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ABS TRACT 

Radiological cha rac t e r i s t i c s  of the  envirofiments of nine represeritative 

uranium mines were  s tud ied  by survey teams equipped to co l l ec t  and 

ana lyze  samples  underground 

concentrat ion , working l e v e l ,  and radon daughter ra t io  were  inves t i -  

ga ted  for three tG four d a y s  in  e a c h  mine by obtaining consecu t ive  

measurements  a t  typ ica l  loca t ions  and opera t ions  

ments  included gamma radiat ion , ore d u s t  concent ra t ion ,  temperature 

re la t ive  humidity,  barometric p re s su re ,  and vent i la t ion ra te  Data  a r e  

summarized and d i s c u s s e d  in  the  t e x t ,  and de ta i led  in  three append ices ,  

Spa t ia l  and  temporal var ia t ions  of rador  

Additional measur e- 
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I .  lNTROD UCTl ON 

An inves t iga t ion  of the radiological  cha rac t e r i s t i c s  of uranium mine atmos- 
pheres  w a s  conducted in  t h e  f a l l  and winter  of 1967-68 by the  Heal th  and 
Safety Laboratory (HASL) a ided  mater ia l ly  by the  AEC's Grand Junction O f f i c e  
and  U . S Bureau of Mines '  Denver office Comprehensive measurements  of 
radon and radon daughters  were  made in  n ine  uranium mines for severa l  d3k.s 
e a c h  by teams equipped to collect and ana lyze  air s amples  underground 
Data  reduction and a few de layed  sample  analyses for long-lived radio- 
ac t iv i ty  were  performed at HASL. The mines were s e l e c t e d  by the  U , S .  
Bureau of Mines  to represent  a cross sec t ion  of the  industry with respec t  4 0  

size , geology and geographic  loca t ion  

The inves t iga t ion  w a s  performed to provide a de ta i led  descr ip t ion  of current 
uranium mine a tmospheres .  In 1957,  t h e  U.S. Public Heal th  Serv ice  repor ted  
very ex tens ive ly  on  mine a tmospheres  in  its we l l  known Handbook #4941') 
but  important industry-wide changes  have  occurred s i n c e  brought about 
mainly by markedly inc reased  vent i la t ion for t he  reduction of radon daljghter 
concent ra t ions  and by improved mining technology The need  for current 
information w a s  highlighted i n  1967 by the  congress iona l  hear ings  on t h e  
radiat ion exposhre  of uranium min.er s(2) and by Federal  Radiation Counci l  
Report # 8 ( 3 )  t ha t  recommended ". . * .  .a more p rec i se  def ini t ion of t h e  c o m ~ c -  
s i t i on  of mine a tmospheres  I' 

This report  is primarily descr ip t ive  
sen ted  i n  a p p e n d i c e s ,  but  da t a  summaries a r e  given i n  the  body of t h e  report  
a long with appropriate  comment .  The da ta  include: concent ra t ions  of radon 
gas ,  radon daughters  (working l eve l s )  I and ore  dus t ;  radon daughter ratjo; 
vent i la t ion ra te  I temperature , humidity,  and  barometric pressure ;  e s t l m a t e s  
of measurement  error.  It is an t ic ipa ted  tha t  t he  information presented  may 
b e  use fu l  for a var ie ty  of purposes  such  as  spec i fy ing  performance for mon i -  
toring instrumentat ion e s t ab l i sh ing  o p t i m u m  s a m p l i n g  protocols  and pre- 
d ic t ing  effects of control measures 

Virtually all measurements  a re  pre- 

FlELD INVESTIGATSOE 

A .  Scope  

A factor  s t r e s s e d  repeatedly a t  the  1967 congress iona l  hear ings(2)  w a s  the  
extreme var ia t ion of atmospheric  Charac te r i s t ics  within a mine ,  and among 
mines. This investigation could not cover fully the  implied spread  of con- 
d i t i o n s ,  but  it  w a s  des igned  to acqui re  the  m o s t  u se fu l  information within 
ava i l ab le  man-power and instrumentation 
var iabi l i ty  w a s  a n  important ob jec t ive  i n  the  adopted s c o p e .  

Observat ion of atmospheric  
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Original ly  six Colorado mines of var ied nature  were selected by t h e  U ,S .  
Bureau of M i n e s ,  t h i s  nlimber being cons idered  the  minimum for representa-  
t i v e n e s s  The  number w a s  l a t e r  r a i sed  to n ine  b e c a u s e  1) measurements  cf 
radon concentrat ion at  the first  three mines  were  found t 0  b e  inval id  and  21 
consu l t an t s  adv i sed  tha t  New Mexican  mines  should b e  represented b e c a u s e  
of the i r  growing dominance i n  total  o re  production. The three mines  s e l e c t e d  
nea r  Gran t s ,  New Mexico are larger and  represent  newer technology than  the  
f i r s t  six mines 

Radiological measurements  were  performed for three  to four d a y s  a t  e a c h  
mine by th ree ,  two-man uni t s  which sampled and measured independent ly  i n  
different l oca t ions  wi th i r  a mine. A unit  usua l ly  remained i n  a given locatfon 
for one  or m o r e  d a y s  
member to obta in  da i ly  measurements  of vent i la t ion , temperature I humidity 
and barometric p re s su re  i n  loca t ions  occupied  by the  sampling un i t s ,  This  
d i spos i t ion  of the  team, yielding very comprehensive da t a  from a few loca- 
t i o n s ,  w a s  chosen  rather  than covering more loca t ions  i n  less de ta i l .  The 
c h o s e n  arrangement provided data for making accurate estimates of the 
means  and va r i ances  of all rad ioac t ive  cons t j+vents  of in t e re s t .  

Tke U , S  Bureau of Mines  provided a n  addi t ional  team 

Locat ions s e l e c t e d  for measurement  were  usua l ly  i p  opera t iona l  a r e a s  The 
two-man sampling unj t s  en tered  the  m j E e  with the  day  sh i f t  miners and pro- 
ceeded  to the i r  r e spec t ive  sampling loca t ions  where they  performed measure-  
ments  until  the  end  of the  sh i f t .  The t e a m  members became moxe adep t  at  
se t t ing  up equipment and maintaining a sampling xhyrhm with p rac t i ce ,  t h u s  
d a t a  a r e  more ex tens ive  for the  mines  covered l a t e r  In the  inves t iga t ion .  

B o  Uranium Mines  

For geographic  representa t ion ,  tbree mines  each were  s e l e c t e d  in  Beaver 
M e s a ,  Colorado,  i n  the  Uravan Belt ,  Colorado,  and i n  the  Ambrosia Lake 
d i s t r i c t  of New Mexico .  Average ore  a s s a y s  were  fairly uniform being in 
t he  range 0 2 - 0 370 in  all mines  The mines  were  chosen  to r ep resen t  a 
range of genera l  features a s  descr ibed  i n  Table 1. 
the  var ie ty  of fea tures  coyered but  i s  not m e a n t  to imply t h a t  any  af the 
fea tures  necessa r i ly  inf luence  the  cha rac t e r i s t i c s  of rad ioac t ive  air  
contaminanis  

This l i s t i ng  demonst ra tes  

A l l  of the  mines  were  vent i la ted  mechanical ly  with main f a n s  s i t ua t ed  a t  
sha f t s  and  in  most, s m a l l  boos te r  fans connec ted  to  short ,  f lexible  d u c t s  
were  deployed underground to d i r ec t  a i r  to spec i f i c  loca t icns* .  
s t i tu ted  the  pr inciple  condusts  for vent i la t ing  a i r .  

Drifts con- 

*The boos ter  f ans  and d u c t s  were  moved a s  n e c e s s a r y  to keep  up with exca -  
vat ion and shif t ing points  of operat ion 

- 2 -  



TABLE I 

URANIUM MINE FEATURES 

Approx . Rate of Type of Aver.# 
Depth No.  of Ore Prod. Motive Temp. 

160 2 150 

Power* OF f t  Miners tons/mo. 

pneumatic 51 

Aver. Re1 .# 
Humidity 

70 
82 

Date Location and 
of Geologic 

Mine Survey Formation 

A 9/67 Beaver Mesa ,  
Colorado 
Morrison 

B 1 

Ventilation 
Total Rate 

c f m  

downcast  5.600 

Condition 
of Surfaces 

dry,  dusty 

170 20 2500 e lec t r ic ,  52  
pnwmat ic  

95  dripping, downcast-  
pools of upcas t ,  
water 

scat tered upcast  
pools of water ,  
otherwise dry 

dry downcast ,  

aux.fans** 

aux. fans- 

50,000 

C 6 50 

800 

11 

12 

1600 pneumatic 51 96 78., 000 

I D 
w 
I 

E 

11/67 Uravan Belt, 
Colorado 
Morrison 

300 - 600 6 

1100 Diese l  55 73 47,000 
3 

36,000 

85,000 

00,000 

87,000 

03 ,000  

380 e lec t r ic  49 80 dry downcast ,  
aux.  fans** 

downcast ,  
aux.fans** 

F 200 - 500 112 5800 e lec t r ic ,  57 87 wet 
e lec t r ic  
battery 

8000 Diese l  64  8 3  dry 6 1/68 Ambrosia Lake, 750 30 upcast  
New Mextco,  
mi Uplift. 

540 27 H 11,000 electric, 42 62  dry 

8800 e lec t r ic ,  59 90 dry 

Diese l  

e lec t r ic  
battery 

#During period of survey. 
**Booster Fans underground. 

downcast ,  
aux. fans** 

downcast ,  
aux.  fans** 

I 5 50 87 

*For slushing and mucking. In a l l  mines,  drilling 
w a s  pneumatic and ore t ra ins  were battery-operated. 



