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A METHOD FOR MEASURING THE POTENTIAL ALPHA ENERGY (WORKING-LEVEL
VALUES) OF AIRBORNE RADIOACTIVITY IN OOAIMINES

. by

T.L, Ogden and D,W, Bdlin
SUMMARY

Pollowing findings that airborne radioactivity could reach potentially
dangerous levels in metal mines & 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 redioactive 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 MRE gravimetric
sampler, which is electrically safe in a methane-air mixture, '

Field trials in a colliery over a period of eight months show;

(1) no secular change of total working 1'ev§‘ls-; (2) ramdom wariation with time
within ¥ 304 of the meanjy (3) no difference between the working levels given
by total and respirable dust samples; (4) little, if any, variation

between different faces in the same seamy (5) liftle, if any,

variation with barometric pressures (6).an average face workmé-level

value of about 25 mdL, about 704 of this being. the redon couponent,

The method is now beirig used to survey the alrborne ra.dioactlviw
hazard in British coa.lmmes.



1. RADIOACTIVITY IN COAL MINES

It is well known that airborne. radiocactivity can reach hazarqdus levels
in mines even where no obviously radioactive minerals are being
extracted, The isotopes of the gas emanation, radon( 86 Em, or Rn)
and thoron ( 86 Bn, 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 1mportant than

at the surface because of the larger arca of rock exposed anmd the
gonerally 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 secams are usually less radioactive than other
sedimentary strata, cnhancement of both uranium and thorium can occur,
especlally 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 iﬁ percolating groundwater
are reduced to an insoluble form in the coal beds, This is consistent .
with the 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 éctive, with some lignites having a uranium contqnt of 0,14,
Davidson and Ponsford (1954) oven refer to a coal seam in East Germany
which was said to be minéd for its uranium content, The presence

of uranium can also make marine shalos in coal measures relatively
highly rodioactive, As far as thorium is concorned, Parks (1963)
quotes a finding that a coal seam rich in zircons had a high

thorium content, Similarly, Knowles (1961) found that in oné sample
of medium-finc sandstone from the Yorkshire coal-measures, zircons
were the source of over half the alphawactivity, although they |
constituted only about 0,2% of the mineral, Thorium and zirconium
are chemically similar, and so an association is reasonable,

Ode (1963) refecrs 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 content, and there scems no other information



on the presence of this element in coal,

Duggan, Howell & Soilleux (1968) measured iadon'concentrations in
twelve British coalmines énd found a maximum concentration of 4

14 pCi 1'1,'with a median for the twelve mines of 2 pCi I-1.

Their mothod was to take a gus sample in the mine, and to . measure

the radioactivity of the gas later, making corrections fofnphe'

thoron present, The results are consistent with méasurements N
in U,S, coalmines, such as those by Lucas and Gébrysh'(1966). For

comparison, & typical surface value is 0,1 pCi 1'1.

2, 'THE HEALTH HAZARD

Thoron and rﬁdqn are not particularly dangerous in themselvés.‘

Being isotopes‘of an inert gas, they are breathed in and out with '
the air, giving only a very small radiation dose to the wdlls of the
respiratory tract, - However, they decay to atoms of non-volatile
radioactive elements, and these daughter atoms quickly attach thomselves
to solid suifaces, usually airborne dust, If the free atoms are
inhaled before they are captured, they are likely to attach to the 4
walls of the tract, In addition, some of the §ust will be deposited
in the airways, and the daughter atoms attached to it are therefore
likely to decay fufthér in close contact with the airway walls while
the dust is boing cleared, The resulting alpha close to the walls .

is potentially dangerous, - The decay schemes igvolved are shown in
Figure 1, ’

The dose therefore depends on several factors, including the
concentrations of the parent gases and their various ddughters,

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, Archér, Wagoner &'Lundin (1973) bave shown lung

cancer incidence aﬁongst.uranium miners“to‘cqrrelate well with the

potential alpha energy of the redon daughters in the air, i,e, the
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total energy that would be released per unit volume of aif Es‘alpha.
ra.d:l.a.tlon if all the short_llved daughter atoms decayed axray. The
unlt of potential alpha energy is the working level (WL), one
working level being equal to 1,3 x 105 MeV 17 =1 potentialalpha
éner&r. This is usually applied only to the radon deca’i schome,
becauso in uranium mmes the contribution of other 1sotopes is
negllglble and the "short-lived daughters" concerned are
21&.polon1um (Raa) to 214_polon1um (RaC') inclusive, When thoron
daughters are present in sufflclent concentrations to make them
1mportant however, the definition can be extended to include

thoron daughters, in which case one working level equals a potentia-’l
a.lpha energy of tho thoron daughters from 212-lcad (ThB) t6 3)8-lead
of 1 3 X 107 MeV 1"‘I (Jacobi, 1972a), The short half-lifo of .
216-polonium (ThA) means that very fow atoms are present at any one
time, so that the contribution of those that are present can be
igx;xored. The thoron working leve1 is an overestimate of the. -

