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I N S T I T U T E O F O C C U P A T I O N A L M E D I C I N E

A METHOD FOR MEASURING THE POTENTIAL ALPHA ENERGY (WOHKINQ-LEVEL

VALUES) OF AIRBORNE RADIOACTIVITY Iff OOALRDJES

by

T.L. Ogien and D.W. Edlin

SUMMARY

Following findings that airborne radioactivity could reach potentially

dangerous levels in metal mines a method has been developed and tested

for measuring the hazard in working levels due to low airborne

concentrations of mixed radon and thoron daughters in coalmines,,

The measurement is made on a sample of respirable dust collected

throughout a shift. The alpha-decay of the sample is measured for

two periods, the second ending four hours after the end of sampling,

and the working-level values of the two radioactive series are obtained.

The method is sensitive to 1 mWL or less, and the figures are a

reasonably accurate measure of the average exposure of the worker

'through the shift. The sampling equipment used is the MRS gravimetric

sampler, which is electrically safe in a methane-air mixture0

Field trials in a colli-ery over a period of eight months showj

(1) no secular change of total working levels j (2) random variation uith time

within ± 30$ of the meanj (3) no difference between the working levels given

by total and respirable dust samplesj (4) little, if any, variation

between different faces in the same seam} (5) little, if any,

variation with barometric pressure) (6) an average face working-level

value of about 25 mtfL, abovrt 70$ of this being the radon component0
The method is now being used to survey the airborne radioactivity

<
hazard in British coalmines.



1. RADIOACTIVITY IN COAL MINES

It is well known that airborne radioactivity can reach hazardous levels

in mines even where no obviously radioactive minerals are being
222

extracted. The isotopes of the gas emanation, radon{ Rf- Em, or Rn)
OOr\ ^^

and thoron ( QS Em, or Tn), occur in the decay chains of 238-uranium

and thorium, which are present in small quantities in all rocks.

The gases diffuse through the rock and contribute .to the radioactivity

of the air. In mines, this process is always more important than

at the surface because of the larger area of rock exposed and the

generality lower ventilation, and where the concentrations of the'

radioactive elements in nearby rocks have been increased by natural

processes, the airborne concentrations are also increased.

Although coal seams are usually less radioactive than other

sedimentary strata, enhancement of both uranium and thorium can occur,

especially where the coal measures are overlaid by igneous rocks.

As far as uranium is concerned, Ode (1963) cites various sources

which suggest that soluble uranium salts in percolating groundwater

are reduced to an insoluble form in the coal beds. This is consistent

with tho finding that the highest coal seam in a series is often the

most radioactive. It is also often found that lower-rank coals are

the more active, with some lignites having a uranium content of 0.1$.

Davidson and Ponsford (1954) even refer to a coal seam in East Germany

which was said to be mined for its uranium content, Tho presence

of uranium can also make marine shales in coal measures relatively

highly radioactive. As far as thorium is concerned, Parks (19^3)

quotes a finding that a ooal seam rich in zircons had a high

thorium content. Similarly, Knowles (196!) found that in one sample

of medium-fino sandstone from the Yorkshire coaL-measures, zircons

were the source of over half the alpbzwactivity, although they

constituted only about 0.2$ of the mineral. Thorium and zirconium

are chemically similar, and so an association is reasonable.

Ode (1963) refers to some Ruhr coals with a zirconium content of 0.7$

(the mean abundance in the crust is about 0.02$), but gives no

information on thorium contfint-, and thoro sooma no other information
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on the presence of this element in coal,

Duggan, Howell & Spilleux (1968) measured radon concentrations in

twelve British coalmines and found a maximum concentration of

14 pCi 1~ , with a median for the twelve mines of 2 pCi 1™ .

Their method was to take a gas sample in the mine, and to measure

the radioactivity of the gas later, making corrections for the

thoron present. The results are consistent with measurements

in U.S. coalmines, such as those by Lucas and Qabrysh (1966). For

comparison, a typical surface value is 0.1 pCi 1~ .

2. THE HEALTH HAZARD

Thoron and radon are not particularly dangerous in themselves.

Being isotopes of an inert gas, they are breathed in and out with

the air, giving only a very small radiation dose to the walls of the

respiratory tract. However, they decay to atoms of non—volatile

radioactive elements, and these daughter atoms quickly attach themselves

to solid surfaces, usually airborne dust. If the free atoms are

inhaled before they are captured, they are likely to attach to the

walls of the tract. In addition, some of the dust will be deposited

in the airways, and the daughter atoms attached to it are therefore

likely to decay further in close contact with the airway walls while

the dust is being cleared. The resulting alpha close to the walls .

is potentially dangerous. The decay schemes involved are shown in

Figure 1.

The dose therefore depends on several factors, including the

concentrations of the parent gases and their various daughters,

the proportions of the daughters attached to dust, the deposition

of the dust in the respiratory tract, and the proportion of attached

atoms decaying before the dust is cleared. In practice, .

however, Aroher, Wagons? & Lundin (1973) have shown lung

cancer incidence amongst uranium miners to correlate well with the

potential alpha energy of the radon daughters in the air, i.e. the
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total energy that would be released per unit volume of air as alpha

radiation if all the short-lived daughter atoms decayed away. The

unit of potential alpha energy is the working level (WL), one .:

working level being eq.ua! to 1.3 x 10 MeV 1~ potential alpha

energy. This is usually applied only to the radon decay scheme,

because in uranium mines the contribution of other isotopes is

negligible, and the "short-lived daughters" concerned are
21 &-poIonium (RaA) to 214_poIonium' (EaC*) inclusive. When thoron

daughters are present in sufficient concentrations to make them

important, however, the definition can be extended to include
thoron daughters, in which case one working level equals a potential

alpha energy of the thoron daughters from 212-load (ThB) to 208-lead

of 1.3 x 105 MeV I""1 (Jacobi, I9?2a). The short half-life of

216-poIonium (ThA) means that very few atoms are present at any one

time, so that the contribution of those that are present can be
ignored. The thoron working level is an overestimate of the

radiological hazard compared with the radon working level because an

appreciable proportion of ThB (half-life 10.6 hr) will have been
cleared from the respiratory system before alpha-emission occurs.

