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simulations of Random Placements of Activated Charcoal 
Canisters for the Determination of Radon 

Concentrations in Public School Buildings -
The Vigo County Schools study of winter 1990 

I. Introduction 

In October of 1988 the Environmental Protection Agency 

made public a report which indicated that half of the homes 

across the united states had radon concentration levels above 

the 4.00 pCi/L "action level."l Concentrations at or above 

this level were deemed hazardous to the health of those exposed 

over a period of time to this kind of environment. Ball State 

University, namely the Radon Working Group and the Center for 

Energy Resources, Education and Services, offered services to 

~ test homes in Indiana for high concentration levels of radon. 

During the testing of approximately three thousand homes 

across Indiana, Ball State researchers began to investigate 

protocol for conducting radon tests in public buildings, espe-

cially school buildings. The E.P.A. stated that all rooms in a 

school building should be tested in order to see if that school 

had a radon problem or, more specifically, if any rooms in the 

building had concentration levels near to or above the 4.00 

pCi/L "action level.,,2 During the 1988-89 school year, nearly 

25 school buildings in the Delaware County area were initially 

tested in this manner where an activated charcoal canister was 

placed in every room. Canisters were later analyzed and radon 

concentrations were determined at the Nuclear Spectroscopy 
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Laboratory at Ball state University. 

The question was then raised as to whether all the rooms 

in a building really needed to be tested in order to obtain an 

accurate profile of the building, or if only some of the rooms 

actually had to be tested in order to achieve this goal. In 

order to investigate and study this issue, software was deve

loped to randomly simulate the testing of buildings by randomly 

selecting only certain samples from the data files containing 

the tests for all the rooms made in the buildings. This study, 

therefore, simulated only placing a few canisters in a building 

and determining the radon concentration profile of the building 

from the limited data. These results were then compared with 

the findings from the actual survey made when all the rooms in 

the building were tested. 

The results of these random simulations did indeed indi

cate that only 20 - 25% of the rooms in a building actually 

need to be tested in order to determine whether or not the build

ing has a potential radon problem. Findings were compared to 

results as determined by the actual survey of all the rooms. 

During the winter and early spring of 1990, the Vigo Coun

ty School Corporation requested that Ball State University test 

35 Vigo County school and service buildings for radon. The 

data from nearly 2,000 rooms in these 35 buildings was chosen 

as the basis of this study mainly because the radon tests were 

quite recent and the results were widely distributed over 

buildings with low, medium and high concentration levels of 
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II. Activated Charcoal Canister Technique 

Radon 222 (222Rn) is the particular isotope which is cur

rently concerning the nation. Radon is itself an inert gas, 

meaning that it does not chemically react readily with other 

substances, but the problem, of course, is that it is a natur

ally occurring radioactive gas. Radon 222 is part of the decay 

chain of uranium 238 (238U) as seen in Fig. 1. 

238U ___ > 234Th ___ > 234pa ___ > 234U ___ > 230Th 

230
Th 

___ > 226
Ra 

___ > 222
Rn 

Fig. 1 - 238U Decay Scheme 

Radon 222 then decays into its daughter products, some of which 

are harmful when lodged in lung tissue. The decay scheme of 

Radon 222 is given in Fig. 2. 

222Rn ---> 218po ---> 214Pb --_> 214Bi ___ > 214po ---> etc. 

Fig. 2 - 222Rn Decay Scheme 

Using activated charcoal canisters has proven to be a 

relatively accurate method for measuring a room's radon concen

tration level. A fresh canister is prepared by baking it in an 

oven for several hours in order to remove any excess moisture 

still present from its previous exposure. The canister is then 
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opened in the room, thus exposing the activated charcoal to the 

environment which is to be tested. The charcoal absorbs the 

contents of the air including any radon which may be present in 

the environment. A two-day exposure insures that the charcoal 

has absorbed an adequate amount of the radon present in the 

air. The canister must be analyzed for radon content as soon 

as possible in the laboratory since radon 222 has only a 3.82-

day half-life. If the canister is tested, for example, after 

two half lives, then only a fourth of the original amount of 

radon 222 remains in the canister. The greater the delay time 

between closure of the canister and its testing, the greater 

the statistical uncertainty of the radon concentration level 

determined by the test. 

The activated charcoal technique requires that one must 

adjust results to account for moisture gain. Most of the mass 

gain of the exposed canisters is due in fact to moisture ab

sorption. The mass of each canister is measured before and 

after exposure in order to account for this absorption. Obvi

ously, if too many sites in the charcoal are occupied by cap

tured water vapor, then too few sites remain for the radon. 

Adjustments can be made to account for this, but mass gains of 

about 11 grams or higher indicate that the humidity of the 

environment was just too great and that an accurate radon con

centration level can not be measured by this method under these 

conditions. 
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A four-detector NaI gamma-ray spectrometer system was 

interfaced to a Zenith 159 Computer/The Nucleus multichannel 

analyzer system (see Fig. 3). Each gamma-ray detector recorded 

the gamma ray emissions from the decays of Radium B and Radium 

C (214Pb and 214Bi), the daughters of radon 222. The gamma 

rays used to determine the radon concentrations had energies of 

295, 352 and 609 keV. Figure 4 shows a sample gamma-ray spec

trum. The region containing these three photopeaks was summed 

for each sample in order to obtain the sample's activity. 