Because measurements  were  obta ined  in  re la t ive ly  few loca t ions  ( U P  to 
seven)  i n  e a c h  mine,  r ega rd le s s  of size, it is ev ident  t ha t  the  larger  mines 
were  not covered completely.  However ,  t he  s e l e c t e d  locations weIe i n  
a c t i v e  a r e a s  and  typ i f ied ,  as  much as  p o s s i b l e ,  different funct ions and  
opera t ions  (station , drif t ,  s tope ;  dr i l l ing , mucking, loading,  t imbering, 
t rack laying) 

C. Methods  

The basic monitoring unit w a s  a two-man team equipped to co l l ec t  s amples  of 
radon g a s  concentratior. ,  radon daughter  concentrat ion and ra t io ,  and  ore  d u s t  
concentrat ion and to measure  ex terna l  g a m m a  rad ia t ion ,  Radon gas  and daugb-. 
t e r  s amples  were alpha-counted immediately at. the  sampling location; ore  
d u s t  s amples  were  ana lyzed  l a t e r  a t  HASL. 
paired radon daughter  s amples  were  co l l ec t ed  s imultaneously and a lpha-  
counted  

Normally, paired radon gas and 

In  e a c h  locat ion s e l e c t e d  for monitoring , a reference s ta t ion  w a s  e s t ab l i shed  
where  a pair  of radon g a s  and radon daughter  s amples  w a s  co l l ec t ed  a t  half-  
hour in te rva ls  throughout the  d a y .  With e a c h  pair  of reference samples  * a 
second  pair  w a s  co l l ec t ed  s imultaneously e i the r  a t  t he  reference s t a t Jon  or 
at d i s t a n c e s  from t e n s  to hundreds of feet away.  By th i s  arrangement ,  va f i a -  
t ion w a s  examined as  a function of t i m e  and  of d i s t a n c e ,  whi le  reproduci- 
bi l i ty  w a s  determined from the  dup l i ca t e s  
be ing  made ,  a record w a s  maintained of all mining activities i n  t h e  a r e a ,  

While  t h e s e  measurements  were 

Genera l ly ,  i n  e a c h  monitoring loca t ion ,  a few samples  of airborne ore dus t  
were  co l lec ted  over  per iods of seve ra l  hours  and  s p o t  measurements  were 
obta ined  of ex terna l  gamma radiat ion Temperature, humidity barometric 
p re s su re  I and vent i la t ion  ra te  were  measured d a i l y ,  

In m o s t  i n s t a n c e s ,  monitoring uni t s  remained i n  the  same loca t ion  for iwo OK 

more d a y s  repeat ing the  same s e r i e s  of measurements  each d a y o  

Radon gas  concentrat ion w a s  measured by the  "two-filter method8IC4) 
sampled a t  10 l/min for ten  minutes  through a metal cylinder having a h i g h  
e f f ic iency  f i l t e r  at e a c h  end .  A t  t he  end  of the  sampling per iod,  radium-A, 
decayed  from radon in  the  cy l inder  and co l l ec t ed  on  t h e  downstream f l l t e r ,  
w a s  immediately measured i n  a n  a lpha  sc in t i l l a t ion  counter ,  Radon uas  con-- 
cent ta t ion  w a s  l a t e r  ca l cu la t ed  bv an equat ion  involving sample  flow rate 
and  per iod,  cyl inder  volume, a lpha  count ,  and  counting t ime. 

A i r  w a s  

- 4 -  
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Radon dauqhters  were  co l l ec t ed  on high ef f ic iency  glass fiber f i l t e rs  through 
which a i r  w a s  drawn a t  10 l/min for ten  minutes .  After co l l ec t ion ,  t he  filters 
were  a lpha  counted for 30 minutes  in  a scinti l l .at ion de tec to r  connec ted  tcl a 
strip-chart  recorder .  
t i m e ,  the  individual  concent ra t ions  of r a d i u m 4 ,  radi um-B, and  radium-C 
were  ca l cu la t ed  by the  Tsivoglou method(5) and  the  worki rg  l eve l  (WL) w a s  
ca l cu la t ed  

From the  r e su l t an t  t r ace  of a lpha  count  ra te  ve r sus  

Ore d u s t  w a s  co l l ec t ed  on a high ef f ic iency  g l a s s  f iber  f i l t e r  paper  for a period 
of seve ra l  hours a t  20 - 25 l/min. 
a lpha  ac t iv i ty  on sc in t i l l a t ion  counters  a t  HASL e 

The f i l t e rs  were  l a t e r  ana lyzed  for total 

Gamma i n t e n s i t i e s  were  measured with Geiger-Mueller  survey ins t ruments  

111. RESULTS 

Detai led r e su l t s  a r e  given i n  t h e  append ices .  Appendix A consists of graphi- 
c a l  p resenta t ions  of radon concentrat ion and WL a g a i n s t  time for e a c h  sarnplirg 
locat ion The graphs contain nota t ions  regarding mining a c t i v i t i e s ,  vent i la-  
t i on ,  temperature ,  humidity,  and barometric p re s su re .  Each graph is pre ~ 

ceded  by a diagram of t h e  loca t ion  with per t inent  information regardjng local 
f ea tu res .  
t he  diagrams and  g raphs .  

The first  f o u r  p a g e s  of Appendlx A expla in  the  symbols  tha t  appear  on 

Appendix B is a t ab le  of da i ly  average  radon daughter  r a t i o s .  
given re la t ive  to radium-A for all l oca t ions  a n d  also re la t ive  to radon for 
the  mines where radon measurements  were  cons idered  to be  va l id .  

The ra t ios  are 

Appendix C is a t ab le  of ore d u s t  concent ra t ions .  

This sec t ion  of the  text summarizes  the  r e su l t s  according to magn i tudes ,  
measurement  errors 
Sect ion I11 .A summarizes  t h e  magnitude of t h e  radon concent ra t ions  I work jng 
l e v e l s ,  working l e v e l  ra t ios  radon daughter ratios, ore d u s t  concentrat icms,  
and  gamma radiat ion l e v e l s .  Sect ion II1.B p resen t s  a n  a n a l y s i s  of t h e  eriors 
a s s o c i a t e d  with the  radiologic  measurements  
present  information about  the  degree  of var iabi l i ty  of radiologic  cons t i t uen t s  
i n  mine air I principally I temporal and  spa t i a l  var iabi l i ty  

var ia t ions  with t i m e  and var ia t ions  with d i s t a n c e  

Sec t ions  1II.C through F 
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A .  Maqnitudes 

1 e Radon G a s  and  Radon Dauqhter Concent ra t ions  (WLs) 

Individual  va lues  of radon gas concent ra t ions  were  i n  the  range of 4 - 7000 
pCi/l 

Following surveys  performed i n  the  f i r s t  th ree  mines ,  abnormali t ies  were 
observed  in  the  radon g a s  d a t a  which were eventua l ly  t raced  to operat ional  
d i f f icu l t ies  with the  two-fil ter method and the  da t a  were  r e j ec t ed ,  These 
d i f f icu l t ies  were  remedied prior to subsequen t  s u r v e y s ,  
Fig. 1 show the  frequency dis t r ibut ion of da i ly  average  concent ra t ions  for a 
to t a l  of 54 locat ion-days in  six mines ,  The m o s t  frequent (3370) concentra-  
t ion in te rva l  w a s  250 - 500 pCi/l .  Although not shown i n  the  f igure,  less 
than  47" of observed  concent ra t ions  were  in  the  range of 0 - 100 pCi/l,  

The radon da ta  in  

Table I1 l i s t s  the  da i ly  average  radon concent ra t ions  by mine and  loeat ion-  
d a y  

Individual va lues  of working l eve l  (WL) were  in  the  range f rom 0 .01  - 7,2, 
Average WL's  by mine locat ion and d a y  a r e  given i n  Table 11, 
d o  not necessa r i ly  re f lec t  cver -a l l  mine condi t ions  b e c a u s e  of the  l imited 
number of sampling loca t ions  e 

These va lues  

The frequency dis t r ibut ion of da i ly  average  radon daughter  concent ra t ions  
expres sed  as  WL's is  shown in  Fig. 2 for 84 locat ion-days in  nine uranium 
mines .  
About 2070 exceeded  3 WL and somewhat  more than 37'0 exceeded  5 WL.. 

The m o s t  frequent concentrat ion interval  (337'0) w a s  1 - 2 WL. 

The d is t r ibu t ions  of radon gas and radon daughter  concent ra t ions  are given 
sepa ra t e ly  for s t o p e s  and dr i f ts  i n  Fig. 3 .  
t e r s  i n  s t o p e s  and dr i f ts  and of radon g a s  in  dr i f ts  a r e  vir tual ly  ind is t in-  
gu ishable  but con t r a s t  no t iceably  with the  dis t r ibut ion of radon gas i n  
s t o p e s  A poss ib l e  explanat ion for the  cont ras t ing  dis t r ibut ion r e l a t e s  to 
working l eve l  r a t i o s ,  the  sub jec t  covered in  the  next  s ec t ion .  

The d is t r ibu t ions  of radon daugh-  

2 .  Working Level Ratios 

Working l eve l  ra t io  is a convenient  if approximate unit exp res s ing  t h e  degree  
of equilibrium be tween g a s  and its daughters .  I t  is szmply 100 times the  
WL divided by the  radon concentrat ion i n  pCi/l ,  i . e ,  a t  equilibrium the  
ratio is un i ty .  
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Fig. 2 - Distributlon of Daily Average Worklng Levels.  



TABLE 11 

DAILY AVERAGE RADON C O N C E N T R A T I O N  I RADON DAUGHTER 
CONCENTKAT!ONS, A N D  WORKING LEVEL RATIO 

. A v e r a q e  for each Dav - _- 
Rn Daughters  I 

WL 
Rn , 

WL Ratio ~ - _  Mine Locaticm - P Q L  

A 1 s tope fan station 

B 

C 

2 stope 

3 h a u l a g e  drjft 

1 drift confluence 

2 s tope 

3 s tope 

1 stope 

2 s tope 

3 drift confluence 

2 - 8  
0 "94  
0 " 6 7  

4 " 5  
2 "  1 
1 " 4  

4 , 5  
2-4 
1.9 

I .I 
i -0 
l " i  

L e  1 
L " 4  
2 "  I 

2 ,  I 
L,3  
2 ,  I 

5,5 
5 " 0  

4"7 
3 " 8  

3.8 
3 , 8  
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TABLE I1 (cont 'd )  

- Average for e a c h  Day 

pCi/L WL WL Rat lo  
Rn : Rn Daughters ,  

Mine Location 

D 1 haulage  drift  

2 dead  end drift  

410 0.69 0.17  

190 
380 
3 30 

0,661 
1 - 0  
1 " l  

0,34 
0.27 
0 . 3 5  

3 haulage  drift  1 .1  
1 .o 

420 
410 
360 

0.41 
0.78  
0.60 

0"10 
0,19 
0 , 1 7  

4 s tope  

E 1. dead  end drift  

2 haulage  dr i f t  

5 50 
46 0 

1000 

1.6 
1 0 3  
3.1 

0,25 
0 , 2 7  
0 ,  31 

i .2 
l"2 
2.0 

2 30 
180 
270 

0 36 
0,45 
0 " 6 7  

0 . 1 6  

0,625 
0,25 

3 dead  end drift  

4 30 1.4 
2.1 

0 , 3 2  F 1 s tope  

2 s tope  

3 s tope  

4 s tope  

490 1 - 3  
1.1  

0 , ~ 6  

360 
360 

2"O 
2,4 

0 .56  
0 . 6 5  

3 40 1 .7  0 . 5 2  
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TABLE I1 (cont 'd)  