The degree of overestimate is hard, to calculate. Jacobi ,0972b)
i ' •

estimates it to be 15-40 times for daughters deposited in the
' . • • . . ' i * '

bronchial region, and 1,5-2 times for the much smaller deposit

in the pulmonary region. In the relatively dusty conditions of

coalmines, the ratios might be smaller. Because of this

uncertainty, Duggan (1973) has questioned the use of working level

as a unit for thoron daughter measurement at all, but in the present

uncertain state of thoron daughter dosimetry we have used working

levels for convenience, although the results must be interpreted
I

with the knowledge that the radon-daughter working level ,1
probably represents substantially more actual hazard than the
thoron-daughter working level.

One working level is present when .lOO.pCi 1"" of radon is in.,';
radioactive equilibrium with its daughters, so that the maximum
of 14 pCi 1" of radon recorded by Duggan et_ al,(l968) would 1

f'" '
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correspond to 0.14 WL if radioactive equilibrium existed, but probably

loss than that in reality. The present US Department of Labour

regulations permit miners to be continuously exposed to 0,3 WL

throughout their working lives , but there is evidence that this

standard allows a smaller safety margin than is usual in occupational

hygiene, For example, Duggan, Soilleux, Strong & Howoll (1970)

found median concentrations between 0.15 and 2 WL in four haematite

mines in Cumberland, where Boyd, Doll, Paulds & Loiper (197P)

found increased incidence of lung cancer,

The measurements of Duggan ert aJ . (1968) are therefore low, but

low erv'tgh to permit complacency, Doll (1958) and Goldman (1965);

found that British coal miners were less likely than other

comparable groups to develop lung cancer, confirming that any direct

hazard is probably small. On the other hand, the possibility that

radiation exposure at low levels may have a synergistic effect in

association with other factors, such as dust, cannot be neglected,

Available data suggest that between 0,1 and 1$ of rospirable-sizo

dust particles emit alpha particles between deposition and clearance.

As a precautionary measure, therefore, a method has been developed to
'- ' /

permit regular monitoring of the hazard from airborne radioactivity

in coalmines, and the rest of this memorandum describes the method.

It is proposed to use it to survey radioactivity levels in a sample

of British coalmines, with a closer study of any areas or ;.

circumstances where high levels are found. It is not thought

that airborne radioactivity is a direct danger in any British

coalmines, but the survey will make certain of this, and provide.

data for any future study of synergistic effects,

3. THE MEASUREMENT PROBLEM IN COALMINES ;

The need to monitor radon daughters in uranium mines has led to

the development of a number of practical measurement methods;

Many of the commoner ones are developments of that of Kusnetz (1956),

which ̂nvolves filtering 100 to 250 litres of air in a five to ten

minute period, and measuring the alpha activity of the filter at
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some time between 40 and 90 minutes after sampling. If. the filter .

is efficient, all the radon daughter atoms, whether attached to

dust or not, are- caught on the filter, and knowledge of, the decay

characteristics of'the ;isotppes .involved permits calculation of the ,

radioactivity of the'airV .The relative proportions of the isotopes

remain, unknown^' "but the resultant error in the derived WL-value was

claimed by'Kusnetz to be a'lways less than 12$, although Groer (1972)

put the possible disparity at 25 .̂ • Other methods involve taking',

a gas sample^ whose! radph content can later be measured, or having

two 'filters, in; series^with :-.a. decay chamber between, which permits

the radon and daughter'coneentratibns,;.to be measured, separately.

Measurements in uranium.mines are made frequently of /radon' gas only,

oh the grounds that preventive measuresi 'require knowledge of the

local sources of radon, but measurement of the hazard itself must

involve measurement of the daughters.. . •'• . . • . . , • " ,

The main practical problem of measurement in British coalmines is

the requirement that equipment should be .electrically safe in

flammable atmospheres. This eliminates all readily-available

high-volume electrical air-sampling equipment and sensitive alpha-

radiation meters, so that Kusnetz's method cannot easily be used.

Air-sampling equipment driven by compressed air is available, but

few coalmines today have compressed air supplies at the coal—face,

and a gas cylinder of sufficient size, is cumbersome. This.is why

Duggan et aJL, (15(68) only measured radon from a gas sample, and not

radon daughters, Also a routine method for coalmines needs to' be
• - . . ' . - ' . • • : .;.-. • • : ' • ' • ' • : ' : : ' : . ' . . . • • ' ;:.. • : . • ' ~ . . > • . . .

sensitive, because of the low•'.radioae.tiyi-jty levels involved, '."It

also became apparent early in the project that thoron daughters

often make an important contribution to the total working level

in coalmines, so that t̂ e chosen,method.must be able .to take this

component into 'account. Cost is also impprtant, particularly as

radioactivity .is evidently not a very serious direct, health problem,
'• ' ' • • • • ' . - . " • '•'' . . ' . " . • ' . ' ' , • • ' •

For these reasons a ;new method has been developed, meeting;all

those:requirements, and based on measuring the alpha activity of

the shift-long respirable dust samples-taken- routinely in a sample



of coalmines as part of the Pneumoconiosis Field Research, using the

Casella gravimetric dust sampler, Qrpe 113A (Dunmcre, Hamilton & Smith,

1964). Under this programme, volunteer mineworkers carry the samplers

with them, so that a measure is obtained of the respirable dust

concentration in their vicinity during their time underground on a

particular shift - usually about seven hours. The choice of the

EFR samples for this method was made for organisational reasons.

If necessary, tho method could be used, with minor changes, on the

routine dust samples taken at all pits by the National Coal Board.

The alpha activity of the dust sample is measured when the

instrument has been brought to the surface, and from this the

Upvalues can be obtained, as will now be shown. We assume for

the moment that all tho activity is on the respirable dust.