radiological hazard compared with the radon working level becpﬁse an

appreciable proportion of ThB (half-lifo 10,6 hr) will have been
clearod from the respiratory syste%n before alpha-emission ‘oc‘curs.
The degree of overestimate is hé,nl' to calculate, Jacobi (1972b)
ostlmates it to be 15-40 times for daughters deposited in the
bronchla.l region, and 1,5 = 2 tlmes for the much smaller deposxt
1n the pulmonary region, In the rela.tlvely dusty condlt:.ons of
coalmines, the ratios might be smaller, Because of this .
ﬂncertainty, Duggan (1973) has ques tioned the use of worki'.nglqveip
as a unit for thoron d._a.ug'hter measurcment at all, but in'-the present
tncortain state of thoron daughter dosimetry wo have used working
levols for convenience, ‘a.lthough the results must be interpré_te_d V
with tho Iknowledge that the ra.don.-daughter working level f
proba.bly ropresents substantially more a.ctual hazaxd, than the
thoron-daughter work:.ng level,

One working lovel is present when 100 pCl 1™ -1 of radon is in e

m.dioa.ctlve ‘equilibrium with its da.ughters so that the maxlmum

of 14 pCl 1"1 of radon recorded by Duggan et al, (1968) wou]d z

'éif’

L
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correspond to 0,14 WL if radioactive equilibrium existed, but probably
loss than that in rcality, The presont US Department of Labour
rogulations permit miners to be continuously exposed to 0,3 WL
throughout their working lives, but there is evidénco that this- _
standard allows a smaller safety margin than is usual in ocoupatlonal
hygiene, For example, Duggan, Soilleux, Strong & Howoll (1970)
found median concontrations betweon 0,15 and 2 WL in four haematlte
mines in Cumberland, where Boyd, Doll, Faulds & Leiper (1970)

found incrcased incidonce of lung cancer,

The measurements of Duggan et al, (1968) are therefore low, but not
low en~igh 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‘ﬁossibility that
radiation exposure at low levels may have a synergistic effect in
association with pthe? factors, such as dust, cannot be neglected,
Available data suggest that botween 0,1 and 14 of rospirablo-size

dust particles emit alpha particles betwecn doposition dnd.clearancp.

As a precautlonary moasure, therefore, a method has been dcveloped to
pormit regular monitoring of the hazard from airborne rad10aqt1v1ty
in coalmines, ‘and the rest of this memorandum describes the method,
It is proposéd to use it to survey radioacfivity levels in a sample
of British cozlmines, with a closer study of any areas or
circums+tances where high levels are fourd, It is not thought

that airborne radioacfivity is a direct danger in any British
coalmines, but the survey will make coertain of this, and provide.
data for 5ny future study of synergistic effocts,

A3. THE MEASUREMENT PROELEM IN COALMINES

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

the development of a number of practical measurement methods;'

Many of the commoner ones are develoﬁments of that of Kusnectz (1956), .
which involves filtering 100 to 250 litres of air in a fivo io ten

minute period, and measuring the alphd'éctivity of the £iltér at
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some‘time between 4D5and 90 minutes”after sampling.t :If'the'filter
is efflolent all the radon daughter atoms 'whether attached to '
- dust or noty are caught on tne fllter, and knowledge of. the decay
. characterlstlcs of the 1sotopes 1nvolved permlts calculatlon of the ;.
radloactivity of the 8.11‘,. ‘I‘he relat:we proportlons of the 1sotopes

remain. unknown, it the resultant error in ‘the" dorlved WL-value was

. claimed’ by Kusnetz t0"be always less “than’ 12%, although Groer (1972)

put the posslble dlsparlty at 25% Other methods 1nvolve taklngr
a gas sample whose‘radon'content can later be measured or ‘having
two f11ters 1n serles _w1th a. decay chamber between, whlch permlts
~ the” raﬁ:n and daughter concentratlens to be measured .separately,

’ Measurements in uranlum mlnes are made frequently of -Tadon: gas. only,
on the grounds that prevent1ve measures requlre knowledge of the '
local sources of radon, but measurement of the hazard 1tself must

involve measurement of the daughters.‘~vf._;[.;

'The maln practloal problem of measurement 1n Brltlsh coalmlnes is
Athe requlrement that eQulpment should be electrlcally safe 1n
flammable atmosphercs. ~This ellmlnates all readlly-avallable '
hlgh_volume elcctrloal alr-sampllng equlpment and. sens1t1vc alpha-
radiation meters, so that Kusnetz's method cannot easlly be used,
Air-sampling equlpment driven by compressed a1r 1s avallable but
few coclnines today have compressed air- supplles at the coal—face,
and a gas cylinder of sufficient s1ze is cumbersome. | Thls is why
Duggen et al, (1968) only measured radon from a gas sample, and not
" radon daughters. Also a routlne method for ccalmlnes needs to be .
sensltlve, because of the low radloact1v1ty levels 1nvolved “fIt
_also ‘became apparent early 1n the progect that thorOn daughters ‘
often makc an 1mportant contrlbutlon to “the’ total worklng level
in coalmlnes, so that the chosen method must be able to take thls
'component into account "Cost 1s also 1mportant partlcularly as

radloact1v1ty 1s ev1dently not a very serlous dlrect health problem. f'