Averaqe for each Day 
Rn I Rn Daughters  

Location EG/L WL WL Ratio 

5 drift  87  
110 

O " 2 L  
0 . 2 7  

0 . 2 5  
0,25 

6 s tope  2 20 
180 

0.4h 
0 .42  

0 ' 2 1  
0 , 2 3  

7 drift  5 40 1 . 3  0,24  

1 drift 40 0 
420 
380 

0 " 8 2  
1 , 1  
1 .O 

0 0 LO 
0 , 2 6  
0,26 

0 . 2 3  
0 , 2 4  
0,23  

2 dr i f t ,  nea r  heading 1300 
1800 
1600 

3 , 1  
4,3 
3 5 

3 deadend heading I 9 0 0  
2 300 

4 .O 
5 , l  

O,L! 
0 , 2 2  

4 heading ,  off cross-cut 680 1 " 7  0 , 2 5  

1 cross-cu t  3 30 
370 

0 , 2 6  
0 , 4 3  

0 . 0 8  
0"12 

2 c ross -cu t  8 30 
1000 

1 .o 
l a [  

0 , 1 3  
0 , 1 1  

3 c ross -cu t  780 
8 20 

1100 

1.4 
1.4 
L o  1 

4 cross-cu t  7 70 
9 LO 

l o 3  
J " 5  

0"17 
0,17  

5 drift  8 70 L o  1 0 , 2 5  

0 ,  I4 
0 , 1 6  

6 s tope  960 
670 

1 .4  
1 , 1  
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TABLE I1 (corit 'd) 

Average for e a c h  Day - 
Rn d Rn Daughters ,  

Mine  Location pCi/l WL WL Rat& 

I 1 dr i f t  

2 dr i f t  

8 4  
190 

160 

3 deadend heading 670 
6 40 
900 

4 cross-cut 1100 
1000 
1400 

- 11 - 

0 , 1 9  0 ,23  
0 , 2 3  0,10 

0 , 2 6  0 , 1 ?  

2.2 0 , 3 3  
2 , 3  0 , 3 7  
2 , 7  0 , 3 1  

3 .2  
3 , O  
3 , 8  

0,28 
0 , 2 9  
0 , 2 6  
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The frequency distribution of daily average WI,R for 5 3  location-days 1s 

shown in Fig, 4 ,  T h e  rather Parrow d i s t r i b u t i c ) n  with 9 2 7 ~  i n  +he  interval 
from 0 I 1 - 0 , 4 ,  is an argtlment for those who prefer to measu re  radon gas 
rather than radon daughters for either engineer~ng c o ~ t r o l  or personnel 
monitoring 

This possibii i ty may be examined more rigorcusiy i n  s ta t is t ical  t e r m s .  
The apparent log-normality of the freqljency distr!b,ition ir, F ig  
firmed by t h e  cumulative freqliency plot of The same data i r i  F i q .  5 .  
composite distribution for the s i x  mines has  a ~ ~ e o m e t r i c  mean of 0 2 3  WLR 
and a geometric standard deviation of 1.6, 
adopted to convert radon conceptration T O  WL. 6 8 %  cf the est imates  would 
fall between 6 0 %  and 16070 of the vdlue of WL determined by a direcr method, 
However, note that the mean WLR's at indiv;duaI mines differ from t h e  corn- 
posite mean and that t h e  individual standard dc~viations at  m c s t  of the m i n e s  
are l e s s  than that of t h e  cc,mposite d i s t r i b u r ~ ~ n  TherPfore improvempnr 
i n  both accuracy and precisicn might be ach:eved by sett ing a value of WLF 
for each mine based on local measurements- 

4 I S  con 
The 

i f  a W L R  of 0 - 2 3  were T h i s  

T h e  distributions of WLR's are shown sepdrately for sropes and drifts in 
Fig, 6 ,  Although relatively few values  of WLR greater than 0 " 4  were found 
i n  this investigation 
20% of the values  i n  s topes ,  
patterns previously showr! i n  F i q ,  3 ,  T h a i  is s topes crenera l ly  have a 
higher WLR than drifts and ,  consequently,  a bigher WL fer a given radcr 
concentration, Therefore, the WL distriburion i n  s topes a r d  drifts i s  c:,m- 
parable despi te  the lower iador, ccnceritration in s topes 

t h e y  all occurred i n  s topes and accounted for nearly 
T h i s  miqht p a r ~ i a l l y  explain t h e  distriburion 

An additional character is t ic  of WLR*s shown i n  Fiq- 7 i s  the tendency to 
higher values  a t  higher wcrking levels  

3 Radon Dauqbter R a t i o ?  

T h e  extreme daily average ratios were 0,98 : 0 . 7 3  : 0'49 0 and 0 , 2 7  
0 , 0 4  (RaA/Rn : RaB/Rn : RaC/Rn) for the s i x  u r d n i u m  m i n e s  i n  whlch measore- 
ments of both radon and rddon dauqhters were c.ibta,r,ed. 
ratio i n  the six mines w a s  0 5 3  ~ 0 2 7  : 0 16 T h e  d : s t r lb~~ t ion  o f  da:l/ 
average radon daughter ratios is  given i n  F l u ,  8 ,  
for equal intervals of RaB/Rn ratJo, 

0 - 0 9  : 

The most freqk:en' 

This dlstribution : s  plotted 

Few of the ratios can  be accounted for by simple processes  of radon daclyhrer 
development, 
cept ion.  

To  i l l~ is r ra te  This pc'int i t  is c o n v e ~ i e n t  first to note an ex- 
i l l u s t rd~ed  The highest daily average ratio of 0 , 98  < 0 "  7 3  - 0 "49  

- 13 - 
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Working Level Ratio 

Fig. 4 - Frequency Dis t r ibu t ion  of Daily Average W o r k i n g  Level Ratios 
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0 9- Mean Geometric I 
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6- 
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Fig. 5 - Cumulative Frequency Distribution of Working Level Ratios, 
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Note: Values connec ted  by d a s h e d  l ined comprise  groups of 
r a t io s  having f requencies  ind ica ted  by ver t ica l  l i nes ;  
cross ba r s  a r e  s tandard  dev ia t j cns  of the  r a f io s ,  

Fig,  8 - Frequency Distribution of Daily Averaye Rador, Daughter 
Ratios f o r  54 Location-Days 
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in  Fig,  9 by the  right-hand dashed l i n e ,  approximates t h a t o f a  parcel of air con- 
taining radon that  h a s  aged for 60 minutes,  Th i s  I S  indicated by l ine 81 o n  t h e  
figure. In cont ras t ,  the  m o s t  frequent radon daughter ra t io ,  0 , 5 3  : 0 , 2 7  0 , 1 6 ,  
depicted by the left-hand dashed l ine ,  is incomparible with simple arowth pro- 
cesses ,  Radon with a n  age of about three minutes would Plave the apprc'Fridte 
RaA/Rn ratio of 0 L1 5 but t h e  correspondrnq ratios of RaB/Rn ard RaC/Rn WOlJld 
be 0 - 0 2  and -0.001 I a s  indicated by 1ir.e 2 on F i q 0  9 ,  Similarly for a mine 
chamber with constant radon emanation into which clear air is being i n t r o -  
duced to give one a i r  change every five m i n u t e s ,  the RaA/Rr  ratio would  be 
0 . 5  ~ B u t  again it may be noted bv r e f e r r i ~ q  to lint, 3 t b 3 '  the  Ra3/Rr. a r d  
RaC/Rn rat ios  a re  much too low. Therefore, i~ is evident that  m o r e  complex 
mechanisms are  involved. For example,  the ratio in question 0 , 5 3  : 0 , 2 7  : 
0 1 6 ,  could be matched by the m i x t u r e  of two a i r  s t r e a m s  having identic-a: g a s  
concentrations but originating, respectively,  from a mine volume ventilated 
with clean a i r  a t  0 . 0 2  min-l and one at 0 5 m1n-l 
l ine 4 on Fig, 9 .  A combination of systematic loss  cf radon daughters to s u r -  
faces by turbulent diffusion and t h e  v e n t ~ l a t i o n  effect wo3:ld a l s o  accciunt f o r  
a ratio l ike t h i s ,  Typically, air in  a u r a n ~ u m  mine will har7e a complex ccin- 
tamination history a t  virtually every locatjon I 

T h i s  ratio is shown by 

A definite inference m a y  be drawn f r o m  these ratto:; cor,cerning t h e  effect:ve 
a g e  of radon daughters in mine atrnospheles T h e  RaC/Rn value of 0 LI J h asso- 
ciated with t h e  most frequently observed dauqhter fa t ic )  implies a rninim!irn 
growth period of 30 minbtes s ince  RaC achieves i t ) %  of eqiu1tbriuK i n  abr\rJr 
30 minutes Allowing for the cor;tinuous addition (.if radon that wu ild CccIir 
a s  ventilating a i r  moves t h r o u g h  emanating a reas  
to achieve a RaC/Rn ratio of 0 16 I S  about 50 minutes 
of RaC/Rn observed with appreciable freyuer;cy , N O  .Oh 
growth periods a re  about 1 5  m i n u r e s  a r d  30 m i n x t t l s  
the  minimum growth per iods a re  aboclt 50 m i n u t e s  and 90 m i n u t ~ s  f o r  RaC/Kn 
values  of 0 , 3 5  and higher which were observed with a freq\,ency caf ahou'  5 % -  

+ h e  minLmum growth  pericd 
F o r  t b e  lowest val1ie 
The cor!esFcndrr!a 

At the o t h e r  exrreme 

If losses of radon daughters f rom t h e  air are  hypothysized for t h e  reason m e n -  
tioned previously, a l l  of these qrowth periods would be ccr res~nndi r .q ly  10r .g~r  ' 
In any c a s e ,  i t  is evident that  some contaminated dir remains j r i  t h e  m i r e s  for 
long periods of t i m e  before being discharged to the sur face ,  
by way of gradual leakage into mdjn a i r  streams frc-trn poorly venrilated areas ,  

T b i s  may cccur 

Radon daughter ra t ios  normalized to radium A were obtained frcim all n J r P  
mines.  
manner similar to  Fig 8 
0 . 4 2  (RaB/RaA : RaC/RaA) 
0 . 1 1 -  

The frequency distributions of these ratios a re  shown  in Fig, 10 in a 
The mosr frequent daily averaqe ratio w a s  0 - 6 4  : 