Field work to tost this assumption is described later.

tNSWUTE OP
OCCUPATIONAL
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4. THEORETICAL BASIS OP METHOD

The object of this section is to relate the alpha-count from the dust

on the filter after sampling to the ¥L-value in the air sampled. An
error of up to 20$ has been regarded as acceptable,

4.1 Liat of Symbols

A' alpha-decay rate of sample taken over a period (se6~ )

A total number of alpha decays in time specified by subscript

b ratio of airborne activity concentrations of RaB

c ditto for RaC and RaA

Et,a rate of decay of isotope

Form rate of formation of isotope

k sampling-time correction factor „

j1-exp(-2.52 x lO4/^ )}/{l-exp(-T/TTB)}(T and T in sec)

N(t) number of undecayed atoms of RaC on filter present at time t

which were formed on the filter from RaB

n rate of collection of atoms of an isotope on the filter
PR C/TBA

TRA ) /TRA(TRB * TRC)

IT 1 / (TTB - TTC)
T sampling time

t time

V volume sampling rate

w number of working levels

X airborne activity concentration (pGi 1 )

y activity concentration ratio of ThC to ThB

V • number of atoms of an isotope per litre

T mean lifetime of atom

Subscripts: R radon daughter series
RA RaA
RB RaB
RC RaC
T thoron daughter series
TA ThA
TB ThB
TC ThC
Tot both series together
50 time interval 50-135 min after end of sampling
135 Bo. 135-240 min
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4.2 Alpha Count from Radon Daughters

As mentioned above, the sampling time is usually about 7 hr. Consider

first, however, a sample taken in a very short time fit from an

atmosphere with X ̂  pCi I" of RaA, bx R^pCi 1" of RaB and o*^ pCi 1~

of RaC. (If the series is in radioactive equilibrium, b c c a 1).

Each second the sampler collects Vx^ pCi of RaA, or 3.7X10~ Va^Tm**

atoms of RaA, and in the same time bn R^ Tpg /T R/\ atoms of RaB and

en Rn T RQ /T RA atoms of RaC. If the sample is then allowed to decay

for a time t » T RA > so that all the RaA has decayed, the alpha count

from the sample will be given by .

0-count e. Beo(HCf) = Dec(HC)
since T RCt « T RC . Then
aucount B Deo(RC originally present in sample) + Deo(RC formed on

filter from RaB)

n RA

Cn RA RC
6t N(t)/T

1 RC RA .
N(t) can be determined as follows

Rate of increase of RaC

Form (R(£)j

RC (1)

dN(t)

dt

Porm(BC) - Dec(BC)

Dec (EC)

Deo (RB originally present in sample)

+ Ite!o(RB formed on filter from RaA)

assuming t » Tm. (4.5

decayed at t = 0.

/„ Form(EC) = n. 6t '

Then rate of increase of

- (b i TRB 6f + fjR
TRB TRA T RB

so that all the RaA can be assumed to have

which was formed from RaB

n _L + _L ) exp (-t/T,,, ) -N(t)/T,
T ifr R A T R B

RC (2)

Solving this gives us

N(t) =nM5tc.KA
_RC_

'RATB, ( T R B - r RC
exp(_t/TRA) - e3cp(-t/rRC)]'
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Substitution in (1) gives

oucount = nRA «* { (PR- 4R) exp (-VVRC) + IR exp (-t/T RB) } (3)
where pR and qR are constants determined by the degree of

radioactive disequilibrium. They are defined in the list of cynbols abov*.

Equation (3) gives the .it-count from a sample taken in a very short

time, t sec before the measurement of count-rate. The count-rate

A'R from a long-period sample taken over a time T, ending t sec

before the measurement of count-rate, is given by integration of

(3) from t to t + T. This gives

A'R = nRA '-RC^R-^R) 1 - «P(-T/TRC) j «p(-t/TRC)

+ ^%[1 - ^(-T/TRB) ] ^(-VT^) } (4)
Now T = 1.706 x 103 sec (28.43 min) j T^ » 2.32 x 103 sec

RC Ko _ ' • - . ,

(38,67 min).

If T >3.9 T, exp(_T/r) < 0.02, and so if T > 2J- hr,

exp(T/TDn) « 1 and exp(-T/Tw, ) « 1. Then
KB KLi

A 'R = n R A T R C (PR-^R) exp(-t/TRC) + ^ R T R 6 exp^t/TRfi)} (5)

The count-rate A*R is independent of T because each isotope is decaying

as fast as it is sampled and is formed from its parent. Taking

T a 0.264 x 10 sec and T „, and rD« as given above, we can write
RA RB "«

(5) as

A'R = n m J2.320 (14.30b + 1 ,628) exp(-t/T w)

- 1.706(1 4. 30b + 1.628 - 3. 786c) exp(-t/TRC

4.3 '.. Ir- Value of Radon Daughters

-2Each picocurie of an iso.tope gives 3.7 x 10 disintegrations

per second, so that the numbers of atoms present per litre are

yRA = 3 ' 7 x 1 °~ 2 *RA TRA ? V® - 3 '7 X ^ b ^RA TRB •»

The alpha-energies that will be given by the decay to

can be obtained from Figure 1 j and from the definition of the
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working level, the WL value of tho radon daughters is

WR » {13.7i/R + 7.7 (VRB + V) / 1 . 3 x l 0 5

1.0298 x 10~3 #RA (1 + 4.937b + 3.631c)

taking T values as before. From the definition of nn. , taking

V . 4.17 x 10~2 1 sec"1 (2.5 1 min"1),

w. . 2.529 x ID"3 nRA (1 + 4.937* + 3.631c) (7)
H

Prom (6) and (7), w can be found from the alpha count-rate A1

provided b and c are known. Series of measurements of these

ratios in uranium mines were given by IYER (1954) and GEOBGE and

HINCHGLiFFB (1972). Typical values found by Ayer in welL-ventilated
mines were b „ 0,45 and c „ 0,35, and these give us values within
a few per cent of those given by his extreme values. We shall

therefore assume b «= 0.45 and c =0,35, giving

A'R = nRA {18.71 exp(-t/rRB) - 11.50 <exp(-t/TRC )} . (8)

.wR7 = 1.136 x 10"2 nRA (9)

Too = 38,67 min and TOP = 28.43 min. The half-life of the
KD IUi

alpha-count from radon daughters therefore varies with time, but is

about half an hour.