This activity was then converted into a radon concentra

tion level with the use of software which adjusts for the time 

of exposure, the time of delay from closure of the canister to 

the time of counting, the mass gain of the canister and the 

efficiency calibration/background factor for the NaI detector 

used. The equation used to make this conversion is as follows: 

RN = (CPM - BKG) / (Ts) (E) (CF) (OF) [1] 

where OF = exp [ -0.693 t / 5501], RN is the radon concentra

tion level, CPM is the activity of the sample (in counts per 

minute), BKG is the background activity (also in counts per 

minute), Ts is the exposure time of the canister (in minutes), 

E is the detector efficiency, CF is the calibration factor and 

OF is the decay factor. 4 In this calculation, t is the time 

from the midpoint of exposure to the time of counting, and 5501 

is the half-life of radon 222 in minutes. 

6 



) ) ) 

II High Volto.ge ~ Yn-1 ,l __ Pre-AMplifier 

_____ --If I \ I i 

I i 

~ II 

I 
I 

I ':r2~T :;(;7' J' // U No.1 Detector 
./, .-LL 'I I T ~) /' ~j I I ~ 11 f'" 1 : / 
f/) I I Vl i i (/ I : 
i/l' r ~' tfV:J I l A kl I 1':.; f-- ("~ Mpli fie r 5 ZenIth 159 

P,C. ~I ~V11 r---
L~ I 1/ 1 I ~~. ~ 1---~ L ~ L-J ~ I ~- Mul tlplexer 

~zz=.07:!.z:/t r-----l ~ ,~ ~ i ~ J (~ II ~~ n Vj r I ~I 
V11 1(1' 10 L-.J I J ~-li~.~ i I I, 

~ "r . .j "~ 
I I. ~z rl~» : ~ -_. 
~ 4i~LZ LL.J 

Lead Shielding --t= 
Fig. 3 - The Four-Detector NaI/The Nucleus Multichannel Analyzer System 



) 

co 

) ) 

Help File Calc Setup Options Mode Quit :330~ 
I. I 1."_'1 IF.'_.. I d A' 

::-"=:_~: .:::=-' - ~.~-:- .,-, ... , - -:-- - Hue I eus DHR- I I : . .:.-::::::: --1IIIIIiII_ m. 
I cl: S tafidtar'kd Cal i h)~ t i on Sp€'c tl""tu"!! (~9 : 55: 27 .2h.M Apl"" 26; 1990 ... -... -.~ ........ --.. . . I nil _ ..7 __ '_ ... 
AP1L'1 26~ 1999 
f219 : 57 : ~11 aM 

~llcqui xle: orr 
Mode: PHA 
Ii l'I'ier-: Live 
Scale: 11< 
Input. : 1 
Roi. No: 1. 
R '. , 01. On 
{'I II II I ,Jla,lH, 1824 
Offset: B 
Adc:: Add 
Hi. sp], a~~: :1024 
ArMed: On -_. __ ... 
Chn: 991 
C1 ~,' '19 

.... 1 .t'~Jon • 

, ........ -... ---, .. ---~.--..... " ..... .., ... 

Pr'eset: 613 
ROI I t' ~95~c + . . .. n ' J .,.I. .. J _ 

Centroid: 532.41 

". 

352 keV 

" (': 
.:'.,\ , ,- . 

II. ~ 

·~::~ ... :'.;f 

". 
,;':,;:/',': 

\;,,\~~";;;'/ ": 

Elapsed: 68 Re~aining: e 
244 HOI Net: 21635 ± 312 
Chn FwHM: 39.1? elln FwT": 

_··'---'-:r] "J=;-;:'''-·1 50 I· -, -.1 19Q rll t D .. "d~ L Pel,"1ocen ' --'~3 
67.34- elm ~ ____ _ 

FI-Acqui~e Fa-Erase F3-Preset F4-Expand F5-Ident F6-Load F7-Save Esc-ROI 

Fig. 4 - Sample Gamma-Ray Spectrum: Darkened Region of Interest Shows 
the 295-, 352- and 609-keV Photopeak 



-
III. School Survey Procedures 

Now that a background of the technique used for measuring 

the radon concentration level of rooms has been provided, the 

experimental procedures used to actually test for radon in 

schools included in this particular study may be discussed more 

fully. For a period of about ten weeks, an average of two hun

dred canisters per week were sent to vigo County Corporation 

authorities who supervised the placement and exposure of these 

canisters. Those who placed the canisters recorded when the 

canisters were opened and closed and where they were placed. 

Building maps were provided with the exposed canisters in order 

to indicate where the canisters were exposed and to provide a 

better understanding of each building's floor plan. 

Once the activity of the canisters had been measured using 

the NaI spectrometer system, the activities were converted into 

concentration levels. Room by room results were placed into a 

large spreadsheet which was used to produce tabular reports for 

the Vigo County school officials. An example of such a tabular 

report is shown in Table I. 