T h e  extreme ratios were 0 , 9 b  : 0 "84  and 0 2 5  
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Fig. 9 - Radon Daughter Ratios f rom Uranium M i n e s  Compared w1t.h Ratios 
Resulting f r o m  Growth Models 
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Ratios (Normalized to RaA) for 8 2  Locat ion-Days ~ 
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Figure 11 p resen t s  the  da t a  in  another  form tha t  f ac i l i t a t e s  comparison with 
radon daughter  growth models  
e a c h  mine a re  plotted a s  RaB/RaA v s  RaC/RaA. 
sonably  near  to a l ine  represent ing t h e  ra t ios  expec ted  i n  a vent i la ted volume 
in  which radon is emanating a t  a cons t an t  r a t e ,  The rate of vent i la t ion ,  i n  
terms of a i r  changes  per  h o u r ,  is ind ica ted  at seve ra l  points  a lonq the  l i n e ,  
The compatibil i ty of t h e s e  ra t ios  with a s imple growth model tends  to indi-  
cate tha t  radon daughter  l o s s e s  expla in  t h e  behavjor  of t h e  previously d i s -  
c u s s e d  ra t ios  (normalized to radon) 

The average  r a t io s  for the  seve ra l  loca t ions  i n  
These va lues  c lus t e r  rea-  

In gene ra l ,  it wi l l  be  noted that ratios i n  a g iven  m i c e  vary only over  a 
l imited range al though t h i s  may re f lec t  the  arbitrary choice  of sampling loca- 
t ion i n  e a c h  mine. In te res t ing ly ,  Mines  G ,  H ,  and I ,  all i n  the  Grants  a r e a ,  
a r e  represented  by genera l ly  low ratios. I t  might also be  noted that Mine C 
had the  h ighes t  r a t io s  and the  highest  average  WL of all  the  m i n e s ,  How- 
e v e r ,  Mine F also had high ratios but  had the  lowest average  mu 

The radon daughter  ra t ios  tend to i n c r e a s e  a t  high concent ra t ions  of radon 
daughters  j u s t  as w a s  the  case for WLRs. The da ta  are shown in  Fig,  1 2 ,  

4. Ore Dus t  Concent ra t ions  

From 8 to 19 ore  d u s t  (air) s amples  were co l l ec t ed  i n  e a c h  mine by sampling 
for one  to three hours .  
a lpha  ac t iv i ty ,  are summarized in  Table Ill Ccncent ra t ions  were qui te  
var iab le  but not par t icular ly  high.  
i n  Mine D with a concentrat ion of 1040 dpm/m 
grea te r  than  the  next  h ighes t  s a m p l e  in  Mine D a c d  near ly  40 t i m e s  greater 
than found i n  any o ther  mine. ,  Although t h e  measurement is cons idered  to 
b e  va l id ,  the  concentrat ion appea r s  to be  atypical  

The r e su l t an t  concent ra t ions ,  e x p r e s s e d  a s  to ta l  

One except ion  w a s  a sample  co l lec ted  
3 This  va lue  is 14 r i m e s  

The var iabi l i ty  of ore  dus t  concerit-ration wi th )?  m:nes and among m n e s  is 
not expla ined  by any  of the  environmental  da t a  co l lec ted  i n  t h i s  study N o  
correlat ion could b e  f o m d  between ore  dust. conceptrat lon and ve~?113t10r1  
r a t e ,  humidity,  sur face  condi t ion ,  or mining operatJon,  Ore a s s a y  w a s  roc 
invariant  to account  for the  observed  c o n d i t m n s ,  1: cannot be  concluded 
pos i t ive ly  tha t  none of the  c i t ed  var iab les  have  d n  effect; t h e  a b s e n c e  of 
correlat ion may merely reflect inadequate  da t a  

The ore  d u s t  concent ra t ions  i n  Table 111 were ca l cu la t ed  f r o m  a lpha  ceun t s  
de layed  for s eve ra l  w e e k s  after the  samples  were co l lec ted  to al low for 
complete  d e c a y  of short-l ived radionucl ides  However,  dbCwt h a l f  o f  the  
samples  a l s o  were alpha-counted periodically beginning W I  thin a day  o r  

- 20 - 
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Fig a 11 - Location-Average Radon Daughter Ratios, Normalized 
to Radium-A, Compared with Radon Daughter Growth Models  
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TABLE 111. 

Mine 

A 

B 

C 

D 

E 

F 

G 

H 

I 

SUMMARY OF ORE DUST CONCENTRATIONS 

No .  of Copcgintration I a dpm/m3 
Samples  min max. mean 

1 3  0 . 2  28 1 2  

19 0 " 2  24 4 , h  

1 2  

7 

0 , I  6 . 2  2 , 2  

8.2. 1040 (73;:') 170 ( ;W) 

8 7 .6  26 1.7 

10 

10 

9 

8 

1 .6  

1 .o 

0 , 7  

0 , 7  

21 

9 . 6  

1 7  

4 , 8  

8 .1  

3 . 2  

7 , 7  

2 "  I 

3 ;#Maximum and mean va lues  wi th  t h e  high sample of 1040 dpm/m 
omitted 
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or  two of co l lec t ion .  A component of a lpha  ac t iv i ty  exhibi t ing a half-!jfe of 
about  t en  hours w a s  observed  i n  many of t h e s e  s a m p l e s ,  as  shown i n  f i g .  1 3 ,  
Thorium-B i n  the  thoron-220 d e c a v  s e r i e s  h a s  a half-l ife of 1 0 , 6  hour s ,  and  
the  p re sence  of small concent ra t ions  of thoron may b e  inferred from the  count  
d a t a .  In no case did the  concent ra t ion  of thoron daughters  appear  to be 
more than  a s m a l l  fraction of t h e  radon daughter  concentrat ion.  

5 .  Gamma Radiation 

Gamma radiat ion in t ens i t i e s  measured with Gieger-Mueller survey meters  
a r e  summarized i n  Table I V ,  Gamma radiat ion w a s  the  m o s t  uniform from 
mine to mine of a l l  the  va r i ab le s  measured in t h i s  s t u d y ,  a reasonable  finding 
consider ing the  s imilar i ty  in  ore a s s a y s ,  
and  c a u s e  relat ively ins igni f lcant  exposures  

These  gamma In tens i t i e s  were  low 

TABLE IV 

GAMMA RADIATION 

Mine  

A 

B 

C 

D 

E 

F 

G 

H 

I 

Gamma RadiatJ.crl. mr/hr  
Min ,  Max .  Mean 

c 0 , I  0 . 9  0 3'3 

< 0 , 1  1 " l  0 50 

< O , l  2 " h  0 " 4 7  

< 0 .1  2.0 0 , 3 3  

< 0 , l  0 . 8  0 " 24 

0 .1  0 " 6  0,24  

0 . 2  1 .5  0 " 7 0  

0 " 1  1.1 0 SO 

0 . 1  1 . 3  0,20 
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B .  Quality of Measurements 

The quality of the  measurements performed in  th i s  study is presented here 
because  it affects the interpretation of da t a  on variability tha t  is covered in  
the  following sec t ion .  The information is of additional in te res t  because  it 
ind ica tes  the  quality of measurements tha t  may be achieved in  routine moni- 
toring performed by mine operators and regulatory agenc ie s  The Kusnetz(6) 
method is the m o s t  common method of monitoring in  current use and da ta  on 
the  quality of t h e s e  measurements a re  presented in  Section IIT.B.3. 

Measurements of radon g a s  concentrations were examined with r e spec t  to 
both accuracy and precision 
t ions  and radon daughter ra t ios  were examined with respec t  to  precision only ,  

Measurements of radon daughter concentra- 

1 Radon G a s  Concentration 

The accuracy of radon gas measurements by the  two-filter method w a s  deter-  
mined by comparison with f lask  samples  co l lec ted  simultaneously in  t h e  
mines and analyzed in  a pulse-type ionizat ion chamber a t  HASL.(a) Twenty- 
two comparative measurements made a t  six uranium mines a re  shown in  Fig, 
14, The l inear  correlation is good,. the coeff ic ient  of correlation being 0.94, 
The leas t - squares  l i ne ,  Y = 1 1 6 X ,  i nd ica t e s  a s l igh t  b i a s  with t h e  two- 
f i l ter  da ta  tending to  be  higher than the  f lask  d a t a ,  E i the r  contaminatior, 
of f i l ters  used i n  the  two-filter method o r  leakage from f l a s k s  1.n transit  to 
HASL could account for t h i s  tendency. Regardless of its source ,  the  b i a s  
is not grea t  enough to compromise the val idi ty  of the  field measurements.  

The precision of the  two-filter measurements w a s  t e s t ed  by comparina dupli-  
cate measurements.  
two-man survey unit .  
tion::: is  given in  Table V for six mines (radon gas  measurements for mines 
A ,  B ,  and C are considered invalid) 

Duplicates were obtained several  times a day  by e a c h  
The prec is ion ,  expressed a s  the coefficient of varia- 

A 

::'Coefficient of var ia t ion,  V = 
X 
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TABLE V 

PRECISION OF RADON GAS MEASUREMENTS 

S urve y N o ,  of 
V .  70 Mines  Unit  Dup l i ca t e s  _. 

D ,  E ,  F 1 
2 
3 

G I  H I  1 1 
2 
3 

29 
15  
33 

29 
29 
30 

19 
14  
2 3  

16 
11 
17 

95% 
Go n f i  d e n c e 

Limits LJq 

+ 4  
+ 5  
+ 6  

- 
- 
- 

The prec is ion  w a s  independent  of radon concent ra t ion  in  all of the  measure- 
ment s e r i e s .  The genera l  improvement i n  prec is ion  a t  Mines  G u  H, and  1 
re la t ive  to Mines  D ,  E, and  F m a y  re f lec t  improved technique  a t ta ined  b y  
prac t ice  and  exper ience  

2 .  Working Level  Measured  by the  Tsivoglou Method 

There is no independent  method for measuring radon daughter  concentration. 
Accuracy,  therefore ,  can  only be inferred from the  procedures  employed i n  
t h e  measurements .  A s  a matter of polzcy i n  t h i s  s t u d y ,  s p e c i a l  care w a s  
appl ied  to all a s p e c t s  of the  measurements .  