. For’ these reasons a new method has been deve10ped meetlng all
:_ these requlrements and based on measurlng the - alpha act1v1ty of

the shlft—long resplrable dust samples taken routlnely 1n a sample
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. of coalmines as part of the Pneumoconiosis Pield Research, using the

Casella gravimetric dust sampler, Type 1134 (Dunmore, Hamilton & Smith,
1964), Under this programme, volunteer mineworkers carry the samplers

i with them, so. that a measure is obtained of the respirable dust '
concentration in their vicinity during their time und erground on a
particular shift - usually about seven hours, The choice of the
PFR 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 dus+t sample is measurad when the
instrument‘ has been brought to the surface, and from this the
Wl-values can be obtained, as will now be ehown, We assume for
the moment that all the activity is on the respirable dust,
Field work to test this a,ssumptioh is described lator,

IHSYITUTE OF
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4, THEORETICAL BASIS OF METHOD

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

on the filter after sampling to the Wl-value in the air sampled An
error of up to 204 has been regarded as acoeptable,

4,1  List of Symbols

Al alpha—decay rate of sample taken over a period (séé't)
A total number of alpha.decays in time specified by subscript
b ratio of airborne activity concentrations of RaB -
c ditto for RaC and Rad
Iwe'  rate of décay of isotope
Form <rate of formation 6f isotope
k sémpling;time correction factor -
{1—exp(..2,52 x 104/.,.TB )}/{1_exp(_rp/rm)}(rr 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 isotdpe on the filter
Pp C/TRA
9y (brpg+ Ty ) /Tra(Tis + Tre)
Py Y /71
ay 1/ (g -Ty)
T sampling time
1 time
v volume sampling rate
w number of working levels
x airborne activity concentration (P6i 17 )
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 S
C ThC .
Tot . both series together
50 time interval 50-135 min after end of sampling

135 Do, 135.240 min
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4,2 Alnha Count from Radon Da.ughters

As mentioned above, the sa.mphng time is usually about T hr Cons'idér ‘

first, however, a sample taken in a very short time &t from a.n
-1 -1

" atmosphere with Xpy pCi 17 -1 of RaA bx gy pCi 1 _of RaB and chA pCi 17

of RaC, (If the series is in radloactlve equllibrlum, beocal)

Each second the sampler collects VX py pCl of ReA, or 3 T1x 10 me TRK" nR‘
atoms of RaA, and in the same time bn py Tpg /'l' gy atoms of RaB and
cn pp Tre /T gy atoms of RaC, If the sample is then allowed to decay
for a time t >> Tp, , so that all the RaA has decayed, the alpha count
from the sample will be given by
G-count = Dec(RC') = nec(m)
since T RC! <7 RC Then
g-count = Dee{(RC originally present in sample) 4+ Dec(RC formed on
filter from RaB)

Mev Tre '
= — — 0t exp(=~t/Tpc)e N(t)/Tpe S (1)
T T

N(t) can be determined as follows

Rate of increase of RaC = an(t)

dt
. = Form(RC) - Dec(RC)
Form (R€) = Dec (RC) . ‘ ,
= Deo(RB originally present in sample)
4+ Deo(RB formed on filter from RaA)

= (bPm T Bt 4 R Ot) exp(~t/Tg)
| T Tr T
assuming t >> 7., (4,5 min) so that all the RaA can be assumed: to have

decaycd at t = O,

.o Form(RC) = 6t [ b 1. tp (=t/T
orn(EC) = ny (_T_R_A_»fm) ot (~t/1 )

Thon rate of 1ncrease of RaC which was formed from RaB
W) - ongy Gt 5 s oxp (~/7 ) - N(t)/r (2)
dt RB )

T
Solving this gives us N(t).

N(t) = n, &% Toc (bTRB RA ) { °xP(—t/T RA) = exp(_t/'ch)}
T (T - T )
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Substitution in (1) gives

G-.count = np, 8¢ { (PR QR, ' 8Xp (—t/TRc) + Qp OIP ("t/'r RB) } (3)
where PR ‘and qp are constants determined by the degree of
radioactive disequilibrium, They are defined in the list: of symbols above.