Davis Park Elementary was chosen as a simulation candidate 

because its overall average, 3.17 pCi/L, "borders" on indicat

ing a potential radon problem. If one standard deviation, 1.73 

pCi/L, is used to specify the probable range of concentration 

levels for rooms throughout Davis Park Elementary, 3.17 + 1.73 
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- Table I - Results from Davis Park Elementary School 

Davis Park Elementary 

Average 
Stand. Dev. 
Maximum 
Minimum 

Room 

Boiler Room 
Kitchen 
Commons 

Gym 
Gym 
Art 

Music 
Handicapped 

Kitchen 
Handicapped 
Handicapped 

Health 
Handicapped 

Girls 
Boys 

Transition 
Kindergarten 
Kindergarten 
Second Grade 
Second Grade 
Second Grade 
Second Grade 

Conference 
Work Room 
Reception 
Health 

Principal 
Reading 

Counseling 
First Grade 
First Grade 
First Grade 
First Grade 

3.17 pCijL 
1.73 pCijL 
8.48 pCijL 
0.66 pCijL 

1D Jan. 26 
Cone. 
pCijL 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
30 

1.18 
0.66 
2.19 
2.78 
3.49 
2.28 
4.41 
1.78 
1.92 
2.41 
2.39 D 
3.97 
1.27 
2.90 
3.43 
3.91 
1.91 
4.31 
1.66 
0.85 
2.09 
1.86 D 
2.69 
2.95 
4.13 
3.10 
3.06 
3.12 
7.59 
8.48 
5.39 
5.49 
4.95 D 

----------------------------------
D denotes duplicate test. 
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= 4.90 pCi/L, then a possible radon problem has been discovered 

since this number is above the 4.00 pCi/L E.P.A. "action le

vel." This analysis implies that a duplicate survey would have 

a 68% chance of resulting in an average within this range. 

Upon closer inspection of the results, it can clearly be seen 

that eight rooms in the building were found to have levels 

above the 4.00 pCi/L "action level." 

The radon concentration levels were placed on the floor

plan maps provided by the Vigo County School Corporation. The 

floor plan for the Table I results is presented in Fig. 5. It 

is quite obvious that most of the higher concentration levels 

are "clustered" about the southwest corner of the first floor. 

This would indicaone likely location where the radon was 

entering the building. Many of the rooms throughout the build

ing also had radon concentration levels near or above 4.00 

pCi/L, thus indicating that the southwest part of the building 

was not the sole radon entry point for Davis Park Elementary. 

Similar procedures were used for reporting the results for 

the other Vigo County schools. A list of the schools tested, 

the total number of rooms tested for each school, the average 

concentration levels and standard deviations is provided in 

Table II. 

11 
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Table II - Vigo County School Corporation Radon Test Summary 

School Tests Duplicates Average Standard 
Deviation 

(pCi/L) (pCi/L) 
-----------------------------------------------------------------
Administration Building 24 
Auto Shop (N.H.S.) 8 
Chauncey Rose J. H. 74 
Consolidated Elementary 13 
Crawford Elementary 20 
Crawford Elementary (Retest) 20 
Davis Park Elementary 30 
Deming Elementary 67 
DeVaney Elementary 66 
Dixie Bee Elementary 58 
Farm Building (S.H.S) 12 
Farrington Grove Elementary 38 
Fayette Elementary 35 
Franklin Elementary 13 
Fuqua Elementary 40 
General Services Annex 15 
General Services Building 51 
Honey Creek Junior High 42 
Hoosier Prarie Elementary 42 
Lost Creek Elementary 66 
Meadows Elementary 36 
otter Creek J. H. (new) 55 
otter Creek J. H. (old) 30 
Oubache Elementary 52 
Planetarium (S.H.S) 8 
Riley Elementary 13 
Rio Grande Elementary 42 
Sarah Scott J. H. 36 
Sugar Grove Elementary 38 
Terre Haute North High School 156 
Terre Haute South High School 156 
Terre Town Elementary 57 
Thornton Center 23 
Warren Elementary 18 
Washington Alternative School 23 
West Vigo Elementary 39 
West Vigo High School 88 
West Vigo M. S. 68 
Woodrow Wilson J. H. 47 

Total 1719 

13 

2 
o 
8 
1 
2 
1 
3 
8 
7 
6 
o 
4 
4 
1 
4 
2 
6 
3 
4 
7 
4 
6 
3 
4 
o 
o 
4 
6 
3 

15 
17 

6 
2 
2 
2 
4 

14 
7 
5 

177 

4.57 
1.24 
0.31 
0.98 
4.75 
6.05 
3.17 
2.14 
3.50 
0.55 
0.37 
1.38 
1.04 
1.82 
3.06 
1.16 
2.18 
0.57 
0.81 
1. 43 
1.65 
4.03 
0.70 
1.76 
0.33 
1.04 
0.50 
1.52 
2.49 
0.25 
0.38 
4.02 
1.24 
1.83 
3.86 
1.61 
0.47 
0.30 
2.05 

2.93 
1.46 
0.37 
0.70 
1.40 
1.56 
1.73 
0.79 
1.76 
0.26 
0.24 
1.20 
0.50 
0.35 
1.17 
0.22 
2.90 
0.46 
0.15 
0.86 
0.64 
2.51 
0.33 
0.37 
0.10 
0.01 
0.16 
1.20 
1.10 
0.27 
0.31 
1.80 
0.83 
1.53 
2.06 
0.80 
0.41 
0.15 
1.03 