4.4 Alpha Count from Thoron Daughters

Although ThA is an alpha emitter, it has a very short half-life,
so that the number of atoms of TbA deposited on the sides of .
the respiratory tract is very much less than the number of
atoms of ThB. The dose from ThA can therefore be ignored,

208and the dangerous decays are the routes from ThC to ThD ( Fb;).
By an analogous treatment to tho radon-daughter case, we obtain an
equation analogous to (3)j the alpha count-rate from a sample
taken in a small time 6t is

OS-count o n TB ot {(pf-«lT) wcp(-t/TTC) * <1T eaq?(-t/TlB )}• (10)

The count-rate from a sample taken for a period T is

A | _vi JT* (T} f l 'A T . nTB |rTC UPp-<lTj

+ ^T^^-^XP^/TTB,)] '«?P(-VTTB)} (H)
r̂  = 5.527 x 104 sec (921.2 min) and TTC. 5.247 x 10

3 sec (87.45 min),
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-so that although eXp (-T/rTC ) « 1 if T = 7 hr, exp (-T/T ^p) remains
appreciable. We can most conveniently accommodate variations in

T "by introducing a sampling-time factor k defined in the list of
symbols above. If T = 7 hr, k = 1 j k = 1 . 1 3 i f T « 6 h r and '

I*

0,901 if T = 8 hrc This simple correction cannot be used if

T < 5.7 hr, because exp (-.T/TJQ ) then becomes important,
s •

Substituting the r values in (11) gives "'

A'T on^ {o. 4047k ®xp(-t/rTB) - 0.09492(1. 105-y) «p(-t/TTC)} (12)

'f^ a 921,2 min and 7- Tf = 87.45 rain. The effective half-life varies

considerably with t and y, but is initially of the order of an hour,

In practice, of course, the total count-rate A1 from the dust
sample will be given by

A' . A'R + A«T (13)

4.5 WI( >-Value for Thoron Daughters

Using the extension of the WL definition to thoron daughters

given above, we can now proceed as in the radon case, ThC can
decay by two routes , but the mean a-decay energy por atom is

2 2
7.89 MeV. v-ft = 3,7 x 10" Jfjg TTBand v TC = 3.7 x 10" y ^TBTTC ,
and the WI*-valuo is

V = 2.245 x 10"6* n f rn+rT^ )
Substituting as before

WT r = 1.456 x 10"3 n^ (1 +0.0949 y)

w_ can now bo found in principle from Eq.ua tions (12) and (14).
There are very few measurements of y in mines, although some

results of BUGGJKft (1973) suggest that it is usually much less
than unity. We shall not assume a value at this stage. The
total WL-value is now

Tot " E T

4.6 Determination of y. in Practice

In practice, we measure the total number of disintegrations
occurring between two values of t, tj and ,t£. An expression for
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this count can be derived by integrating Equation (13) with respect

to time, using Equations (8) and (12). This gives an expression

for the number of disintegrations, which can be determined for

particular values of t j and t2 , in terms of three unknowns n ̂ , n jg

and y, which are required in order to determine w from Equations

05), (9) and (14). In principle, we could take three different

time intervals and determine the unknowns from the three simultaneous

equations obtained, but because of sampling errors we have found it

more accurate to use two time intervals, treating y as an unknown

variable, and accept a spread in possible ¥I>-values due to the

possible range of values of y,

Counting cannot begin immediately after sampling, because the sampler

must be brought up to the surface, and also because we have assumed

t » TOA • In "the light of field experience we have fixed our
KA

counting intervals as \\ = 50 min to t£ = 135 min and tj a 135 rain
to tg = 240 min. If A ̂  and A ̂  respectively are the number of
disintegrations in the sample in these time intervals,

1.540x10-̂ - 1.588x10-6(A135- 0.1449Aa)[.̂ .: (16)

8.041*10-7(1 + Q.0949y),(A1P "° J449A5° i -T 07)
( k - 0.0299 + v '

The total w is the sum of these two. We have found that changes

of y between' 0 and 1.5 (the maximum likely range) make little difference

to ,WT, and "„, t and even less difference to the sum of the two. Itn i- r

is convenient to calculate the WL-values for y =, 0, 1.0 and 1.5> taking

the 1.0 value as standard and the others as indicating the range of

uncertainly due to ignorance of y. For this range of y, and

sampling times between 5.7 and 9,0 hr, the ratio of the bracketed

terms including k and y in (16) does not vary by more than 2$,

so that the equations can be written t
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f . I

(y « 0) WR = 1.753 x 1CT° (A™ - 0.837 A135 ) ]
7 * . 135 (18)

w 8,041 x 10"' ,. .
T B k - 0.030 ^A135 ~L

(y = 1) w = 1.768 x 10~6 (A.JQ - 0.892 A
R

» 0 1.776 x 10" (Afl - 0.917 At35 ) 1

9.186 x 10"7 ,, n . ' t20)
r
T

 = k + 0.011 ^A135 " °'

Practical sampling procedure is discussed in the final section.
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5. RELATION OF MEASURED EXPOSURE TO TRUE EXPOSURE

Because atoms already on the filter are decaying while sampling

continues, concentrations of airborne radioactivity sampled near the

beginning of the shift obviously have less influence on the w

figure calculated than concentrations sampled near the end. This

is particularly important with -tile PPR sampling procedure, because

the dust samples we use are taken from the time the volunteer worker

enters the pit to the time he leaves, including his journey

underground to and from his workplace, which typically lasts

30-60 min each way, and during which the radioactivity exposure

of the man is likely to be lower than when he is at the coalface.

We car. ^sess the effect of this "time-weighting" of the

radioactivity sample using Equation (4) and its thoron analogue,

Equation (11). If "RA is constant during sampling, Equation (4)

can represent the count-rate at the end of the sampling period

due to radon daughters collected during a time T which ended a

time t before the end of the sampling period, if we take the values

of b and c as before. Since the' count-rate A'-^ and also Wg are

both proportional to "HA for a given collection-time (and similarly

^ 'T» W T » and MTB )» Equations (4) and 11) can be used to calculate

the percentage contribution to the calculated v of. different parts

of the sampling-time. We can also calculate the figures for any

combination of radon and thoron daughters. Table 1 shows the periods

contributing the last 2%, 50$,75$ and 90$ of w^ot>

assuming constant conditions over a seven-hour shift with b = 0.45,

c = 0,35, y a 0.5, for radon and thoron daughters separately, and

for a combination giving w« ^ 3w-.