E!iua,tion (3) gives the Gcount from a sample taken in a very short
time, t sec before the measurement of count-rate, The count-rate
A'p 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 4+ T, This gives

Altg =npy ’{,"‘RC(PR'QR) [‘ ~ oxp(-T/7 gg) _Ji exp(~t/7y)
¢ agT ! - em(-T/ry) | exp(-t/7 ) } @)

Now ¢ . = 1,706 x.103 sec (28,43 min) ;

" =232 x 103 se_g‘

(38.67 min),

T

If T>3,9 7, exp(-T/r) < 0,02, and so if T > 2} hr,
exp('I‘/TRB) << 1 and exp(_T/'rRC ) << 1, Then

The count-rate A'R is independent of T because each isotope is decaying
ag fast as it is sampled and is formed from its parent, Taking

TRA“ 0,264 x 103 sec and T s and TRf,a's given above, we can write

(5) as .
Alp =7, {2,320 (14,30b 4+ 1,628) exp(-t/T pp)

~14706 (14,300 + 1,628 ~ 3.786) exp(-t/1; )} (6)

4,3 Vil~Value of Radon Da.ughters

Each picocurie of an isotope gives 3,7 x 10_2 dlslnteg:ratlons
per second, SO that 'tho nunbers of a.toms present per litre are

Yor = 7x10 RA TRA’VRB = 7x10 beATRB-’

-2
= * 1 °
Vo = 3T =10 o ¥ gy Ty |
The alpha-energies that will be given by the decay to 210p,

can be obtained from Figure 13 and from the definition of'thle;'.-
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working level, the WL value of the radon daughters is

{13.7 Vpy + 1.7 (VRB + URC)} / 1,3x 105

= 1.0208 x 1072 3y, (1 + 4.937b 4 3,631c)

taking r values as before. From the definition of nRﬁ’ taking
Ved4,17x 10"'2 1 sec (2 51 min~ ),

L= 2529 x 1070 ngy (14 4,937b 4 3,631c) (M

.

From (6) and (7), w. can be fourd from the alpha count-rate A!
provided b and ¢ are known, Series of measurements of these
ratios in uranium mines were given by AYER (1954) and GEORGE and
HINCHCL:iFFE (1972), Typical values found by Ayer in well-ventilated
mines were b = 0,45 and ¢ = 0,35, and these give us  values within
a fow per cem; of those given by his extrcme values, We shall
therefore assume b = 0,45 and ¢ = 0,35, giving |

-2 : '
Wee = 1,136 x 107 np, | _ (9)
T = 38,67 min and The = 28,43 min, The half-life of the.
alpha~count from radon daughters therefore varies with time, but is
about half an hour, '

4.4 Alpha Count from Thoron Daughters

A;lthough Thi is an alpha emitter, it has a very short half-life,
80 that the number of atoms of ThA 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,
and the dangerous decays are the routes from ThC to ThD (208Pb)
By an analogous troatment to the radon-daughter case, we obtain an
equation analogous to (3)y the alpha count-rate from a sample.
takon in a small time &t is

Q.count = n g Gt {(pr ~ay) exp(~t/ry) + qy -“P(-t/TTB)} (10)
The count-rate from a sample taken for a period T 1s |
A =g {r 1c. (pT Q) [1- oxp (~T/7y )] “P(-t/"'rc) ‘

= 5,527 x 104 sec (921,2 min) and Tic = 5.247 x 10'3 sec (87.45 min),
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80 that although exp (-T/rq) << 1 if T o 7 br, exp(~1/7 ;) remains
‘appreciable. We can most conveniently accommodate variations in

T by introducing a sampling-time factor k defined in the list of
symbols above, IfFT=7hr; k=13 k=1,13if T = 6 hr and S
:0.901 if T = 8 hr,  This simple correction cannot be used if

T < 5.7 hr, because exp (.-.'I‘/'rTC )} then becomes important, |

Substituting the 1 values in (11) gives ' 0

;\'T =np {o.4o471< exp (~t/7py) = 0.09492(1,105-y) exp (-t/‘rm)} (12)
Tp =921,2 min and 7., = 87,45 min, The effective half-life varies
considerably with t and y, but is initially of the oxder of an bour,

In practice, of course, the total count-rate A' from the dust

sample will be given by

AU o Mg 4 Ay ‘ (1)

4,5 Wl ~Value for Thoron Daughters

Using the extension of the WL definition to thoron daughters
given ahove, We can now proceed as in the radon case, THC can
decay by two routes, but tho mean q~decay energy per atom is

-2 ; -2 .
7.89 MeV. UTB = 3.7 x 10 xTB TTBand 17 [ 3.7 X 10 Y xTB‘rm, '
and the Wl-value is :

. -6
S8ubstituting as before
wp o= 1A56x 107 n (1 40009y . (14)

wp can now bo found in principle from Equations (12) and (14), 4
There are very few measurements of ¢y in mines, although some
results of DUGGAN. (1973) suggest that it is usually much less
than wnity, We shall not assume a value at this stage, The
total Wl-value is now ‘
Wty = Mg * g {15)