The e f f i c i enc ie s  of a lpha  sc in t i l l a t ion  counters  u s e d  for f i l t e r  s amples  were  
checked  da i ly  with plutonium a lpha  s t anda rds  a r d  counter  backgrouuds were  
checked  per iodical ly  every  day  underground Self-absorpt!c)r; fac tors  were  
measured by a s tandard  technique(8)  and  appl ied  in  ca lcu la t ing  dS s m t e q r a -  
t i ons  per  minute from coun t s  per  minute ,  

Sample a i r  f lows were  measured with rotameters  ca l ibra ted  for mir?e  air 
dens i ty  and  for p re s su re  drop across the  sample  f i l t e rs .  Actual s t a t i c  pres -  
s u r e s  a t  t he  flowmeter i n l e t s  were  measured during sampling runs with pres -  
su re  g a u g e s  mounted on  the  sampling ins t ruments  and  appl ied  i n  calculafions 
of sample  volumes 
and  f lowmeters  were  t e s t e d  for l eakage  i n  the  laboratory prior t~ f ie ld  use,  

Filter ho lders  and  connec t ions  between filter holders  
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In  summary, good prac t ice  was  adhered  to consc ien t ious ly  in  a l l  of the  
measurements ,  
good prac t ice  but  cannot  b e  es t imated  quant i ta t ively 

The resu l tan t  accu racy  w a s  comparable  to tha t  a t ta ined  with 

The prec is ion  of radon daughter  measurements  .was checked  by comparing 
dup l i ca t e s .  Dupl ica tes  were  co l l ec t ed  severa l  times e a c h  d a y  bv e a c h  t w o -  
man survey uni t .  The prec is ion  of WL measurements  , expres sed  i n  terms of 
the  coef f ic ien t  of var ia t ion (V) is given in  Table VI, 

TABLE VI  

PRECISION OF WORKING LEVEL MEASUREMENTS 

Mines  

A ,  B ,  C 

Survey N o ,  of 
Unit  Dupl ica tes  V I  7 0  

1 
2 
3 

1 
2 
3 

G ,  H, 1 1 
2 
3 

::< Con c e n t ra t io n De p e nd e n t 

15  8 ~ 7::: 
31 7 . 8  
1 2  1 2  

32  4.4 

38 18 
27 4 8 ::: 

“3 1 4 ~ 7v 
3 3  1 2  
30 12 

9 570 
Confide rice 
L i m i t s ,  ‘& 

- + 5 , 5  
- + 2 , 2  
- + 5 - 5  

-. + 1,4 
- + 4,4 
- + 2 , 5  

The confidence l i m i t s  i n  Table VI i nd ica t e  the  highly approximate nature of 
the  individual  v a l u e s .  
mate of genera l  performance and  seems reasonably  good for a field m e t h o d  
It is notably be t te r  than the  prec is ion  of the  r‘idon g a s  measuremefits.  

The overa l l  average  of 9% is probably a re l iab le  e s t i -  

The prec is ion  w a s  independent  of concentrat ion excep t  for three cases i n c i -  
ca t ed  by a s t e r i s k s  i n  Table VI. 
three excepted  cases a r e  ac tua l ly  median v a l u e s  for the  range of WLs en -  
countered by the  r e spec t ive  survey teams. Fig. 15 shows the  coeff ic ienl  a f  
var ia t ion as  a function of WL at  Mines  A ,  B ,  and  C .  The coeff ic ient  of viiri 
a t ion  i n c r e a s e s  sharp ly  a t  WLs much below 1 but re la t ively few of the  m e a s -  
urements a t  t h e s e  mines were in  tha t  low range.  

The coef f ic ien ts  of var ia t ion l i s t ed  for t h e  

@ 
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3 .  Working Level Measured  by the  Kusnetz Method 

During surveys  at Mines  D through I ,  m o s t  of the  dupl ica te  s amples  that 
were  used  to determine the  coeff ic ient  of var ia t ion for WL measured by the  
Tsivoglou method were also used  to determine tbe  coeff ic ient  of var ia t ion 
for the  f ie ld  method dev i sed  by Kusnetz(6) which is now vir tual ly  s tandard 
for measuring WL in  uranium mines ,  
bi l i ty  of the  method; the  der ived WL da ta  were riot used  i n  t h i s  report for 
any  other  purpose ,  

This w a s  clone so le ly  to t e s t  the  relia-. 

Duplicate  f i l ter  s amples  a f te r  being counted fcr 30 minutes  i n  sc in t i l l a t ion  
de tec to r s  to obta in  da t a  for Tsivoglou ca l cu la t ions  I were removed and p laced  
on a f l a t ,  c l e a n  sur face  and measured with a n  Eberline PAC-2SA a lpha  sur -  
vey meter .  The a lpha  count ra te  at 40 minutes  post-sample-collectLon w a s  
used  in  a ca lcu la t ion  of WL i n  accordance  with the  Kusnetz method descr ibed  
i n  h i s  paper  and  i n  U , S .  Public Heal th  Service Ejandbook 494.  The coeffi- 
c i e n t s  of var ia t ion (V) determined for t h e s e  paired measurements  a r e  given 
in  Table VII. 

TABLE VTL 

PRECISION OF WORKING LEVEL MEASUREMENTS BY 
THE KUSNETZ METHOD 

Survey 
M i n e s  U n i t  

D ,  E, F 1 
2 
3 

G , H ,  I 1 
2 
3 

No.  of 
D up 1 i c a 1 ~ s  

::: Con c e n t ra ti o n dependent  
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These precis ion l e v e l s  a r e  remarkably good,  with one  except ion ,  and i n  
genera l  a r e  be t te r  than the  corresponding prec is ion  l e v e l s  i n  Table VI for 
t he  Tsivoglou method .. Finding be t te r  prec is ion  for the  Kusnetz method 
than  for the  more rigorous Tsivoglou method seems qui te  reasonable  i n  view 
of their  inherent  sou rces  of error ,  
measurement of co l l ec t ed  radioact ivi ty  f rom which WL is ca l cu la t ed  by 
s imple extrapolat ion i n  accordance  with a n  a s sumed  a lpha  decay  curve 
For the  Tsivoglou method, on the  other hand ,  there  a r e  three sepa ra t e  meas- 
urements of co l lec ted  rad ioac t iv i ty ,  e a c h  having an  inherent  error ,  from 
which the  WL is ca l cu la t ed  by s imul taneous  equat ions  In th i s  p rocess  
smal l  measurement errors a r e  propagated to yield a larger error i n  the  calcu- 
la ted  WL. Consequent ly ,  the  precis ion of the  Tsivoglou method is poorer 
than for the  Kusnetz method but converse ly  it  should be  more accu ra t e  be-  
c a u s e  it t a k e s  account  of radon daughter  ra t io  a t  the  t i m e  of sampling 
whereas  the  Kusnetz method d o e s  n o t ,  

The Kusnetz method requires  but  one 

Mos t  of the  coef f ic ien ts  of var ia t ion were  concentrat ion dependent  a s  indi-  
c a t e d  by the  a s t e r i s k s  in  Table VII. Thus,  the  l i s t ed  coef f ic ien ts  a r e  median 
va lues  for the  ranges  of WL encountered.  The coef f ic ien ts  of var ia t ion for 
measurements  a t  Mines  D ,  E ,  and F are shown graphical ly  in  Fig. 16 (page  
30) as  a function of WL. Although the  prec is ion  t ends  to be  poorer a t  
va lues  of WL l e s s  than 1 ,  ir. may b e  noted tha t  it  is s t i l l  reasonable  a t  
va lues  a s  low a s  0 3 WL. Better prec is ion ,  i f  required,  undoubtedly could 
b e  obtained by sampling larger  volumes of a i r .  

The previous point  concerning the re la t ive  accu racy  of the  Tsivoglou and 
Kusnetz methods is  more theore t ica l  than a c t u a l ,  The WLs ca lcu la t ed  by 
the  two methods from appropriate  a lpha  measurements  on the  same f i l ter  
pape r s  were  in  good agreement .  Fig,  17 shows  a logarithmic plot of d a t a  
obtained by the  two methods appl ied to 178 samples  An idea l i zed  X = Y 
l ine is drawn on the  figure rather  than  the  linear l eas t - squa res  l ine  
X = O . O 4 +  1.03Y. 

Although a few va lues  a re  widely d i spe r sed  f rom the  l i n e ,  the  s c a t t e r  over 
the  two-decade spread  of WLs is  moderate and the  s tandard deviat ion of 
d i f fe rences  be tween paired va lues  is 157'0~ The l inear  correlat ion coeffi- 
c i e n t  of 0 .94  and t h e  s lope  of 1 .03  for the  l i ne  of b e s t  fit a r e  further e v i -  
dence  of good agreement .  Actually,  according to  ca l cu la t ions  by Kusnetz, 
t he  error i n  es t imat ing  WL should b e  no more than  d few percent  at the  
daughter  r a t io s  tha t  predominated i n  th i s  s tudy  (see Sect ion 11IQAO4) 
of the  s c a t t e r  i n  Fig 
the measurements  of a lpha  ac t iv i ty  

M o s t  
17 is  probably c a u s e d  by counting errors inherent  Ln 
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4. Radon Dauqhter Ratios 

The reproducibility of radon daughter ra t ios  w a s  checked by duplicate measure- 
ments.  Results expressed in  terms of coefficient of variation (V) a re  qiven in 
Table VI11 for ra t ios  of R a B  and RaC to  RaA from a l l  mines and for ratios of 
RaA,  RaB and RaC to radon for the mines from which radon concentration data  
a re  available.  For the most part ,  t hese  errors are too large f o r  m u c h  con- 
fidence to be placed in single measurements of radon daughter ratio but t h e  
daily mean ratio a t  a fixed sampling location should be adequate for hazard 
evaluation. Taking the la rges t  error, 3870, a s  a n  example,  the starldard 
error for a mean based on ten measurements would be only 12%, 

TABLE VI11 

PRECISION FOR MEASUREMENTS OF RADON DAUGHTER RATIOS 
(Coefficient of Variation, V ,  70) 

Mines 

A, B, C 

D,  E, F 

G ,  H, T 

Survey 
Unit 

1 
2 
3 

1 
2 
3 

1 
2 
3 

RaA 

13 
14  
21  

24 
16 
1 9  

9 . 6  
23 
19 

26 
24 
32 

38 
2 7  
3 2  

28 
29 
34 

29 2 3  2 2  
20 16 27  
37 30 2 5  

2 3  29 30 
27  2 1  28 
23 25  LO 

5 .  Summary 

Aside from interpreting atmospheric data  presented ~n t h i s  report, the m o s e  
significant finding in  regard t o  m e a s u r e m e n t  quality 1 s the excellent re l ia -  
bility of the Kusnetz method for measurircq WL, I t s  reproducibility is q u ~ r e  
good (45 570) over a wide range of WLs ar,d even  tholigh I +  i s  poorer at very 
low concentrations,  i t  is s t i l l  satisfactory (t 15700) at a concentration of 
0 3 WL. 
mations,  but Kusnetz(6) calculates  that errors f r o m  t h i s  source do  not exceed 

The method is  not strictly accurate becaclse of inherent approxi- 
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10 to 12%. In the  current f ie ld  tests, good agreement  w a s  found with meas- 
urements by  the  theoret ical ly  rigorous Tsivoglou method e 

The prec is ion  found in  t h i s  s tudy  r e f l ec t s  the  techniques  and capab i l i t i e s  
of the  HASL survey personnel  and would not  necessa r i ly  hold for measure-  
ments  by other  groups.  A s  a matter  of fact, Table VII ind ica t e s  var ia t ions  
even  among sampling teams using iden t i ca l  methods and  instrumentat ion e 

Typical ly ,  sample  volumes now co l l ec t ed  i n  routine monitoring by mine 
opera tors  a r e  10 to 50 l i t e r s  compared to the  100 l i t e r s  u sed  i n  t h i s  s tudy ,  so 
somewhat  poorer prec is ion  might b e  expec ted  Never the less  the  Kusnetz 
method is en t i re ly  sa t i s fac tory  a s  a routine field method and g ives  re l iab le  
d a t a  when appl ied  with adequa te  a t ten t ion  to s tandards  of good p rac t i ce .  