Tablo 1, The periods before the end of sampling in a seven-hour shift

which contribute the stated percentages to the final calculated

WL under constant conditions of (a) pure radon daughters,

(b) pure thoron daughters, (c) mixture with »„ a 3w-

(a) 21 min

(b) 96

(c) 25

44 min

195
50

78 min

300

118

120 min

370

240

420 min

420

420
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The table shows that for this combination of radon and thoron, found
in our results to be typical, the first five hours of sampling
contribute roughly a quarter to the final w measurement, the next
hour another quarter, and the final two half-hours about a quarter each.
A higher proportion of radon daughters shortens the effective sampling
time. This gives ua some idea of the likely effect of'varying'
conditions on the computed w. The WL-value obtained is obviously
not a shift mean, but is reasonably representative. For example,
Duggan jsrt al, (1968) found that radon concentration may vary by a
factor of two from one part of a coalmine to another. If the
worker wore exposed to z WL while he was working, for the middle
five hours of the shift, say, z/2 WL while he was travelling
underground to and from his workplace, one hour each way, the time-
weighting effect would cause our method to underestimate his
integrated shift exposure by about 13$ (we would measure only
5.25z WL-hours instead of 62), This error is acceptable, but must
be borne in mind in interpreting results. This is discussed further
in the light of our field results in section 7.7.



6. PRACTICAL SAMPLING PROCEDUEB

The preceding two sections show that the WL-value can in principle be

determined by alpha-monitoring the shift dust sample after it has been

taken from the mine. Practical measurements were taken at Linby

colliery, in the Nottinghamshire coalfield, to assess (1) how results

from rc:-1pirable and total dust samples compared, (2) the general

magnitude and variation with time and place in a mine (so that

sampling strategy for a wider survey could be planned), and

(3) how our results compared with those obtained by other methods.

As already mentioned the respirable dust samples were taken by

volunteer miners using the MRS Gravimetric Dust Sampler, with which

they sampled the environment wherever they happened to be working on

a particular shift. Our samples were obtained in seven different

districts in the colliery, usually on the return side of a face, with

two other samples being taken at the shaft bottom, one in the return

air, and the other in intake air. For about half the trial the

end of sampling was timed accurately at the shaft bottom, but

measurements of the decay of the count-rate showed that an error

of three minutes in this timing would lead to an error of less than

5j£ in the final calculated WL-value0 For the latter part of the

trial, therefore, the time of end of sampling was estimated from

the time of the volunteer's arrival at the pit-top. A counter

on the side of the instrument records the volume sampled in litres,

and k was determined from this reading using Table 2. (The

sampling-rate on these instruments is adjusted before use to be

within two per cent of 2,5 1 min~ )„

Total dust measurements were made using a similar sampler adapted

to draw air directly through the nosepiece on to the filter, without

passing through the elutriator. Both respirable and total dust

samples were taken on 50 mm Sartorius MF500 cellulose membrane

filters.

The alpha meter used was a zinc sulphide scintillator probe

Type DP2 with a PCM3 monitor (both manufactured by Nuclear

Enterprises Ltd., Beenham, Berks.). The output from the monitor
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was taken to a programmable counter-timer. For counting, the dust-

covered filter was placed against the screen of the probe, the
operator switched on the counter-timer fortyfive minutes after the

end of sampling, and the counters then recorded the counts for

50-135 and 135 - 240 min after sampling. The overall efficiency
of the probe is stated by the manufacturers to be 22^ for alphas

of approximately the energy measured. Measurements with a small

radioactive source showed the probe to bo slightly more sensitive

in the central area exposed to the filter than at the periphery,

so that the effective efficiency in our use is close to. 25^,

The counts were therefore corrected for background (about twenty

counts an hour), and then multiplied by 4.0 to obtain A50 and A135.
The thickness of the dust sample was usually small compared with

the range of alpha particles in carbon (about 40 |jm) and so

absorption should not have been a problem. A programmable

calculator was used to obtain WR and w- from ACQ and A-j 35 for

the three values of y, using Equations (18), (19) and (20)« The

results were expressed in thousandths of a working level (raWL).

A few short-period respirable dust samples were taken for

evaluation by Kusnetz's method in places from which the travelling

time to the shaft bottom was sufficiently short. Bach sample was

taken for five minutes with a Hexhlet sampler, sampling at

50 1 miri" , and driven by a compressed nitrous oxide cylinder.

The count was made between 70 and 90 min after sampling, taking

a correction factor of 75'from Kusnetz (1956). Comparison with

the results of Duggan ot_ al, (1968) was also possible.

7. FIELD-TRIAL EESULTS AND DISCUSSION

The results at Linby colliery are given in Table 3. In this analysis,

the figures quoted are for y m 1,0. The effect of y can be seen
in the Table, where the differences are given between the y „ 1.0

and the y = 0 values. In all cases this difference was greater

than, and of opposite sign to, the difference between the
y =1.0 and y = 1.5 values. Taking a lower value of y increased
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the calculated w and w and decreased v . These changes were,
xt J/O TJ ' J. ( f

however, relatively small.

Because both the seam worked and the individual face might affect

radioactivity, we give most attention to the 26 samples from the

High Main seam and, within that seam, to the 11 samples from the

18s district. The purpose of the measurements was to allow

intelligent planning of more extensive sampling. The results are

sufficient for this, and permit some more general inferences about

factors that might influence the airborne radioactivity concentration.

These more general conclusions must be tentative, however, because

of tho dmall number of samples, the large number of interacting

possible influences, atid because the method of choosing sampling-

positions and times was probably too inexact for statistical

precision.