4,6 Determination of g in Practice

In practice, we¢ measure the total mmbér of disintegrations

occurring between two values of t, t4 and %2, An expression for
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this count can be derived by integrating Equation (13) with respect
to time, using Eyuations (8) and (12), This gives an exp‘reséion
for the number of disintegrations, which can be determined for
particular values of t,and tz, in terms of three unlmowns_nRA, np

- and 9y, which are required in order to determine ‘W from Eguations

(15), (9) and (14), 1In 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 WlL-values due to the
possible range of values of ¥y,

Counting cannot begin immedia.tely after sampling, because the sampler
must be brought up to the surface s and also because we have assumed

t >> Tan® In the light of field experience we have fixed our
counting intervals as t4 = 50 min t0 t7 = 135 min and ¢ = 135 min

to tz = 240 min, If A 50 and A 135 respectively are the number of
disintegrations in the sample in these time intervals,

-6 -6 X - 0.1035 + 0,0936
wp = 1.540x107°4  — 1,568x107°(a . O.1449A50)E?TO‘.'0'2'_9'9"-T_676;71% - (16)

-7 (Ay35 =0.144945 )
= 8,041x107 (1 + 0,094 ‘
T X0 ? 9y)( k - 0.0299 + 0,02717) (1)

The total w is the sum of these two, We have found that chahges

of ¥ between O and 1,5 (the maximum likely range) make little difference
to .Wp and Wp , and even less difference to the sum of the two, It

is convenient to calculate the WL-.values for ¢ = O, 1,0 and 1,5, taking
the 1,0 value as standard and the others as indicating the range of
uncertainty due to ignorance of ¢, For this range of vy, 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 writteng
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-6 ' -'
(y = 0) YR = 1,753 % 10 (ASO - 0,837 A135) L (18)
. -7 '
,041 x 1 | '
v . S Soi0 (A = 01449 4g)
-6 . |
(y = 1) w}{ = 1,768 x 10 (ASO -0.892A135) }
-7 (19)
. 8,804 x 10 -
p . = k-403f003_ (A = 0.1449 45p) ’ |
(y=1.5) w = LTT6x 107 (ag - 0.917 Apgs ) l
9,186 x 10~/ ; (20)

v = k. 0,071 (4455 = 041449 Ag)

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

Because atoms alreédy 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 the PFR sampling procedure, because
the dust samples we use are taken froh 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. .3sess the effect of this "time-weighting" of the
radioactivity sample using Bquation (4) and its thoron analogue, .
Fquation (11), If PRA is constant during sampling, Bquation (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 ¢ as before, Sinco the count-rate A'p and also wp are
both proportional to “RA for a given collection-time (and similarly
A'p,¥q, and nTB ), Equations (4) and 11) can be used to calculate
the percentage contribution to the calculated w 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 25%, 50%, 75 and 90% of wp 4 |
assuming constant conditions over a seven-hour shift with b = 0,45,
¢ =0,35, ¥ =0,5, for radon and thoron daughters scparately, and
for a combination giving wp = 3IT-

Table 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 wp = 3w,

2% 2% 1% X 100%
(a) 21 min 44 min 78 min 120 min 420 min
(b) 96 195 300 370 420
(c) 25 5 118 240 420
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The table shows that for this combination of radon and théron, found
in our results to be typica..l, the first five hours of sampl;‘mg
contribute roughly‘a‘. quarter to the final v measurement, the next
hour anothor quarter, and the final two halfhours about a quarter each,
A higher proportion of radon daughters shortens the e‘ffective' sampling
time, This gives us some idea of the likely effcct of varying’
conditions on the computed W,  The Wl-value obtained is obviously
not a shift mean, but is reasonably representative, For example,
Duggan et al, (1968) found thaf_ radon concentration may vary by a
factor of two from one paxrt of a coalmine to another, If the

workoer were exposed to 2 WL while he was working,' for the middle

five hours of the éhift, say, '2/2 WL while he was travol]_.ing"‘
underground to and from his workplace, one hour each way, the time-
woighting offect would cause our methbd to undcrestimate his |
integrated shift exposure by about 13 (we would measure only

5.252z Wl-hours instcad of 6z), This error is acceptable, but. must

be borme in mind in interpret'ing reéults. This is discussed further
in the light of our ficld results in section 7,7,
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6, PRACTICAL SAMPLING PROCEDURE

The preceding two sections show that the WlL-value can in piinciple 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 Nottingbamshire coalfield, to assess (1) how results
from respirable 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 alrcady mentioned the respirable dust samples were taken by
volunteer mi_ners using the MRE Gravimetric Dust Sampler, with which
thoy 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 beoing 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 sbaft 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
5% in the final calculated Wl-value, For the latter part of the
trial, therefore, the time of end of sa.mpling 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 mstrumente is ad justed bafore 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 morii tor
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was taken to a programmable counter-timer, For counting; the dust-
covered filter was placed a.gainslt the screen of the probe, the
operator switched on the counter-timer fortyfi\fé minutes after.the‘
erd of sé.mpling, and the countera then recozﬁod the counts for

