t ion 
pCi/g 

(0.2) f rac t ion 
(0.4) pCi/g 
(0.03) pCi/sample 

(0.2) f rac t ion 
(0.5) pCi/g 
(0.04) pCi/sample 

(0.2) f rac t ion 
(0.5) pCi/g 
(0.04) pCi/sample 

0.122 
1.76 

0.098 
0.42 

0.103 
1.63 

0.084 
1.27 

(8.6%) 

(27%) 

(12%) 

0.054 (48%) 
0.38 

(16%) 

Nl Borehole: Crushed Core Samples 

3.10 -
3.49 

granite 

U ppm 
Th ppm 

K pet 

40.8 
38.8 
3.92 

(0.2) 
(0.3) 
(0.03) 

f ract ion 
pCi/g 

pCi/sample 

0.096 
1.30 

(14%) 
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SBH-1 Borehole: Crushed Core Samples 

Depth 
Meters Concentrat ion Values In­-222 Emanation 
148.58 -
148.75 
leptite 

U ppm 
Th ppm 
K pet 

4.14 
11.3 
2.42 

(0.04) 
(0.1) 
(0.01) 

fraction 
pCi/g 

0.051 i 
0.07 

232.77 -
232.93 
brecciated 
granite 

U ppm 
Th ppm 
K pet 

39.9 
28.7 
4.26 

(0.2) 
(0.4) 
(0.03) 

fraction 
pCi/g 

0.179 
2.38 

255.12 -
255.29 
granite 

U ppm 
Th ppm 
K pet 

38.8 
30.3 
3.89 

(0.1) 
(0.3) 
(0.02 

fraction 
pCi/g 

0.166 
2.14 

320.27 -
320.45 
granite 

U ppm 
Th ppm 
K pet 

35.7 
29.4 
3.87 

(0.2) 
(0.3) 
(0.02) 

fraction 
pCi/g 

0.193 
2.30 

371.68 -
371.83 
granite 

U ppm 
Th ppm 
K pet 

41.3 
30.6 
4.02 

(0.2) 
(0.3) 
(0.02) 

fraction 
pCi/g 

0.117 
1.61 

SBH-2 Borehol e: Crushed Core Samples 

(no emai 196.41 
granite 

U ppm 
Th ppm 
K pet 

29.96 
31.95 
4.01 

(no emai nation data) 

206.74 
granite 

U ppm 
Th ppm 
K pet 

7.76 
31.06 
3.97 

213.13 
granite 

U ppm 
Th ppm 
K pet 

9.03 
29.67 
3.63 

340.24 -
340.35 
granite; 
fractures 
with 
epidote 
and 
fluorite 

U ppm 
Th ppm 
K pet 

23.3 
22.5 
2.82 

(0.1) 
(0.2) 
(0.02) 

fraction 
pCi/g 

0.108 
0.84 

(50%) 

(6.1%) 

(5.7%) 

(9.4%) 

(20%) 
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Str ipa Work ings/V ic in i ty : Hand Specimens 

In­•222 Emanat Sample Concentrat ion Vali Lies In­•222 Emanat ion 

ST-3 
grani te 

U ppm 
Th ppm 

K pet 

24.4 
31.2 
3.98 

(0.1) 
(0.2) 
(0.02) 

f ract ion 
pCi/g 

pCi/sample 

0.223 
1.81 

(3.7%) 

ST-9 
grani te 

U ppm 
Th ppm 

K pet 

34.2 
32.1 

3.97 

(0.2) 
(0.5) 
(0.04) 

f ract ion 
pCi/g 

pCi/sample 

0.166 
1.89 

(5.6%) 

ST-12 
grani te 

U ppm 
Th ppm 

K pet 

40.9 
31.4 

3.84 

(0.2) 
(0.4) 
(0.04) 

f ract ion 
pCi/g 

pCi/sample 

0.098 
1.33 

(7.8%) 

ST-21 
grani te 

U ppm 
Th ppm 

K pet 

35.2 
29.2 

3.76 

(0.2) 
(0.4) 
(0.03) 

f ract ion 
pCi/g 

pCi/sample 

0.193 
2.26 

(3.8%) 

ST-47 
g ran i te , 
coarse to 
pegmatitic 

U ppm 
Th ppm 

K pet 

15.1 
8.71 
2.95 

(0.1) 
(0.23) 
(0.02) 

f ract ion 
pCi/g 

pCi/sample 

0.246 
1.24 

(6.4%) 

ST-48 
grani te 

U ppm 
Th ppm 

K pet 

15.4 
30.5 

3.99 

(0.1) 
(0.4) 
(0.03) 

f ract ion 
pCi/g 

pCi/sample 

0.162 
0.83 

(11%) 



APPENDIX B 

DEFINITION OF WORKING LEVEL 

[Note: the following definition and discussion of Working Level and Working 

Level Month is taken from Sect. 3 of Instrumentation for Environmental 

Monitoring—Radiation by Environmental Instrumentation Group, LBL (LBL-1, 

Vol. 3), October 1973. Refer to Fig. 2.3 in the main body of this report for 

decay series nomenclature.] 