7.1 Weight and 3ize~Range of Dust

Figure 2 shows the High Main seam samples with "nvj+ plotted

against dust weight. The 18s district samples are distinguished

from the others on the figure, although in this case there is no

clear difference between their activities and those from the

rest of the seam. It can be seen that there is no strong

correlation of ŵ .̂ with the amount of :<lust caught. This is

not surprising, since the rock is probably more radioactive than

the coal, and the airborne emanation is therefore more likely to

come from steady seepage from the rock than from sudden release

in coals-cutting. Also, there is no significant difference

between the mean w_ obtained on the 13 shifts sampled by

respirable dust (mean 25.4 mWL, S.D, on moan 1.6) and the mean

of the totals-dust samples (mean 27.6 mWL, S.D. on mean 1,6), so

that the standard respirable-dust samples can obviously be used to

assess the hazard with sufficient accuracy for our purpose •, As

the elutriator would be expected to remove the free daughter

atoms as well as those attached to the larger dust particles,

the inference is that neither of these components makes an

appreciable contribution to the hazard. The absence of

significant numbers of free atoms in the dusty atmosphere of

the coal mine is not surprising, and tha indication that the
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daughter atoms attach mainly to the smaller dust particles agrees

with the results of other workers (e.g. Blanc, Fontan, Chapuis,

Billard, Madelaine & Pradel, 1967). The respirable range

in coalmines includes most of the particles numerically, and

usually most of the dust surface area as well.

7.2 Atmospheric Pressure

PohL-Ruling and Pohl (1969) found that changes of atmospheric pressure

affected the radon concentrations in minese Figure 3 shows the

w values for the High Main seam plotted against pressure

measured at the surface. There is some suggestion of decrease

of WL value with increasing pressure, but the effect is negligible

for our purposes. It might be expected that the direction and

rate of change of atmospheric pressure might be more influential

than its actual magnitude, but classification of the 18s results

on this basis gives the following mean values t pressure decreasing

(four cases) 30.2 mWLj pressure steady (four cases) 24,9 mWLj

pressure increasing (three cases) 29,9 mWL, Any effect of

pressure can therefore bo neglected for our purpose,

7.3 Variability with Time

Figure 4 shows the total ¥L-value plotted against date of sampling.

There is no obvious secular change. The mean of these values is

26.5 mWL, with a standard deviation of 4.8 mWL. The distribution

is consistent with a normal distribution, and so 90$ °f

individual values would be expected to lie within 7.9

the mean, i.e. within 30% of the mean. This seems to describe

the true situation adequately, and is a guide to the number of

samples required to specify the applicable WL-value (considered

below). It assumes, however, that there is no real difference

between values obtained at the different faces in this seam, or

different positions near a particular face, and so this must

be considered.

7.4 Place-to-Place Variation in the Mine

Inspection of the 18s district figures (Table 3) shows no clear

difference between the intake side, the face, and the return side,
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although there is only one sample each for the first two positions.

The 3s figures, with fewer samples, might lead, to a different

interpretation. Overall, in the High Main seam, the mean of the

three intake-side samples is 23.2 nML, of the two face samples

24.0 mWL, and of the 22 return-side samples 27.2 mWL, A.

buildup of airborne radioactivity along the face is therefore

possible, but small compared with the day—to-day variability.

An alternative explanation for this result is discussed in

7.7.
Figure 5 shows the mean WL-values for the various positions in

the colliery plotted against the distance the ventilation air

has travelled through the colliery to reach the position. For

clarity, for the six High Main districts only the means and the

number of samples in each district are shown. The standard

deviations of the ¥L-values in the two districts with reasonable

numbers of samples (18s and 3s) are both about 4 mWL. The air

at the bottom of the mine intake shaft is obviously relatively

non-radioactive. The lower values in the Victoria seam

relative to the High Main seam values might be due to different

geological conditions, or to the shorter time the air had been

underground. The distance given for the bottom of the return

shaft is the average of the distances through all the districts,

although a greater volume probably flows through the shorter

pathways than through the longer. The w differences between

different districts in the High Main seam may be real, but the

small number of samples prevents certainty.

7.5 The Radon Contribution

Generally speaking, all the above discussion about variations of

the total ¥L-valuos applies also to the radon component. Hwever,

the mean percentage radon contribution in the High Main samples

(73$) is substantially higher than in the Waterloo samples (5&%),

which itself is higher than the intake shaft bottom proportion

(53$) and the surface value (mean of three samples at Edinburgh

45$). Within the High Main samples, the higher total WL values

usually have high radon percentage contributions, A given
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percentage variability about the mean in the radon component

would, of course, make a greater absolute contribution to changes

in total WL than the same percentage variability about the mean

in the thoron component. This is insufficient to explain the

betwoon-scam variations, however, which indicate that the uranium

series is more variable in occurrence in this colliery than the

thorium series,

7.6 Comparison with Kusnetz's Method and Duggan's Results

As already mentioned, five samples wore taken at Linby using

Kusnetz's method, discussed in section 3 above. Close agreement

with results by our method cannot be expected, mainly because,

in our experience, a large part of the count in this period would

come from the thoron-daughter component, which is not taken into

account in Kusnetz's method.

The results are shown in Table 4. It can be seen that, except

for the results at the return shaft bottom, our results give

considerably higher values than those given by Kusnetz's method.

Table 4. Results from Kusnetz's method.

Location Measured activity

Return shaft bottom 16.8 mWL
Do 12.5

Intake shaft bottom 0.4
V1 return side 4,0
41s return side 6.1

Comparison is also possible with the measurements of Duggan et al.

(1968), whoso "Mine A" was, in fact, Linby (M.J. Duggan,- personal

communication), whore they measured, a range of radon concentrations

of 5 - 12 pCi 1" , We can calculate the range of radon working

levels this corresponds to if we assume values for the

disequilibrium ratios b'and c. For the b = 0.45, c _ 0.35 wo

assumed, those radon concentrations correspond to 17-55 mWL,

compared with our range (excluding the intake shaft-bottom

result) of 2.9 _ 28,4 mWL. For Ayer's (1954) extreme values

of b - 0.15, c .- 0.06, Duggan'e range would be 10 - 24 mWL,
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Considering the time interval between the measurements, the
agreement is satisfactory.