The errors a s s o c i a t e d  with measurements  of radon gas  concentrat ion by the  
two-filter method and radon daughter  concentrat ion (WL) by the  Tsivoglou 
method a r e  reasonable  for f ie ld  monitoring but  cannot  b e  ignored i n  a s tudy  
of var ia t ions  i n  the  mine a tmospheres .  Consequent ly ,  i n  some of the  da t a  
presented  in  the  following s e c t i o n ,  correct ions have  been  made for errors 
of sampling and  measurement  

The var iabi l i ty  of radon daughter  ra t ios  measured by the  Tsivoglou method 
is too large for any  confidence to b e  p laced  in  individual  measurements .  
Thus only da i ly  average  ra t ios  a r e  presented  i n  t h b  repor t  (Resul ts  s ec t ion  
and  Appendix B) . 

C. Variations with Time 

1. Var ia t ionbf  radon q a s  concentrat ion and Working Level 

The degree  of fluc6Uatfrsn of radon and  WL wi th  t i m e  var ied grea t ly  among 
loca t ions  even  within a gWen mini$.* Fig. 18 shows two d i spa ra t e  condi- 
t i o n s ,  o n e  of the  rnme widely  ffaclhmting and  o n e  of the  more s t a b l e  atmo$;- 
phe res  found i n  t h i s  ilnvestig&.f&Q, Both loca t ions  happen to be i n  the  same 
mine a 

It may b e  noted tha t  the  g rea t e r  f luclwations a r e  a t  re la t ive ly  low concentra-  
t i ons  e There is , i n  fact , a corre'lation between f luctuat ion and concentrat ion 
tha t  wi l l  b e  mentioned below 

As is the  case a t  loca t ions  1 and 4 i n  Mine  I ,  there  w a s  a tendency for the  
genera l  degree  of f luctuat ion to pe r s i s t  from d a y  to day i n  a g iven  loca t ion .  
This is apparent  i n  the  graphical  presenta t ion  o f  concentrat ion measure-  
ments on  a time basis for all l oca t ions  given in  Appendix A D  

@ 
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The more s t a b l e  a tmospheres  tended to prevail  
as  coef f ic ien ts  of var ia t ion of half-hourly concent ra t ions  grouped by day  and 
loca t ion ,  were  from 0 - 0 e 3 Whether  t h e s e  va lues  a r e  regarded a s  h i g h  a r  
low necessa r i ly  r e f l ec t s  o n e ' s  point of view but they a r e  qui te  low in  corn-- 
par ison to f luc tua t ions  of a i r  contaminants  i n  other  s i t ua t ions  such  as  typica l  
indus t r ia l  f ac i l i t i e s  

Most  f luc tua t ions  I expres sed  

The frequency d is t r ibu t ions  of coef f ic ien ts  of var ia t ion of radon g a s  and  W L  
a r e  shown i n  Fig 19 A s  ind ica ted  i n  the  previous sec t ion  sampling and 
measurement  errors were large enough to magnify concentrat-ion va r i ances  
e spec ia l ly  in  the  more s t a b l e  a tmospheres  Consequent ly  coef f lc ien ts  oi 
variat ion a r e  presented  i n  two forms, g ross  va lues  ca l cu la t ed  d i rec t ly  from 
the  concentrat ion measurements  and ne t  value:; t ha t  were  cor rec ted  for t h e  
coef f ic ien ts  of var ia t ion for dup l i ca t e s  
roots  of the  d i f fe rences  i n  the  squa res  of g ross  coeff ic ient  of var ia t ion and 
the  coeff ic ient  of var ia t ion for dupl ica te  s amples  a )  These v a l u e s  r e p r e s e r t  
true atmospheric  f luctuat ions more correct ly  About 85% were 0 3 for 
radon g a s  and about  80% were  2 0 3 for WL. 

(The ne t  coef f ic ien ts  are the  squzire 

Regarding the  re la t ive ly  few WL coefficients of variation tha t  exceeded  0 5 ,  
al l  were  in  d r i f t s ,  a l l  but one  were a t  average  WL's less than 1 and a l l  
but  two were at average  WL's  l e s s  than  0 5 Moreover ,  there  is a genera l  
tendency for both radon and WL to  f luc tua te  less i n  s t o p e s  t h a n  in  dr i f t s .  
Fig. 20 i l l u s t r a t e s  t h i s  point with the  frequency dis t r ibut ion of ne?  coeffl- 
c i e n t s  of var ia t ion shown separa te ly  for stope (2nd dr i f t  concentrat ion m e a s -  
urements .  More than  half of the  n e t  coef f ic ien ts  of var ia t ion i p  s topes  were 
- K O  1 compared to m u c h  lower f rac t ions  i n  drift-s Conver se ly ,  d r i f t  m e a s -  
urements accounted  for a l l  of the  va lues  exceeding  0 5 

The dis t r ibut ions in  Fig. 19 s u g g e s t  t ha t  radon g a s  l e v e l s  are somewhat  
more s t a b l e  than WL' s .  This tendency is confirmed i n  Fig,  21 which shows  
the  cumulat ive frequency dis t r ibut ion of the  r e spec t ive  coef f ic ien ts  of vai i- 
a t ion  for the  loca t ions  where both k inds  of measurements  were obtained o 

The finding of grea te r  s tab i l i ty  for radon seem:; reasonable  i n  view of r adoc ' s  
larger  diffusion coeff ic ient  and  its in sens i t i v i ty  to some of the  fac tors  that 
effect radon daughter  concentrat ion s u c h  a s  rapid radiologic  growth and 
d e c a y ,  and loss by depos i t ion .  
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All da i ly  groups of consecu t ive  concentrat ion measurements  m e t  Kolmogorov- 
Smirnov t e s t  c r i te r ia  for both normal and log-normal f requency d is t r ibu t ions  
S ince  a dis t r ibut ion tha t  is def ini te ly  of o n e  kind cannot  b e  the  o ther  as  
wel l ,  t h i s  probably ind ica t e s  t ha t  the  sample  groups were  too small for ap, 
unambiguous charac te r iza t ion  of the  dis t r ibut ion funct ions None the le s s ,  
s i n c e  the  d is t r ibu t ions  m e e t  cr i ter ia  for normality th i s  j u s t i f i e s  applying 
the  normal law of error i n  ca l cu la t ions  of sampling frequency.  An example 
of t h i s  is given i n  the  Di scuss ion .  Another useful f inding w a s  tha t  m o s t  of 
t h e  var ia t ions  i n  samples  co l l ec t ed  during a day a t  fixed loca t ions  were 
randomly d is t r ibu ted  with t i m e .  On the  o ther  hand ,  t h i s  w a s  not true i n  all 
cases as  shown by sequent ia l  sampling da ta  i n  the  appendix ,  

Variation of both radon g a s  concentrat ion apd  7NL correlated with concen-  
t ra t ion is indica ted  i n  Fig. 2 2 .  This correlat ion is far  more pronounced 
when measurements  a t  a few individual  mines  are examined sepa ra t e ly .  
It is par t icular ly  ev ident  i n  Mines  E and I i n  which the  sampling s t a t ions  
were  i n  a l ine  a long  main a i r  c o u r s e s  ., The da ta  a r e  shown In Fig,  2 3  

No part icular  pat tern c a n  b e  d is t inguished  i n  f luctuat ions of da i ly  averaGe 
concent ra t ions  
i n  the  three loca t ions  examined i n  Mine  A whereas  the  da i ly  ave rages  
were near ly  invar ian t  i n  Mine B .  
the  vent i la t ion sys t em w a s  undergoing b a s i c  changes  during the  three d a y s  
of observa t ion  and  concent ra t ions  were a l te red  subs tan t ia l ly  i n  t h i s  small  
mine ., In  o ther  mines ,  da i ly  var ia t ions  were both large and s m a l l ,  m c s t  
exhibi t ing s tab i l i ty  i n  some a r e a s  and f luctuat ions i n  o thers  

In  Table 11, the  dai ly  average  WL' s differed remarkably 

Mine A w a s  probably arypical  i n  that  

In  statistical te rms ,  the  degree  of f luctuat ion i n  da i ly  average  concentra-  
t i ons  were  reasonably  s imilar  to the  half-hourly f luc tua t ions  
d is t r ibu t ions  of the  coefficients of var ia t ion of da i ly  average  radon concen - 
t ra t ions  and  WLs a re  shown i n  Fig,  24.  For the  m o s t  par t ,  var ia t ions  were  
moderate As w a s  noted for half-hourly f luc tua t ions  the  da i ly  var ia t iop 
of radon gas appea r s  somewhat  less than  tha t  of WL. This 1s confirmed 
by t h e  cumulat ive frequency d is t r ibu t ions  i n  F ig ,  25 for locations from 
which both k inds  of measurements  were  obta ined .  Some correlat ion w a s  
found between da i ly  average  var ia t ions  and  concent ra t ions  a s  w a s  the  case 
for half-hourly var ia t ions .  
i n  Fig. 2 6 .  

The frequer c y  

The re la t ionships  a r e  showr. for radon and WL 

Consider ing da ta  from a l l  mines  as  a group,  there  w a s  virtually no corre- 
lation between half-hourly var ia t ion and da i ly  var ia t ion crs 
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2.  Variation of Working Level Ratios (WLRL 

Because of rather  poor prec is ion  i n  the  measurement  of WLR's ( 1 5  - 307'00) I 
examinat ion of individual  consecu t ive  va lues  of WLR cannot  b e  fruitful 
However ,  i n  wel l  over  half of the  sampling loca t ions ,  t he  coef f ic ien ts  of 
var ia t ion for da i ly  groups of consecu t ive  measurements  I were  n o  greater  
than  the  coef f ic ien ts  of var ia t ion for dup l i ca t e  scimples Thus I a high 
degree  of s tab i l i ty  i n  half-hourly v a l u e s  of WLR may b e  inferred for t hose  
cases. About 75y0 of the  g r o s s  coef f ic ien ts  of var ia t ion were  less than 
0 3 and the  h ighes t  va lue  w a s  0 . 6 4 .  