IV. Random simulation Procedure 

After tests for all the schools were completed and the 

survey reports were compiled on a spreadsheet, random simula

tions of retests could be conducted. In order to arrange the 

data into a more suitable form for use with the random simula

tion software, the spreadsheet data was printed in ASCII format 

to a disk, and then an auxiliary Pascal program (CONVERT. PAS) 

was used to put the data in sequential format rather than a 

tabular format. CONVERT. PAS is presented in Appendix A. Next, 

the random simulations were carried out using a Pascal program 

called RANDOM90.PAS. A listing of RANDOM90.PAS is presented in 

Appendix B. This program read the data from the file prepared 

by CONVRT.PAS and selected random sets of data for simulations 

of radon surveys using portions of the total data for a build

ing to compute a building average and standard deviation. 

A better understanding of the procedure that this simula

tion program followed can be gained by examining the following 

example. The program generated simulations for one school at a 

time. It read in the next school on the list, say Davis Park 

Elementary, and computed the arithmetic mean, the standard 

deviation, the geometric mean and the geometric standard devia

tion of the data. The following equations were used to compute 

means and deviations: 

14 



-

-

N 
~ = ( ~ xi ) j N 

i=l 
N 

a = j[ ( ~ (~ - xi) 2) j (N - 1) ] 
i=l 

~G 

N 
= exp [ ( ~ In xi ) j N ] 

i=l 
and 

N 
= exp { j[ ( ~ (In ~G - In Xi)2) j (N - 1) ] } 

i=l 

[3] 

[4] 

[5] 

[6] 

where ~ is the arithmetic mean, a is the standard deviation, ~G 

is the geometric mean, aG is the geometric standard deviation, 

xi is the ith test result from the school and N is the total 

number of tests taken in the school. The actual distribution 

of concentration levels in the buildings is actually neither 

arithmetic nor geometric, but both were computed for future 

comparison. For the purposes of this study, however, the 

arithmetic means and standard deviations were almost solely 

used. For Davis Park Elementary, the above equations yielded 

the following: 

~ = 3.17 pCijL, 

~G = 2.74 pCijL, 

a = 1.73 pCijL, 

aG = 1.77 pCijL and 

N = 33 

15 



The random simulations were begun by extracting at random 

two samples from the N tests actually made in the building. Of 

course, the same one test was never picked twice during the 

same simulation run. A simulated arithmetic mean, standard 

deviation, geometric mean and geometric standard deviation were 

then computed. This was done one hundred times. Next, three 

samples were randomly picked from the N tests actually made. 

This was also done one hundred times. Four, five, six, etc., 

samples were then randomly extracted from the total list of 

data and the simulated means and standard deviations were cal-

culated. The process continued up to and including N-1 random-

ly extracted samples. It was unnecessary to randomly select 

all of the N samples one hundred times since the "true" means 

and deviations would be calculated each time. The equations 

used to compute the simulated means and deviations are as fol-

lows: 

n 
x = ( I: x' ) / n , 1. 

1.=1 

n 
s = j[ ( I: (x - Xi) 2) / (n - 1) ] 

i=l 

n 
= exp [ ( I: In Xi ) / n ] 

i=l 
and 

n _ 
sG = exp { j[ (,I: (In x - In Xi)2) / (n - 1) ] } 

1.=1 

16 
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where x is the simulated arithmetic mean, s is the simulated 

standard deviation, xG is the simulated geometric mean, sG is 

the simulated geometric standard deviation and n is the number 

of samples randomly extracted from the total list of N tests 

actually made during the survey of the school (2 ~ n S N - 1). 

For Davis Park Elementary School, simulations were conducted 

for n measurements where 2 ~ n ~ 32. 

After each simulation had been completed, the program 

checked to see if the newly computed simulated means and stan

dard deviations resulted in determining that the school has a 

potential radon problem based just onthe data obtained from 

that particular simUlation. The program checked to see which 

of the following conditions were met: 

x + S ~ 4.00 pCi/L, [11] 

x + 2s ~ 4.00 pCi/L, [12] 

x + 3s ~ 4.00 pCi/L, [13] 

xG + sG ~ 4.00 pCi/L, [14] 

xG + 2sG ~ 4.00 pCi/L and/or [15] 

xG + 3sG ~ 4.00 pCi/L. [16] 

17 



Examining the means at one standard deviation, the first 

condition corresponds to a range within which typically 68% of 

all following tests (using the same randomly selected samples) 

should fall. The second condition (two standard deviations) 

corresponds to a range within which approximately 95% of all 

subsequent tests should fall, and the third condition (three 

standard deviations) corresponds to a range within which 99.7% 

of all subsequent tests should fall. When this range extends 

to or beyond the 4.00 pCi/L "action level," then the probabili

ty for there to a be a potential radon problem in that building 

is sUbstantial. The program counted the number of times for 

each 100 trials of n samples that any of the above six condi

tions were met. 