For the purposes of radiological protection of the lungs in the uranium 

mining industry, a specialized unit of exposure to radon-222 has been 

developed. This is the Working Level (WL), defined as "any combination of 

radon daughters in one liter of air that will result in the ultimate emission 

of 1.3 x 10^ MeV of potential alpha energy" (Ref. 1). This value is 

derived from alpha energies released by the total decay of the short-lived 

daughters (RaA, RaB, RaC, R a C ) at radioactive equilibrium with 100 pCi of 

222Rn/iiter of air. Note that the WL considers only the alphas from 

radon-222 daughters and not from radon gas itself. 

The reason for the specialized unit is mainly operational: the WL is a 

concept having validity in any mixed concentration of radon and its daugh­

ters, whether or not they are in equilibrium. Just as important, it lends 

itself to practical measurements in the mines. 

An extension of the WL concept is the "Working Level Month" (WLM), 

which expresses a cumulative exposure. It is defined as follows: "Inhala­

tion of air containing a radon daughter concentration of one WL, for 170 

working hours results in an exposure of one WLM" (Ref. 1). 

115 
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The Secretary of Labor, acting under provisions of the Walsh Healy Act, 

promulgated the fo l lowing standard in la te 1968 (Ref. 2) : 

Occupational exposure to radon daughters in mines shall be con­
t r o l l e d so that no individual w i l l receive an exposure of more than 
2 WLM in any consecutive 3-month period and no more than 4 WLM in 
any consecutive 12-month period. Actual exposures shall be kept as 
f a r below these values as pract icable. 

In early 1969, the Department of the In ter io r issued the following 

standard ca l l ing fo r act ion on the basis of individual concentrations (Ref. 

3) : 

I f samples show an atmospheric concentration of radon daugh­
ters of more than 1 WL, but less than 2 WL, immediate corrective 
act ion shall be taken or the men shall be withdrawn. When concen­
t ra t i ons higher than 2 WL are ind icated, the men shall be w i th ­
drawn from the area un t i l corrective action is taken and the 
radon-daughter atmospheric concentrations are reduced to 1 WL or 
less....Smoking shal l be prohibited where uranium is mined. 

The above two standards are now considered the operational guidelines 

fo r exposure of miners to radon daughters. 

The absorbed dose (rad) and dose equivalent (rem) resu l t ing from 1 WL of 

exposure depend upon the exact nature of the mine atmosphere. With modern 

ven t i l a t i on procedures, the equil ibrium condit ion is never reached for any 

but the f i r s t daughter, RaA. Consider as an example the "reference atmos­

phere" discussed by Al tshuler (Ref. 4 ) , which contains in one l i t e r of a i r 

the fo l lowing a c t i v i t i e s to ta l ing 200 pCi: 94 pCi of 2 1 8 P o , 62 pCi of 2 1 4 P b , 

44 pCi of 2 1 4 B i . This y ie lds 7.4 x 10 4 MeV or 57% of a WL. We quote from 

the Federal Regulation Council (Ref. 5): 

A l tshuler 's reference atmosphere results in 60% of a 'WL dose' 
to the bronchi, and has a value between 10 and 30 rads per year. 
In view of the ambiguities of conversion, Al tshuler 's reference 
atmosphere w i l l be considered, with important reservations, to 
produce 20 rads in a normal working year....Exposure fo r one year 
a t . . .one WL would give 33 rads. The mean organ dose would be 
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lower. In the absence of an appropriate factor for the RBE, the 
calculated dose cannot be converted to rem. 
It should be emphasized that the WL standards are based on epidemio­

logical evidence, rather than on calculated dose equivalent to the lungs 
(Ref. 5). 

Exposure to radiation other than the inhalation of radon daughters must 
be considered separately. The usual occupational limits apply: that is, 5 
rem/year for whole body exposure, and so on. These limits have been discus­
sed in detail in the introductory section of this volume (see "Radiation 
Guides"), [i.e., LBL-1, Vol. 3]. 

A limit for radon-222 gas itself is not considered separately by the 
Federal Radiation Council, because of the general recognition that the impact 
of the radon daughters is the more important consideration. 

The International Commission on Radiological Protection (ICRP) explicit­
ly considers the impact of RaA in its recommendation. We quote from ICRP 
Report No. 6, written in 1959 (Ref. 6): 

Recent studies have indicated that when radon and its daugh­
ters are present in ordinary air the free ions of RaA constitute 
only about 10 percent of the total member of RaA atoms that would 
be present at equilibrium and these unattached atoms deliver all 
but a small fraction of the dose to the bronchi. Based on these 
measured dose rates the (MPC) a for exposure to radon and daughter 
products is found to be 

( M P C ) a = (lTlOOOf) P C 1 Z Z 2 R"/ l i t e r o f a i r 

where f is the fraction of the equilibrium among of RaA ions which 
are unattached to nuclei. 

If we set f = 10%, as the ICRP indicates might be typical, then the 
occupational (MPC) a is 30 pCi/liter. 
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There is no e x p l i c i t guideline for exposure of the general public to 

radon and i t s daughters. However, both the ICRP (Ref. 7) and the NCRP (Ref. 

8) have recommended in t he i r general overviews that individuals in the 

general public be l im i ted to exposures at levels one-tenth as high as those 

fo r occupational exposure. Also, for a sui tably large sample of the general 

populat ion, the general guideline is another factor of 3 smaller s t i l l . 
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