50 - 135 and 135 - 240 min after sa.mpl,ing. The overall efficiency
of the probe is stated by the manufacturers to be 2244 for alphas
of approximately the energy measured, Measurements with a small
radioactive source showed the probé to be slightly more sensitive
in the central area cxposed to the filter than at the periphery,

so that the effective efficiency in our use is close to, 2%,

The counts were therefore corrected for background (about twenty
counts an hour), and then multiplied by 4,0 to obtain Asg and A135,
The thickness of the dust rample was usually small compared‘with
the range of alpha particles in carbon (about 40 um) and so
absorption should not have been a problem, A programmable -
calculator was used to obtain wp and w, from A50 and Ay35 for

the three values of ¥y, using Equations (18), (19) and (20), - The
results were expressed in thousandths of a working level (mWL),

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, Each sample was
taken for five minutes with a Hexhlet sampler, sampling at

1 min"1 , and driven by a compressed nitrous oxide cylinder,

The count was made between 70 and 90 min after sé.mplin_g, taking -

a correction factor of 75 ‘from Kusnetz (1956) . Comparison w1th

the results of Duggan et al, (1968) was also poss'ible.

7. FIELD-TRIAL RESULTS AND DISCUSSION

The results at Linby colliery are given in Table 3, 'In this anéiﬁ‘is,
the figures quoted are for ¥ - 1,0, The effect of y can be seen

in the Table, where the differences are given between the ¥ = 1.6.

and the ¥ = O values, In all cases this difference was greater

than, and of opposite sign to, the difference between the

Y =1,0and ¥ = 1,5 values, ‘Taking a lower value of ¥ increased -
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the calculated'WR and Vo4 and decreased w

however, relatively small,

e vThese changbs{rere,
Because both the seam worked and the individual face might affect
radiocactivity, 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 inferenoés:abbut
factors that might influence the airborne radioactivity cdncentration.
These more general conclusions must be tentative, however,-because
of thu wmall number of samples, the large number of interacting
possible influences,'aud‘because the method of choosiﬁé sgmplingp

positions and times was probably too inexact for statistical
precision, '

7.1 Woight and Size-Range of Dust

Figure 2 shows the High Main seam samp108'with Yoot 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 secan, It can be seen that there is no strong ‘
correlation of Yot with the amount of ‘dust éaught; This ig o
not surprising, since the rock is probably more radioactive‘than
the coal, and the airborne emanation is therefore more likely to
come from steady scepage from the rock than from sudden rolease

in coal-cutting, Also, there is no significant difference
between the mean W, . qbtained on the 13 shifts sampled by
respirable dust (mean 25,4 oWL, S,D, on moan 1,6) and the mean
of the total-dust samples (mean 27;6 WL, S,D, on mean 1;6), 80
that the standard respirable-dust samples ¢an obviously be used to
aasess 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
signifiéant numbers of free atoms in the dusty atmosphcore of

the coal mine is nnt surprising, and the 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 atmosphoric pressure
affected the radon concentrations in mines, Figure 3 shows the

Wmot Velues 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 effeot is negligible

" for our purposes, It might be expected that the direction.a.nd

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 i pressure déc;reaéing
(four cases) 30,2 nWLj pressure steady (four cases) 24,9 mdLlj
pressure increasing (three cases) 29,9 wWL, Any effect of -

pressure can therefore be neglected for our purpose,

7.3 Variability with Time

Figure 4 shows the total WlL-value plotted agé,inst date of samplihg.
There is no obvious seéular change, The mean of these values is
26,5 WL, with a standard deviation of 4,8 WL, The distribution
is consistent with a normal distribution, and so 90% of the
individual values would be expected to lie within 7,9 mWL of

the mean, i,e, within 30% of the mean, This seems to despfibe
the true situation adequately, and is a guide' to the number of
samples required to spedify the applioa.ble WL-value (conside'redA
below), It assumes, howevér, that there is no real differex}cé
between values obtained at the differeﬁt_faces in this seam, or -
different positions ncar a particular face, and Asd 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,

ey

| v————
'
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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 difforent -
intorprotation, Overall, in the High Main seam, the mean of the
three intake-sidc samples is 23,2 ©WL, of the two face samples
24,0 WL, and of the 22 return-side samples 27,2 mWHL, A
buildup of airborne rad10act1v1ty along the face is therefore
possible, but small compared with the day-to-day variability,
An alternative explanation for this result is discussed in

T.7.