By randomly extracting the same number of samples one hun

dred times, a statistical measurement could be obtained indi

cating how probable it was to determine a room with a radon 

concentration greater than 4.00 pCi/L by testing n rooms out of 

N total rooms in that particular school. In other words, if it 

has been previously determined that there is indeed a radon 

problem in the building, and, say, 95 of the 100 random tests 

made taking only 10 out of 30 possible samples indicated that 

this was the case for one standard deviation from the mean, 

then it is safe to say that only a third of the rooms in the 

building need to be tested in order to come to the conclusion 

that it has a potential radon problem when considering one 

standard deviation from the mean. In like manner, a school 

18 



,-

which has been previously determined to have a low radon con

centration is simulated, and when 5 out of 25 possible samples 

were taken at random 100 times, only 4 simulations indicated a 

potential radon problem. This implies that there is only a 4% 

chance of determining that some rooms have concentrations over 

4.00 pCi/L by just placing 5 canisters throughout the entire 

building. This means the chances were small for falsely deter

mining that the school had a potential radon problem. 

The results for Davis Park Elementary are shown in Table 

III. It can be seen that when nearly all of the rooms were 

tested during the simulation, all one hundred trials for each 

value of n (above, say, 22) gave the result that Davis Park 

Elementary School had a potential radon problem. It is more 

interesting, however, to look at smaller values of n. For n = 

5, there seems roughly to be a 62% chance when looking at the 

arithmetic mean plus one standard deviation to determine that 

Davis Park Elementary has rooms with potential radon problems. 

This means that there is roughly a 38% chance of being wrong. 

Examining one standard deviation from the mean, however, does 

not include all of the samples taken, of course. 68% of the 

tests taken would fall within this range, but there would still 

possibly be some tests which would lie beyond this. 

Examining two standard deviations from the mean would 

result in statistically including approximately 95% of the 

rooms, and examining three standard deviations from the mean 

would result in including about 99.7% of the rooms. Thus, 
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Table III - Random simulation Results for Davis Park Elementary 

n 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

x + S 

55 
49 
65 
62 
63 
84 
78 
79 
78 
85 
84 
87 
83 
89 
84 
94 
96 
95 
94 
95 
96 

100 
100 

99 
100 
100 
100 
100 
100 
100 
100 

Davis Park Elementary* 

x = 3.17 s = 1. 73 

xG = 2.74 sG = 1.77 

Number of Trials ~ 4.00 pCijL 

x + 2s x + 3s xG + sG xG + 2sG xG + 3sG 

66 
70 
82 
87 
96 
97 
97 
97 
98 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

70 
82 
91 
97 

100 
100 
100 

99 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

· · · · 
· · 
· · 

· · · · 

· · 

· · · · 

66 
63 
73 
74 
78 
87 
83 
85 
85 
92 
93 
97 
92 
91 
93 
96 

100 
97 

100 
99 
98 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

99 
98 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

------------------------------------------------------------
* The underlined numbers correspond to "first occurrences" of 

95% or better assurance at finding a room (or rooms) with a 
potential radon problem by choosing n samples out of 33. 
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computing three standard deviations above the mean statistical

ly encompasses almost if not all of the rooms in the building. 

In the case of Davis Park Elementary, when 5 samples were ran

domly tested 100 times, 97 of them resulted in a positive indi

cation of a potential radon problem when considering three 

standard deviations from the mean. This means that by only 

testing 5 of the 33 rooms in this school, there is a very good 

chance of discovering that some of the rooms have a potential 

radon problem which, of course, matches the conclusions that 

were drawn from the actual survey done of Davis Park Elementary 

School. 
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V. Vigo County simulation Results 

Room results for each of the 35 Vigo County school build

ings were analyzed using the random simulation program, produc

ing over fifty pages of computer printed tables similar to the 

one seen in Table III for Davis Park Elementary School. Since 

most of the schools did not have radon concentrations above 

4.00 pCijL and the program analyses were able to determine this 

for nearly all values of n, these data have not been provided 

in this text. Listed in Appendix C, however, are the simula

tion results for a sample low concentration level school. The 

results of those schools which were determined to have radon 

concentrations where ~ + 3a ~ 4.00 pCijL (designated intermedi

ate and high concentration schools) are listed in Appendix D. 

All 35 schools were examined, and the first occurrences of 95% 

assurance of a result corresponding to the result made from the 

actual survey are listed in Table IV. 

It is clear to see that by looking at just the first oc

currences of 95% or better assurance and comparing that number 

of random samples (n) to the total number of samples (N), most 

of the low concentration schools were determined to be low very 

quickly and with very few canisters used (or simulated). The 

schools which had averages above 4.00 pCijL were also found to 

be very high concentration schools quickly since most of the 

rooms in these buildings had high concentration levels. The 
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Table IV - Vigo County School Corporation - Simulation Summary 