This re la t ive  s t ab i l i t y  t ends  to  b e  carr ied over  into t h e  day  to day  va lues  
of WLR. A t  the  loca t ions  where measurements  were  cont inued for twc  or 
more d a y s ,  39% of the  coef f ic ien ts  of var ia t ion €or da i ly  average  W L R  were 
less than 0 1 and  787'0 were  less than 0 3 .  

3 .  Variation of Radon Daughter Ratios 

A s  i n  the  case of WLRs, individual  measurements  of radon daughter ratios 
were  too imprec ise  to have  much va l id i ty .  
WLR, it  may be inferred with reasonable  confiderice tha t  i n  fixed loca t ions ,  
var ia t ions  during a day  were  t r ivial  for t he  m o s r  p a r t  b e c a u s e  t h e  coeffi- 
c i e n t s  of var ia t ion for dupl ica te  s amples  subs tan t ia l ly  accounted  for h a l f -  
hourly var ia t ions  in  more than half of the  da i ly  groups of consecu tve  s a m p l e s ,  
Moreover ,  the  n e t  coef f ic ien ts  of var ia t ion exceeded  0 25 i n  only about 
10% of the  groups .  

But  elgain, a s  i n  the  c a s e  of 

In s t i l l  another  para l le l  with'WLRs, a la rge  majority of the  g ross  coeffi- 
c i e n t s  of var ia t ion of da i ly  average  radon daughter ratios were less thar: 0 i! 

Do Variations wit.h Di s t ance  

1 Variation of Radon Concentrat ion 

A t  d i s t a n c e s  from t e n s  to  hundreds of f ee t  be tween points  of simultafieous 
measurements  , radon concent ra t ions  m a y  agree  exactly or differ by more  
than  a n  order of magnitude Expectedly d i f fe rences  i n  concent ra t ions  
tend to be greater  a t  longer d i s t a n c e s  of separa t ion  but even  at a few hun- 
dred f e e t ,  concent ra t ions  are j u s t  a s  l ike ly  to b e  ident lca l  as  to differ by 
a factor  of two o r  th ree .  Concentrat ion differenl::es, exp res sed  a s  t h e  
sample  pair  difference divided by the  pair  m e a n ,  are plotted a g a i n s t  d i s -  
t a n c e  of separa t ion  i n  Fig.  27 for a l l  mine a r e a s , ,  
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Radon concent ra t ions  tend t o  b e  more uniform i n  s t o p e s  than I n  dr i f ts  as 
indica ted  i n  Fig.  28 i n  which da ta  from the  two types  of mine area are 
plot ted sepa ra t e ly  Within s t o p e s  , concentrat ion d i f fe rences  appear  to b e  
independent  of d i s t a n c e  and a r e  uniformly low 
e n c e s  i n  dr i f ts  a r e  greater  and exhibi t  a correlat ion wirh d i s t a n c e  al though 
the  correlat ion is  manifest  o n l y  a t  d i s t a n c e s  greater than those covered i n  
s tope  measurements  

‘The concentrat ion differ-  

2 .  Variation of Working Level 

The pa t te rns  of WL di f fe rences  a t  var ious d i s t a n c e s  are genera l ly  s i m i l a r  to 
radon. 
separa t ion  for a l l  mine areas. 
t ra t ions  grea te r  than  and l e s s  than I 5 WL, ind ica t ing  s l igh t ly  m o r e  uni- 
formity a t  the  higher  concent ra t ions  
ev ident  i n  the  radon da ta . )  

Fig. 29 shows  the  re la t ionship  of WL di f fe rences  with d j s t a n c e  of 
Data a r e  plot ted sepa ra t e ly  for mean concen-  

(This concentrat ion e f fec t  w a s  not 

Data  from drif ts  and  s t o p e s  a r e  shown separa te ly  i n  Fig. 30 
as  i n  the  case of radon,  smaller  concentrat ion di.fferences in  st-opes, How- 
e v e r ,  i n  con t r a s t  to the  radon d a t a ,  the  WL di f fe rences  i n  s t o p e s  Increase 
at grea te r  d i s t a n c e s  of separa t ion  Although t h ~ ~  d ivergence  Jn behavl-or 
of radon and radon daughters  may b e  real, i t  i s  also poss ib l e  tha t  i t  is 
d u e  e i ther  to the  re la t ive  pauci ty  of s tope  da ta  OK the  cons iderably  greater  
error i n  radon measurements ,  or a combination of both A s  a m a t t e r  of 
f a c t ,  the  e x a c t  s h a p e s  of a l l  curves  in  Figs .  27 ..- 30 are somewhat specu-  
l a t ive  b e c a u s e  of the  wide  s tandard devia t ions  of the  d a t a ,  

ind ica t ing ,  

On the  other  hand ,  the  genera l  t rends  ind ica ted  i n  the  f igures  a r e  probably 
va l id .  For example ,  the  tendency to greater spalial uniformity of WL a*. 
higher concentrat ion (F ig ,  29) i s  very l ike ly  another mani fes ta t icn  of t h e  
tendency to greater temporal s tab i l i ty  of WL a t  hjgher  concent ra t ions  pre- 
v ious ly  noted in  Fig.  26 Of c o u r s e ,  i f  t h i s  paral le l  exists for radon 
daugh te r s ,  it would b e  expec ted  for radon a s  we l l  but  t he  grearer temporal 
s t ab i l i t y  of radon a t  higher concent ra t ions  shown i n  Fig. 26 is not reflected 
i n  the  separa ted  -pair da t a  
th i s  effect to b e  d e t e c t e d ,  

Possibly there  are too few of the  l a t t e r  for 

The grea te r  uniformity of both radon and radon daughters  in  s t o p e s  compared 
to dr i f ts  (F igs .  28 and 30) pa ra l l e l s  the  previous da t a  on grea ter  temporal 
s tab i l i ty  i n  stopes compared to dr i f ts  shown i n  Fig. 20 and  seems reason-  
a b l e  i f  s t ope  a tmospheres  a r e  v isua l ized  a s  confined,  m o r e  or less wel l -  
mixed,  pa rce l s  of a i r  i n  con t r a s t  to moving drift  ziir a s  the  air stream 
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c o l l e c t s  radon emanat ing from su r faces  and  merges with other  contaminated 
a i r  s t r eams .  That t h i s  d i s t inc t ion  is not sharp  is made qui te  evident- by the 
widesp read ,  overlapping difference ra t ios  i n  the  two f igures  

In a few i n s t a n c e s ,  simultaneous measurements  of WL were  made a t  separa ted  
loca t ions  in  s e c t i o n s  of dr i f ts  devoid oi any sources  of contaminatior.  o t h e r  
than radon emanat ion from the  drift  su r f aces .  Presumably the  d i f fe rences  
i n  WL a r e  a t t r ibu tab le  to the  combination of the  accrual  of emanat ing radon,  
growth of radon daughters  i n  the  a i r  s t r eam,  and  losses of radon daughters  
from the  a i r  s t ream to su r faces .  Working l eve l  d i f fe rences  would be  expec ted  
to b e  pos i t ive  i n  d i rec t ion  of a i r  flow. Inc rease  i n  WL per  l inea l  foot of 
dr i f t  var ied from 0 - 3.4700; t he  mean w a s  1% 2, 170. 
typ ica l  s i n c e  the  number of observa t ions  w a s  qui te  smal l .  

The va lues  may n G t  be 

E. Variation in  Working Level with OperatiorLL 

Insofar  a s  could be  deduced  from the  d a t a ,  routine mining opera t ions  had no 
effect on WL. However ,  no measurements  were obtained d i rec t ly  after 
b l a s t ing ,  s a i d  to be  the  c a u s e  of temporary e l eva t ions  in  radon and radon 
daughters .  

The WL measurements  were rev iewed,  locat ion by loca t ion ,  and on d a y s  
when there  were  per iods both of inac t iv i ty  and of one  or  m o r e  opera t ions  rler- 
formed at the  re ference  sampling s t a t ion ,  the  average  WLs during the  ac t ive  
and  inac t ive  per iods were  compared.  
percentage  changes  in  WL, e i ther  pos i t ive  or nega t ive ,  during ac t ive  periods 
with r e s p e c t  to inactive per iods 
there  is  a grea te r  number of diminished conceritrations but t h e  cumulatJve 
percent  i n c r e a s e  almost exactly ba lances  the  cumulat ive percent  d e c r e a s e  
No cons i s t en t  changes  i n  e i ther  direct ion appear  to be  a s s o c i a t e d  with 
spec i f i c  t ypes  of operation 

The r e s u l t s  a r e  given jn Fig,  31  a s  

The changer; appear  random LI Actlially 

F. Variation i n  Working Level with Humidity 

In  gene ra l ,  a s ing le  measurement  of re la t ive  humidity was obrained da i ly  i r  
e a c h  sampling loca t ion ,  t he  t i m e  of measurement  being more or  less randc.m, 
There w a s  a correlat ion coef f ic ien t  of 0.46, s igni f icant  a t  the  0.001 l e v e l ,  
be tween t h e s e  measurements  of humidity and da i ly  average  WLs for da t a  
pooled from all mines .  The re la t ionship  is shown i n  Fig.  3 Z 0  
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A ten ta t ive  explanat ion for t h i s  a s s o c i a t i o n  is tha t  vent i la t ing a i r  p i cks  up 
both moisture and  radon daughter  contaminat ion as it c o u r s e s  through the  
mines 

In da t a  taken from individual  mines ,  a s igni f icant  correlat ion w a s  found only 
for  Mines  A and  I b u t  t he  correlat ion coef f ic ien ts  were  qui te  h igh ,  0 .82  and  
0 .90  , r e spec t ive ly ,  and  the  leas t - square- l ines  of b e s t  f i t  of both were steep 
compared to the  l i ne  for a l l  mines .  