Figure 5 shows the mean Wl-values for the various positions in
the colliory 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 WLwvalues in the two districts with reasonable
numbers of samples (183'and 3g) are both about 4 mWL, The air
at the bottom of the mine intake shaft is obviously rolatively
non-radioactive, The lower values in the Victoria scam |
relative to the High Main scam values might be due to»différent
geological conditions3‘or to tho shorter time the air had been
upderground, Tho distance given for tho bottom of the roturn
shaft is the avcerage of thoe distances through all the districts,
although a greater volumé probably flows through the shorter
pathways than through the longer, The w differences botween
difforent districts in tho High Main seam may bo real, but tho.

small number of samples prevents certainty,

7.5 The Radon Contribution

Generally speaking, all the above disduséion about variations'of
the total WL-values applles also to the radon component Hdwevelf,w
the mean percentage radon contrlbutlon 1n the High Main samples
(73) is substantially hlgher than in the Waterloo samples (5&%),
which itself is hlgher than the intake shaft bottom proportlon '
(53) and the surface value (mean of threec samples at Edinburgh
45%,)., Within tho High Main samples, the higher total WL values
usually have high radon percentage contributions, A'given .
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porcentage variability about the mean-in the radon compohent'l
would, of course, make a greater absolute contribution té changes
in total WL than the same percentage variability about the mean

in the thoron component, This is insufficicnt to explain the
betwocn-scam variations, however, which indicate that the uranium -
serics is moro variable in occurrence in this colliery than the

thorium secries,

7.6 Comparison with Kusnetz's Method and Duggon's Rosulté‘

As already mentioned, five samples wore taken at Linby usihg'
Kusnetz's method, discussced in section 3 above, Close agreément
with results by our method cannot be oxpected, mainly becaﬁsé,

in our expericnce, a large part of the cbunt in this period would
come from the thoroh;daughter component, which is not takeﬁ'into

account in Kusnetz's method,

The results arc shown in Table 4, It can be seen that;'except
for the rosults at the return shaft bottom, our results give

considerably higher values than those given by Kusnetz's mothod,

Table 4, Results from Kusnetz's method,

Location Measured activity - -
Return shaft bottom - 16,8 miL
Do 12,5
Intake shaft bottom 0.4
V1 return side 4,0
6,1

41s return side .

Comparison is also possible with the meaéurements of Duggdn -e_t- al,
(1968), whose "Mine A" was, in fact, Linby (M,J, Duggan;"perSOnall
commﬁnication), where they measured a range of radon ‘concentrations
of 5~ 12 pCi l"1 » We can calculate the range of radon worklng
levels this corrosponds ‘to if we assume values for the
disequilibrium rat;os b'and ¢, . For the b = 0,45, ¢ = 0,35 we
assumcd, these radon cbnpentrations correspond 0 17 - 55 MWL;
comparcd with our range (eicluding the intake shaft-bottom -
result) of 2'9," 26,4 WL, For Ayer's (1954) extreme values

of b = 0,15, ¢ = 0,06, Duggan's 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 ca.lculated WL.valueé ‘account for the details
of the observed decay can be seen from Figure 6, which shows the
five-minute totals that would be eipected for one particﬁla'r

sample from the WL-values calculated in the usual way, and “the
five~minute totals actually observed, This is not an entirely
independent cheok on .the theory, but confirms that there is |
unlikely to be any alﬁha.-emi’tter other than those considered

meking a significanf contribution to the count, The line shown

is for ¥ = 1,0, but the lines that assume ¥ - 0 and ¥ = 1.5 are not
significantly different from it,

7.7 Conclusions from Fiéld 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 redioactivity level may be about the

same in different workings of the same seam, but it would bé safer
until more data accumulates to regard each distriot as a unit,

As mentioned in section 5 above, a lower concentration of airborme
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 roturn 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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digcussed in 7,4 above, although the overall effect on results
gseems to be small, : ' i

Ono uncxpected result obtained was a quick mothod of calculating
LEE 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 'VT , in L, The maximum
departure of this crude result from the properly-calculated value
for any of the 36 shifts so far sampled at Linby and elsewhere,
including thosec on the surface, is 13, No such casy me thod
exists for the radon component alone, ’

8. PRACTICAL SAMPLING STRATEGY FOR THE WIDER SURV'EY

The field work has confirmed the practlcabll:.ty of the method, It
is possible to estimate reasonably accurately the shift-.oxposure to
airborne radioactivity of a worker by subsequent alpha.monitoring
of the shift respirable dust sample, using the procedure d.eséribed
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 concemed, the practical radicactivity
sampling strategy now being applied in the ten‘ collieries
regularly surveyed by the Pneumoconiosis Field Research infrolve‘s
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, 964 of the mean face
values so obtained should lie within 20¢% of the true mean, and

72% within 104, ItA 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 é;,t.
collieries where this occurs, If necessary, the method ca.n

be used with the dust samples taken during working in all '
collieries by the NCB, However, from . the survey of the tenA'PFvR
collieries a plotura will be built up of the radioactivity

exposure of a sample of British coalminers,
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Figure 1, The decay of radon, Types 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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" Sampling-time Correction Factor k.