First Occurrence of 95% or Better Assurance 
of Finding the True Result Using ~ + 3a 

x + 

School N 1s 2s 3s 1sG 

xG + 

2sG 3sG -------------------------------------------------------------
Administration Building 26 6 4 3 4 2 2 
Auto Shop (N.H.S. ) 8 0 8 8 0 4 2 
Chauncey Rose J. H. 80 0 0 0 0 6 3 
Consolidated Elementary 14 0 0 0 0 5 2 
Crawford Elementary 22 2 2 2 2 2 2 
Crawford Elementary (Retest) 21 2 2 2 2 2 2 
Davis Park Elementary 33 18 6 5 13 2 2 
Deming Elementary 73 0 0 55 0 4 2 
DeVaney Elementary 73 25 9 5 3 2 2 
Dixie Bee Elementary 64 0 0 0 0 39 5 
Farm Building (S.H.S) 12 0 0 0 0 8 3 
Farrington Grove Elementary 42 0 0 42 0 14 3 
Fayette Elementary 39 0 0 0 0 12 2 
Franklin Elementary 14 0 0 0 0 6 2 
Fuqua Elementary 44 32 7 5 9 2 2 
General Services Annex 17 0 0 0 0 0 2 
General Services Building 57 53 53 20 55 3 2 
Honey Creek Junior High 45 0 0 0 0 25 3 
Hoosier Prarie Elementary 46 0 0 0 0 0 6 
Lost Creek Elementary 73 0 0 73 0 7 2 
Meadows Elementary 40 0 0 0 0 3 2 
Otter Creek J. H. (new) 61 7 4 3 4 2 2 
Otter Creek J. H. (old) 33 0 0 0 0 0 4 
Oubache Elementary 55 0 0 0 0 18 2 
Planetarium (S.H.S) 8 0 0 0 0 0 5 
Riley Elementary 13 0 0 0 0 10 3 
Rio Grande Elementary 46 0 0 0 0 0 6 
Sarah Scott J. H. 39 0 0 16 0 5 2 
Sugar Grove Elementary 42 0 24 8 40 2 2 
Terre Haute North High School 171 0 0 0 0 13 4 
Terre Haute South High School 174 0 0 0 0 42 5 
Terre Town Elementary 63 9 4 4 4 2 2 
Thornton Center 25 0 0 0 0 8 2 
Warren Elementary 20 0 19 19 0 5 2 
Washington Alternative School 25 11 5 4 5 2 2 
West Vigo Elementary 43 0 0 43 0 9 2 
West Vigo High School 102 0 0 0 0 13 4 
West Vigo M. S. 71 0 0 0 0 0 5 
Woodrow Wilson J. H. 52 0 50 21 0 10 2 
-------------------------------------------------------------
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schools which have intermediate values, meaning rooms were 

found to have concentration levels both above and below 4.00 

pCi/L, are the ones of critical interest to this study. These 

are the schools which could pass through an initial screening 

of just a few rooms and be designated as to not having a radon 

problem, but they actually do have a potential radon problem as 

indicated by testing all of the rooms. 

The so-called "intermediate" buildings in the Vigo County 

study are Deming Elementary, Farrington Grove Elementary, Lost 

Creek Elementary, Warren Elementary, West Vigo Elementary, 

Sarah Scott Junior High, Woodrow Wilson Junior High, the Auto 

Shop at Terre Haute North High School and the General Services 

Building. These are the buildings where ~ + 30 is above 4.00 

pCi/L. The so-called high concentration level buildings, as 

seen in Appendix D, were the schools where ~ + 30 was signifi

cantly greater than 4.00 pCi/L so that rooms with potential 

radon problems could be discovered by testing only a few of the 

rooms in these buildings. The intermediate concentration level 

buildings, therefore, are the ones which must be further ana

lyzed in order to determine how many rooms must be tested in 

each in order to be "reasonably sure" that a potential radon 

problem has been identified. Those buildings which come close 

to having ~ + 30 = 4.00 pCi/L could possibly be falsely identi

fied as to having a potential radon problem, but if this is the 

case, then a further, more thorough study of the building would 

indicate the proper results and the truth would be discovered. 
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A more critical mistake, of course, would be to test a few 

rooms in a building and determine falsely that there exists no 

potential radon problem and allow high radon concentration 

levels in some of the rooms to go unattended. The results of 

the simUlations done on these intermediate level buildings must 

then be analyzed in order to determine how many rooms in a 

building must be tested in order have a "reasonable chance" of 

avoiding this error. The 95%-confidence level is adopted as a 

"reasonable chance" of avoiding this error. This corresponds 

to testing an intermediate school and discovering that it has a 

potential radon problem 19 out of 20 times. 

Some of these intermediate concentration level buildings 

can actually be ignored for various reasons by examining rooms 

where the tests were made which resulted in discovering a con

centration level above 4.00 pCi/L. One of the measurements 

made in the General Services Building was 22.90 pCi/L. This 

was done in a vault. The next highest radon concentration 

level measured in this building was 3.51 pCi/L. Since employ

ees would actually spend little time in this vault, a new aver

age and standard deviation computed for the remaining data 

indicate that the General Services Building is actually a low 

concentration level building rather than an intermediate level 

building. 

Only nine rooms in the Auto Shop at Terre Haute North High 

School were tested. The custodian's supply room was measured 

at 4.90 pCi/L. Again, employees would spend little time in 
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this room, and since the next highest measurement made was 1.45 

pCi/L, the Auto Shop actually has a low radon concentration 

level. 