The degree to which the calculated WL-values account for the details
of the observed decay can be seen from Figure 6, which shows the
five-minute totals that would be expected for one particular
sample from the WL-values calculated in the usual way, and the
five-minute totals actually observed. This is not an entirely
independent check on .the theory, but confirms that there is
unlikely to be any alpha-emitter other than those considered
making a significant contribution to the count. The line shown
is for y = 1.0, but the lines that assume y B 0 and y B 1.5 are not
significantly different from it.

7.7 Conclusions from Field Results

Because of the small number of samples and the ad hoc sampling
procedure, the above generalisations about influences on the
WL-value must be regarded as tentative, as already stated.
However, the results show that for our purposes the WI*-value can
be regarded as varying randomly in time, with about 90$ of
individual values lying within 30$ of the long-term mean. The
results suggest that the radioactivity level may be about the
same in different workings of the same seam, but it would be safer
until more data accumulates to regard each district as a unit.

As mentioned in section 5 above, a lower concentration of airborne
radioactivity in the roadways from the shaft bottom to the
workplace than at the workplace itself will lead to an
underestimate of exposure. The field, results imply that this
might be important if the workmen return to shaft bottom in the
incoming, low-activity air, but not if they return in the outgoing
air. If it could be arranged for samplers to travel back from
the workplace in the return air, the accuracy of the calculated
exposures would therefore be improved. At Linby, workers on
the return side of faces usually travel in the return air, and
those on the intake side in the intake air, and this, might
account for the apparent build-up along the face at Linby
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discussed in 7.4 above, although the overall effect on results

seems to be small.

One unexpected result obtained was a quick method of calculating

w«. from the original alpha count. If the count obtained for

the 50 min to 135 min period, uncorrected for background,

counter efficiency, or sampling period, is divided by 200, the

figure obtained is remarkably close to-vm .. in mWL. The maximum
Tot

departure of this crude result from the properly-calculated value

for any of the 36 shifts so far sampled at Linby and elsewhere,

including thoso on the surface, is 13$. No such easy method

exists for the radon component alone.

8. PRACTICAL SAMPLING STRATEGY FOR THE WIDER SURVEY

The field work has confirmed the practicability of the method. It

is possible to estimate reasonably accurately the shift-exposure to

airborne radioactivity of a worker by subsequent alpha-monitoring

of the shift respirable dust sample, using the procedure described

in section 6, with the additional condition that the exposure of

workers near the coalface is best sampled by workers who return to

the surface in the return air. As far as frequency and

distribution of samples are concerned, the practical radioactivity

sampling strategy now being applied in the ten collieries

regularly surveyed by the Pneumoconiosis Field Research involves

measurement of three samples from each face area, taking the

mean as the value for that face. For samples distributed

normally about a mean of 25 mWL with a standard deviation of 4 mWL,

a reasonable model of the Linby results, 96$ of the mean face

values so obtained should lie within 20$ of the true mean, and

72$ within 10$, It is planned that this survey should be repeated

from time to time. In some coalfields, igneous intrusions

intersect the workings, and special samples will be taken at.

collieries where this occurs. If necessary, the method can

be used with the dust samples taken during working in all

collieries by the NCB. However, from the survey of the ten PFR

collieries a picture will be built up of the radioactivity

exposure of a sample of British ooaJminers.
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Figure 1. The decay of radon. Ttypes and energies of the
principal emissions, and half-lives, are shown.
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Figure 1 (cont.) The decay of -thoron
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TABLE 2. Sampling-time Correction Factor k. .

The volume sampled (litres) is followed by the

corresponding value of k.

o 5 0, 0 0 0
1,1 86

6 5 1, 0 0 0
1,1 85

8 5 ?, 0 0 0
1, 1 83

8 5 3, 0 0 0
1,1 8 2

8 5 4, 0 0 0
1,1 8 1

8 5 5, 0 0 0
1,1 8 0

8 5 6, 0 0 0
1,1 7 9

8 5 7, 0 0 0
1,1 7 8

8 5 8, 0 0 0
1,1 77

8 5 9, 0 0 0
1,1 75

8 6 0, 0 0 0
1,1 74

8 6 1,0 0 0
1,1 73

8 6 2, 0 0 0
1,1 7 2

8 6 3, 0 0 0
1,1 7 1

8 6 /t, 0 0 0
1,1 7 0

8 6 5, 0 0 0
1,1 69

8 6 6, 0 0 0
1,1 6 8

8 6 7, 0 0 0
1,1 6 6

8 6 8, 0 0 0
1,1 65

8 6 Q, 0 0 0
1,1 6 4

8 7 0, 0 0 0
1,1 6 3

8 7 1,0 0 0
1,1 62

8 7 2, 0 0 0
1,1 6 1

8 7 3, 0 0 0
1,1 6 0

8 7 4, 0 0 0
1,1 59

8 7 5, 0 0 0
1,1 5 3

"8 7 6, 0 0 0
1,1 57

8 7 7, 0 0 0
1,1 5 6

8 7 8, 0 0 0
1,1 5 4

8 7 9, 0 0 0
1,1 53

8 8 0, 0 0 0
1,1 52

8 8 1,0 0 0
1,1 5 1

8 8 2, 0 0 0
1,1 5 0

8 8 3, 0 0 0
1, 1 4 9 '