TABLE 2,

The volume sampled (litres) is followed by the

corresponding value of k,
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TABLE 2 (continued)
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TABLE 2 (continued)
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TABLE 2 (concluded)
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TARLE 3,

The Wl-values given are those for ¥ - 1,0, with the differences

The results at Linby,

from the values for ¥ = O in brackets (for sign, see text),

|
: ' WL
Total or| Barometric) Volune ;Dust W W | WLopgt —R
Seam District| Date [Poeitien Respirab pressure| sznpled |weight R 0 100 x Mot
- (ub) (0 1 (ng) | (ub) (WA) | (md) |
High Main | 18s | 22 No 4 R 017 ® | 109 | 6.6 | 17.8(0.9) 7.220.1'). 25.0$0 ) T
9o f R 1016y, | 108 |13.3 | 23.2(0.9)) 7.2(0.4) | 30.4(0.5 77
50c] r R o129 1 1062 | &5 | 21.2(1.1)] 8.6(0.5) | 29.8(0.6) L
8Mayl 1 014y, | 10t8 ;154 | 18.7(1.0)] 7.9(0.5) | 26.7(0.5 0
9Mayl r T 1010 1062 118.5 | 20.9(0.9)f 7.1(0.4) | 28.0(0.5 75
10 Mayl 1 0124 | 1068 1146 | 25.5(1.0) 7.6(0.5) { 33.0(0.5 7
1Myl o T 0ihy, | 1061 |16.9 | 25.4(1.1)] 8.5(0.5) | 31.0(0.6 7
0Jdy 1 1024 1061 | 13.7 | 15.4(0.9){ 7.5(0.5) | 22.9(0.5 67
iyl r T 1024 1025 | 14.8 | 16.2(0.8)] 6.1(0.4) | 22.3(0.4 B
16 Mgl r R 1025 1080 | 6.6 | 19.0(0,9)} 7.2(0.4) ! 26,2(0.6 B
18 Ayl r R 10224 101 | 5.2 1 25.4(0.8)1 6.3(0.4) | 31.7(0.4 )
3 | 8Nvl 1 R 1025 1069 | 4.3} 9.1(1.1) 8.7(0.5) | 17.7(0.6 51
15 Nov] R 1020 1102 | 6.0 | 9.8(1,0) 7.8(0,5) | 17.6(0,5 5
IMayl T 1018 1047 | 6.2 | 18.2(1.1)] 9.0(0.6) | 27.3(0.6 67
LMayl T 1018 1085 | 6.9 | 18.3(0.9)} 7.5(0.5) | 25.8{0.5 Tl
15 Myl r T 1024 1159 {175 | 18.4{0.9)} 7.8(0.5) | 26.1{(0.5 il
Asept] r T 1025 177 |4 j 12,5(0,9)] 8.4(0,5) | 25.9(6.4 68
16s | 1May| r R 1004 138 1109 | 16.3(0.8)f 6.6(0.4) | 22.9(0.4 n
%A CRO| 1028y | 1004 § 0.9 | 13.5(0.7)f 5.5(0.3)] 19.0(0.4 7
2% ol p R 1023 1081 | 2.2 | 25.4(0.6)] 4.6(0.3) | 30.0(0. 68
s | VA R 1016 1129 | 8.9 | 28.4{0.6 1..7}0.3; 33.1&0.3; 86
%p T 1028 176 | 169 | 21,0(1.3){11.1(0,7) ; 32.1{0.6 65
Ws | 250ctf 1 R 1015 1066 | 3.8 | 15.3 1.1.3 1.5 0.7; 26,9$0.7 57
19Spq 1 1023 1284 | 16.6 | 17.5(0.9)1 8.4{0.4) | 25.9(0.4 68
25s | 1904 r R | 103ty | 108 |15 | 12.8(0.8)] 6.6(0.4) | 19.4(0.8) 66
mgs 5May} r T | 1om 1095 | 16.6 | 22.7(0.9)1 7.2(0.4) | 25.8(0.5) 7
Waterloo | V1 | 17aug 1 R 1016 o2 | &7 | 2.900.3)] 2.5(0.2) | 5.4(0.2 55
270ct] f R 9% 1114 | &4 | 8.2(0.6)] 5.1(0.3) | 13.2{0.3 62
260t r R 1009 103 4.4 | 8.(0.8)] 6.7(0.4) | 1.8(0. L
Shaft N
Botton 10ctf 1 R L o100 | 1073 | 03| 2.00.2)! 1.90.1)] 3.801) 51
INov| r SR 100hy 11005 | 0.6 9.4(1.0)] 8.0(0.5) | 17.3(0.5) 54
f !
{ ¢ . ,!
Abbreviations {1 - intake p - rising
f = face 4{ - falling
r return .

o

m

(s

PP
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