One measurement of the gymnasium at Lost Creek Elementary 

yielded 4.63 pCi/L, while three other measurements yielded 

1.83, 1.81 and 1.83 pCi/L. The next highest measurement made, 

however, was 3.97 pCi/L and a duplicate measurement at the same 

spot was 2.99 pCi/L. This is an indication that Lost Creek 

Elementary should be designated as an intermediate level 

school. 

The storage room at Warren Elementary was tested and the 

concentration measured was 7.77 pCi/L. However, the next high

est measurement made was 2.84 pCi/L. For similar reasons as 

before, since employees would spend little time in a storage 

room, Warren Elementary should actually be designated as a low 

concentration level school. 

The Multi-Purpose Room of West Vigo Elementary was found 

to have a radon concentration level of 5.13 pCi/L while two 

other tests in the same room yielded 1.61 and 2.39 pCi/L. 

Since the next highest measurement made, however, was 3.21 

pCi/L, West Vigo Elementary should be designated as an interme

diate concentration level building. 

Woodrow Wilson Junior High School had several measurements 

greater than 4.00 pCi/L, but these were made in the storage 

room and two rest rooms. The next highest measurement made, 

however, was 3.70 pCi/L, less than the "action level." Woodrow 
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wilson Junior High School should, therefore, still be designa

ted as an intermediate concentration level building. 

The remaining schools which have not been excluded from 

the original intermediate concentration level schools are Dem

ing Elementary, Farrington Grove Elementary and Sarah Scott 

Junior High. Deming Elementary had four measurements greater 

than 4.00 pCi/L, one of which was in a "non-crucial" room, the 

fan room, and two which were not regular classrooms. The con

centration levels of the girls and boys dressing rooms and the 

fan room were found to be 4.84, 4.29 and 5.33 pCi/L, respec

tively. Students and employees would not spend much time in 

these rooms, and, therefore, they were not included in the 

final sample. However, one classroom was found to have a con

centration level of 4.69 pCi/L. It is interesting to notice, 

however, that the measurements made of the five other class

rooms in the same section of the school yielded a range of only 

1.25 - 1.83 pCi/L. The 4.69 pCi/L measurement does not seem to 

agree with the result of a room in close vicinity to five rooms 

with almost identical measurements. However, no matter how 

suspect this single test may be, it cannot be ignored since any 

reasons as to why it is so much higher than the others would be 

pure speculation. It must be assumed, therefore, that this 

classroom has a radon problem. In Deming Elementary 55 out of 

73, or 75% of the rooms had to tested by the simulation program 

in order for 96 out of 100 simulations to yield the result that 

Deming had a potential radon problem when considering three 
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standard deviations from the mean. When less than 55 rooms 

were sampled, the assurance of identifying a potential radon 

problem was less than 95%. 

Farrington Grove Elementary had two measurements, 6.51 

pCi/L and 4.53 pCi/L, which were made in adjacent classrooms. 

This result would indicate that this particular section of the 

building has a "hot" spot. Since these rooms are classrooms, 

Farrington Grove Elementary must still be considered an inter

mediate level school. In simulations 36 out of 42, or 86%, of 

the room tests had to be sampled in order for 97 out of 100 of 

the simulations to indicate that Farrington Grove Elementary 

had a radon problem when considering three standard deviations 

from the mean. For n less than 36, the assurance was less than 

95%. 

Only one measurement in Sarah Scott Junior High School was 

found to be greater than 4.00 pCi/L. One classroom had a radon 

concentration level of 4.18 pCi/L. A room adjacent to this one 

was found to have a level of 3.55 pCi/L, meaning that this 4.18 

pCi/L result was not unreasonable. Sarah Scott Junior High 

School, therefore, must remain in the intermediate concentra

tion school category. During simulations 13 out of 39, or 33%, 

of the tests had to be sampled by the program in order for 96 

out of 100 simulations to indicate that the school had a poten

tial radon problem when considering three standard deviations 

from the mean. 
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Table V shows the means and standard deviations of the 

original Vigo County survey along with the adjusted means and 

standard deviations computed when the various "non-crucial" 

rooms with high concentration levels were excluded. Also shown 

are the designations of the schools and service buildings as 

being either low, intermediate or high concentration level 

schools. Again, ~ + 30 ~ 4.00 pCi/L has been adopted as the 

condition where a potential radon problem has been identified. 
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Table V - Means and Standard Deviations of the 
Vigo County Survey 

Initial and Adjusted Values - Concentration Level Designation 

Average Standard Class Average Standard Class 
School Deviation 

(pCi/L) (pCi/L) 
Deviation 

(pCi/L) (pCi/L) 
----------------------------------------------------------------------------
Crawford Elementary (Retest) 
Crawford Elementary 
Administration Building 
Otter Creek J. H. (new) 
Terre Town Elementary 
Washington Alternative School 
Devaney Elementary 
Davis Park Elementary 
Fuqua Elementary 
Sugar Grove Elementary 
Deming Elementary 
Woodrow Wilson J. H. 
West Vigo Elementary 
Sarah Scott J. H. 
Lost Creek Elementary 
Farrington Grove Elementary 
Franklin Elementary 
General Services Building 
Oubache Elementary 
Meadows Elementary 
Warren Elementary 
Thornton Center 
General Services Annex 
Fayette Elementary 
Riley Elementary 
Consolidated Elementary 
Hoosier Prarie Elementary 
Auto Shop (N.H.S.) 
Otter Creek J. H. (old) 
Honey Creek Junior High 
Dixie Bee Elementary 
Rio Grande Elementary 
West Vigo High School 
Terre Haute South High School 
Farm Building (S.H.S) 
Planetarium (S.H.S) 
Chauncey Rose J. H. 
West Vigo M. S. 
Terre Haute North High School 