8 8 k, 0 0 0
1,1 4 8

8 8 5, 0 0 0
1,1 ̂  7

8 8 6, 0 0 0
1, 1 4 6

8 8 7, 0 0 0
1,1 4 5

8 8 8, 0 0 0
1,1 4 4

8 8 9. 0 0 0
1,1 4 3

8 9 0. 0 0 0
1,1 4 2

•8 9 1,0 0 0
1,1 4 1

8 9 2, 0 0 0
1,1 4 0

8 9 3, 0 0 0
1,1 3 8

.8 9 4, 0 0 0
1,1 3 7

8 9 5, 0 0 0
1,1 3 6

8 9 6, 0 0' 0
1,1 3 5

8 9 7, 0 0 0
1, 1 3 4

8 9 8, 0 0 0
1,1 3 3

8 9 9, 0 0 0
1,1 3 2

9 0 0, 0 0 0
1,1 3 1

9 0 1, 0 0 0
1,1 3 0

9 0 2, 0 0 0
1,1 2 9

9 0 3, 0 0 0
1,1 2 8

9 0 4, 0 0 0
1,1 2 7

9 0 5, 0 0 0
1,1 2 6

9 0 6, 0 0 0
1,1 25

9 0 7, 0 0 0
1,1 2 4

9 0 8, 0 0 0
1,1 2 3

9 0 9, 0 0 0
1,1 2 2

91 0, 0 0 0
1,1 2 1

91 1,0 0 0
1,1 2 0

91 2, 0 0 0
1,1 1 9

91 3, 0 0 0
1,1 1 8

91 4, 0 0 0
1,1 1 7

91 5, 0 0 0
1,1 1 6
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TAJ3LE 2 (continued)
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0,9 9 6

1 0 5 6, 0 0 0
u. y y 5

1 0 5 7, 0 0 0
o,y y 4

1 0 5 8,0 0 0
0,9 9 3

105 9, 0 0 0
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0, 981

1 0 7 b, 0 o u
0, y b u

1 0 7 7, 0 0 0
0, 9 B 0

1 0 7 8, 0 0 0
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0,9 7 1

1 0 9 0, 0 0 0
0,9 7 0

i o y i, o 0 0
0,9 7 0

1 0 9 2, 0 0 0
0,9 6 9

1 0 9 3, 0 0 0
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TABLE 2 (continued)

0 9 6 2 2, U U U 1 1 7 7, o 0 0 'i 2 U i, 6 u u

n o u o u

°

o n a o o o i 2 o
6 0 9 1 1 n fl Q ̂
u 1 1 B S S J S 1 2 0 0 0 0 0

111 j
mS
-1 o

111
0. 9 3 6

o o o u n

11

il?

*? g
* 9 : 0 0 0 « O U

°- 9 1 6 0 0, 8 8 7



TABLE 2 (concluded)
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TABLE 3. The results at Linby,

The WL-values given are those for y _ 1.0, with the differences
from the values for y = 0 in brackets (for sign, see text).

Sean

High Main

Mater loo

Shaft
Bottom

District

18s

3s

16s

31s

41s

25s

3s 18s
Mixed

V1

Date

22Nov
9 Nov

250ct
8 May
9 May

10 May
11 May
lOJly
HJly
16 Aug
18 Aug

8Nov
15 Nov
3 May
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15 May
2lSept

iMay
25 Apr
26 Apr

13 Apr
27 Sept

250ct
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I90ct

5 May

17 Aug
270ct
260ct
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9 Nov

t

Pt>e1t1w

1
f
r
r
r
r
r
r
r
r
r

1
f
r
r
r
r

r
r
r

r
r

1
r

r

r

1
f
r

1
r
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Respirabfe

R
R
R
T
T
T
T
T
T
R
R

R
R
T
T
T
T

R
R
R

R
T

R
T

R

T

R
R
R

Barometric
pressure

(mb)

1017 ?
1014*
1012̂
1014̂
1010^
1012 t
1014 ^
1024 V
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1025
1022 1

1025
1020
1018
1018
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1025
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10280,
1023
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1028
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1011
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1009^

i
! A

R
R

1010 r
1004^

j

Voluite
sampled

(0

1099
1086
1062
1048
1062
1068
1061
1061
1025
1080
1101

1069
1102
1047
1085
1159
1177

1138
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1081

1129
1176

1066
1284

1083

1094

922
1114
1103

1073
1005

Oust
weight

(•g)
6.6

13.3
4.5

15.4
18.5
14.6
16.9
13.7
14.8
6.6
5.2

4.3
6.0
6.2
6.9

17.5
14.4

10.9
0.9
2.2

8.9
14.9

3.8
16.6

11.5

16.6

4.7
4.4
4.4

0.3
0.6

! '

HLR

(mWL)

17.8(0.9)
23.2(0.9)
21.2(1.1)
18.7(1.0)
20.9
25.5
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16?
190
25.4

9 1
9.8

18.21
18.3
18.4i
17.5

16.3
13.5
25.4

28.4
21.0

15.3
17.5

0.9
1.0
1 1)
0 9
O R
0 9
0.8)

1,1)
1.0
1.1
0.9
0.9
0.9)

0.8
0.7
0.6

0.6)
1.3)

1.4)
0.9)

12.8(0.8)

22.7(0.9)

2.9
8.2
8.1
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0.6
0.8

2.0(0.2)
9.4(1.0)

W L T
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7.2(0.4)
7.2(0.4

.
.

8.6(0.5)
7.9(0.5)
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7 ?
6.3

R 7 (
7.8
9.0i
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0.4,
0.5
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(1 •>
n 4
0 4
0.4]
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0.5
0.6,
0.5

7.80.5
8.4(0.5

6.6
5.5
4.6

4.7
11.1

0.4
0.3
0.3

> •

0.3)
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11.5(0.7)
8.4(0.4)

6.6(0.4)

7.2(0.4)

2.5
5.1
6.7

0.2
0.3
0.4

)
1
)

1.9(0.1)
8.0(0.5)

* Tot

(mHO

25.0(0.4)
30.4(0.5)
29.8(0.6)
26.7
28.0
33.0
340
??9
?M
?fi?
31.7

177
17.6
27.3
25.8

0.5)
0.5
0.5
n6
0 5
0 4
0 6
0.4

0.6)
0.5
P.6
.0.5)

26.1(0.5)
25.9(0.4!

22.9
19.0
30.0

33.1
32.1

0.4
0.4
0.4

0.3)
0.6)

26.9(0.7
25.9(0.4

19.4(0.4)

25.8(0.5)

5.4
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14.8

0.2)
0.3
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3.8(0 1)
17.3(0.5)

t

W L R
100 "Mot

71
77
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70
75
77
75
67
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51
56
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71
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68
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86
65

57
68
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71

55
62
95

51
54

i 1
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= rising
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