H - High I - Intermediate 

6.05 
4.75 
4.57 
4.03 
4.02 
3.86 
3.50 
3.17 
3.06 
2.49 
2.14 
2.05 
1. 61 
1. 52 
1.43 
1. 38 
1.82 
2.18 
1. 76 
1. 65 
1.83 
1.24 
1.16 
1.04 
1.04 
0.98 
0.81 
1.24 
0.70 
0.57 
0.55 
0.50 
0.47 
0.38 
0.37 
0.33 
0.31 
0.30 
0.25 

1.56 
1.40 
2.93 
2.51 
1.80 
2.06 
1. 76 
1. 73 
1.17 
1.10 
0.79 
1.03 
0.80 
1.20 
0.86 
1.20 
0.35 
2.90 
0.37 
0.64 
1.53 
0.83 
0.22 
0.50 
0.01 
0.70 
0.15 
1.46 
0.33 
0.46 
0.26 
0.16 
0.41 
0.31 
0.24 
0.10 
0.37 
0.15 
0.27 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
I 
I 
I 
I 
I 
I 
L 
I 
L 
L 
I 
L 
L 
L 
L 
L 
L 
I 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 

6.05 
4.75 
4.57 
4.03 
4.02 
3.86 
3.50 
3.17 
3.06 
2.49 
2.02 
1. 92 
1. 53 
1. 52 
1. 39 
1. 38 
1. 82 
1.81 
1. 76 
1. 65 
1. 52 
1. 24 
1.16 
1.04 
1.04 
0.98 
0.81 
0.71 
0.70 
0.57 
0.55 
0.50 
0.47 
0.38 
0.37 
0.33 
0.31 
0.30 
0.25 

1.56 
1.40 
2.93 
2.51 
1. 80 
2.06 
1. 76 
1. 73 
1.17 
1.10 
0.57 
0.89 
0.60 
1.20 
0.78 
1.20 
0.35 
0.87 
0.37 
0.64 
0.72 
0.83 
0.22 
0.50 
0.01 
0.70 
0.15 
0.50 
0.33 
0.46 
0.26 
0.16 
0.41 
0.31 
0.24 
0.10 
0.37 
0.15 
0.27 

L - Low Radon Concentration Level School 
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H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
I 
I 
I 
I 
I 
I 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 



VI. Conclusions 

If it were not for six intermediate level schools, Deming 

Elementary, Farrington Grove Elementary, Lost Creek Elementary, 

Sarah Scott Junior High, west Vigo Elementary and Woodrow wil

son Junior High, the protocol as to how many rooms must be 

tested in order to discover a potential radon problem (using 

30) in the Vigo County Schools would be quite simple: only 20% 

of the rooms would need to be tested. This "20% plan" would 

have worked for all of the so-called high concentration level 

schools of the Vigo County Survey. The same is true of the 

low-concentration level schools. By testing only 20% of the 

rooms in these schools, it could be determined with at least 

95% assurance that the schools had low concentration levels. 

The problem arises with these six intermediate level schools 

where only one or two classrooms had radon concentration levels 

above the E.P.A.'s designated "action level" of 4.00 pCi/L. It 

was only with these schools that a larger percentage (as large 

as 86%) of the rooms had to be tested in order to have a "good" 

chance of identifying one of the rooms as having a potential 

radon problem when considering three standard deviations from 

the mean. 

A rather simplistic interpretation of the Vigo County 

Simulation Survey would indicate that less than 20% of all 

schools would actually fall in the intermediate level category 
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and, thus, be susceptible to yielding false results when only 

20% of the rooms are tested. This is, of course, not a proper 

conclusion to make since only 35 schools were tested, but per

haps it does give a good indication that most schools are ei

ther high or low concentration schools and would be discovered 

as such with only a few rooms tested. 

Perhaps the protocol issue can be solved by scrutinizing 

whether or not having one or two rooms with concentrations 

greater than 4.00 pCi/L actually does constitute a health ha

zard to those who work in such an environment. Teachers and 

students would spend less than six hours a day in these rooms 

and, of course, for only nine months out of the year as opposed 

to spending as much as 17 hours a day in their homes. There is 

also the question of seasonal variations. Most of the schools 

were tested in the winter when the schools were closed up al

lowing for little circulation with the outside. What would 

results indicate for tests done of these same rooms in the 

autumn or spring when windows could be opened or when the air 

conditioner would be running? These are just some of the obvi

ous questions that could be raised to justify testing only 20% 

of the rooms of all schools and be assured that potential 

health hazards could be discovered, but, unfortunately, such 

questions go beyond the scope of this study. 

The problem, as seen from the results of this study, is 

when a so-called intermediate school is assumed to have low 

concentrations of radon from such a small survey of its rooms. 
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