I V  DISCUSSION 

The nine uranium mines covered i n  t h i s  inves t iga t ion  represent  a range of 
radiologic  cha rac t e r i s t i c s  as  we l l  as  a var ie ty  of phys ica l  fea tures  
engineer ing observa t ions  and  measurements  were  only inc identa l  t o  the  main 
objec t ive  of descr ib ing  radiologic  cha rac t e r i s t i c s  , t he  degree to which the 
radiologic  environment is re la ted  to phys ica l  condi t ions  could not b e  examined 
excep t  for the  a s soc ia t ion  of WL and humidity,  descr ibed  in  Sect ion III.F, 

Because 

The range i n  average  WL among mines  w a s  fourfold,  4 .3  WL i n  Mine C con-  
t r a s t ed  with 1 . 2  WL in  Mine F .  
f igures  should not  be  cons t rued  a s  overa l l  mine ave rages  - e a c h  is  a n  aver-  
age of the  seve ra l  l oca t ions  chosen  for sampling o )  Referring to Table I ,  it 
is in te res t ing  tha t  vent i la t ion at  the  four l a rges t  mines ,  including Mine F, 
w a s  qui te  s imilar  i n  terms of volume ra t e  per  ton of o re  mined per  month 
(1 2 - 17 c f m  

vent i la t ion ra te  at  Mine C w a s  second h ighes t  at 52  

(Again the  reader  is caut ioned tha t  t h e s e  

and cons iderably  lower than  in  a n y  of t h e  other mines The 

ton m o o  
c f m  

ton/mo 1 
A s  a matter 

of fact, there  is a n  approximately inve r se  re la t ionship  b e tween to ta l  vent i -  
l a t ion  ra te  and ore  production, probably ref lect ing more e f f ic ien t  use of a i r  
at the  newer and  larger  mines ,  

Average ore  d u s t  concent ra t ions  ex tended  from 1 7 to 26 a dpm/m3 The ore  
d u s t  concentrat ion a t  Mine C,  where the  h ighes t  average  WL w a s  found, w a s  
among the  lowes t  of the  mines  whereas  at Mine F, t he  ore  d u s t  w a s  third 
from the  h ighes t .  

Mean gamma radiat ion by mine w a s  more uniform , varying from 0 L .- 0 7 
mr/hr 

The foregoing g r o s s  radiologic  cha rac t e r i s t i c s  confirm tha t  the  mines  repre- 
s e n t  a range of condi t ions  and probably comprise  a typ ica l  c r o s s  sec t ion  of 
the  industry 
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Interpretat ion of the  r e su l t s  given in  t h i s  report necessa r i ly  depends  on  o n e ' s  
i n t e r e s t s  and  r e spons ib i l i t i e s .  
of the  poss ib l e  appl ica t ions  but  have  noted a few a s p e c t s  t ha t  may b e  of 
genera l  i n t e re s t .  

The au thors  a re  not competent  t o  d i s c u s s  all  

The grea t  var iabi l i ty  of radiologic  condi t ions  claimed by  seve ra l  w i t n e s s e s  
at the  1967 Congress iona l  Hearings is confirmed by the  measurements  per- 
formed in  t h i s  inves t iga t ion  Never the less  , var ia t ions  over  the  t i m e  s p a n s  
covered i n  t h i s  s tudy a re  within reasonable  l imits  and some genera l  pa t te rns  
c a n  b e  observed .  
c l ea r ly  portrayed for spec i f i c  loca t ions  by the  comparat ive graphs  in  Fig,  18 
and confirmed as  a genera l  tendency by Fig. 22,  is compatible  with the  
following, ra ther  s imple concept ion of the  p rocess  by which vent i la t ing a i r  
becomes  contaminated.  

The grea te r  var iabi l i ty  of WL a t  lower concent ra t ions ,  

Radon emanat ion and vent i la t ion ra te  a t  any  locat ion in  a mine a r e  var iab le , ,  
This var iabi l i ty  wi l l  appear  to b e  qui te  marked as the  vir tual ly  c l e a n ,  back-  
ground a i r  en te r s  the  mine and  makes  its f i r s t  con tac t  with emanating radon,  
But a s  the  a i r  p rog res ses  through the  mine,  increas ing  i t s  conten t  of radon 
and  radon daugh te r s ,  the  var ia t ion i n  emanation. ra te  is superimposed on a n  
ever  grea te r  "background" and is re la t ive ly  diminished A hyperbolic f u n c -  
t i on ,  much a s  Fig.  22 s u g g e s t s ,  would be  expec::ted i n  th i s  case, 

In t h i s  s imple model ,  the  WL rat io  also would i n c r e a s e  a s  vent i la t ing a i r  
c o u r s e s  through the  mine. This tendency appea r s  i n  Fig,  7 showing an  i n -  
c r e a s e  of WLR a s  a function of WL. Similar ly ,  radon daughter  ra t ios  would 
b e  expec ted  to  i n c r e a s e  with WL, a tendency tha t  may b e  s e e n  in  Fig,  12 ,  

I t  may b e  noted tha t  the  c i t ed  f igures  have  very broad s tandard  devia t ions  
of mean da ta  poin ts .  At l e a s t  one  r eason  for t h i s  is tha t  t h e s e  f igures  a r e  
b a s e d  on da ta  pooled from all of the  mines ,  n e c e s s i t a t e d  by the  re la t ive ly  
few points  of observa t ion  in  e a c h  mine. This undoubtedly blurs  the  k inds  
of effect under d i s c u s s i o n  
b e  s t ronger  i n  ex tens ive  observat ion from a s ing le  mine,  

It 's specu la t ive  wh.ether t h e s e  t endenc ie s  would 
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In  summary then ,  vent i la t ing a i r  near  t he  mine in l e t  is charac te r ized  by 
low but  highly var iable  concent ra t ions  of radon and radon daughters  and 
low JNL r a t io s  and radon daughter  r a t io s  
concent ra t ions  i n c r e a s e ,  becoming re la t ive ly  more s t a b l e  with increas ing  
r a t io s .  The majority of both WLR and radon daughter  ra t ios  ind ica t e  tha t  
vent i la t ing a i r  effect ively remains in  mines for fairly long per iods of t i m e .  
This is s e e n  d i rec t ly  in  Fig., 11 where radon daughter  ra t ios  a r e  a s s o c i a t e d  
e i ther  with growth per iods on the  order  of 30 minutes  to more than a n  hour 
or with very low vent i la t ion r a t e s  
inevi tab le  growth of radon daughters  with t i m e  is  a compelling reason  to 
expedi te  the  removal of vent i la t ing  a i r  a f te r  it becomes  contaminated,  
point is i l lus t ra ted  by Fig.  3 3  i n  which WL and WLR a r e  plotted a g a i n s t  
t i m e  for the  case of cont inuous ,  uniform emiss ion  of radon into a volume 
of a i r ,  a n  idea l i zed  descr ip t ion  of vent i la t ing a i r  moving through a dr i f t ,  
The m o s t  frequent WLR found i n  t h i s  invest igat ion,-0 - 2 5 ,  is equiva len t  
to a growth period of 30 minutes  according to Fig,  3 3 ,  
would b e  equiva len t  to ages of we l l  over  a n  hour.  The benefi t  to b e  ga ined  
by more expedi t ious  removal of the  a i r  is shown by the  WL curve: reduct ion 
in  growth period from 30 to 20 minutes  causes a two-fold reduction i n  WL. 
While  it is true tha t  s imple models  may not accura te ly  cha rac t e r i ze  mine 
a tmosphe res ,  as  w a s  s e e n  i n  Sec t ion  1LI.A. 3 ,  t he  b a s i c  pr inciple  i l lus t ra ted  
by  Fig.  33 is va l id .  

A s  the  a i r  moves through the  mine,  

A s  h a s  been  shown by Evans(9) ,  the  

This 

The h ighes t  WLR's 

Probably more of the  total r e s idence  t i m e  of vent i la t ing a i r  is spen t  i n  s t o p e s  
and other  l a rge ,  open a r e a s  than  in  dr i f t s  where a i r  ve loc i t i e s  a r e  on the  
order of seve ra l  hundred feet per  minute.  
longer i n  u s e  is a wel l -es tab l i shed  pr inciple  in  the  industry but w a s  not 
appl ied  as rigorously a s  poss ib l e  in  seve ra l  of the mines covered in  th i s  
s tudy e 

Seal ing off a r e a s  that a r e  no  

Many of the  r e su l t s  have  per t inence  to atmospheric  monitoring. 
portant finding is the  good prec is ion  i n  the  Kusnetz method of measuring 
WL. This ident i f ies  a tmospheric  f luc tua t ions  a s  the  main source  of error i n  
estimates of average  concentrat ion However ,  there  is adequate  informa- 
tion on  atmospheric  f luc tua t ions  to make some judgements  on  the  conf idence  
tha t  can  b e  p laced  i n  a s ing le  measurement  i n  g iven  c i r cums tances  or,  con- 
ve r se ly ,  the  number of measurements  needed  to obta in  some standard of 
prec is ion  i n  a n  estimate of average  concentrat ion 

One i m -  
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Fig. 33 - Growth of Working Level and Working Level Ratio wi th  
Continuous Emission of Radon a t  100 pCi/min 
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For example  , according to Fig. 19 ,  abou 80% of the  g ross  c ffici nts f 
variation* a r e  SO, 3 .  Therefore , a s ing le  sample wi l l  g ive  a n  e s t ima te  of 
t he  mean concentrat ion on  the  d a y  of co l lec t ion  t o  within 5 30% i n  the 
majority of cases. But t he  estimate c a n  be  improved by co l lec t ing  addi-  
t iona l  s amples .  The s tandard error of the mean concentrat ion based  on 
three measurements  would be reduced t o  117%. This ca lcu la t ion  is predi- 
ca t ed  on normal dis t r ibut ion of concentrat ion v a l u e s ,  shown to hold for 
samples  co l lec ted  in  t h i s  inves t iga t ion  e 

Since  not a l l  of the  concentrat ion f luc tua t ions  a r e  random with t ime,  sampling,  
whether  s ing ly  or in  r ep l i ca t e ,  should be at random times to  avoid b i a s  i n  
the  e s t ima te  of mean concent ra t ion .  This is made more f eas ib l e  by the  
finding tha t  concent ra t ions  a r e  independent  of mining operat ions Hence  
sampling need not a n d ,  i n  f a c t ,  should not be  timed to  co inc ide  with a n y  
par t icular  s chedu le .  

Atmospheric f luc tua t ions  tend t o  be grea te r  a t  lower concent ra t ions  a s  shown 
i n  Fig. 22.  Genera l ly ,  t hen ,  more samples  a re  needed  a t  0 .5  WL, s a y ,  
than a t  2 WL to ach ieve  a comparable error i n  es t imat ing  the  mean concen- 
t ra t ion .  I t  might be  inferred tha t  an  i n c r e a s e  i n  sampling frequency may be 
n e c e s s a r y  a s  radon daughter  concent ra t ions  a re  reduced by improvements i n  
cont ro l ,  but  less prec is ion  is required in  the  eva lua t ion  of lower l e v e l s  of 
exposure .  

Within s t o p e s ,  the  exact loca t ion  of a sample  is not c r i t i ca l .  According to 
Fig. 30, a sample  is c l o s e l y  representa t ive  of concent ra t ions  within a rad ius  
of 10 t o  20 feet. Consequent ly ,  t he  "breathing zone" sample which is so 
important i n  monitoring exposures  in  the  dus ty  t r ades  above  ground is not 
a requirement i n  s t o p e s  e But i n  dr i f t s  , concentrat ion d i f fe rences  may be 
qui te  la rge  a t  shor t  d i s t a n c e s .  Another cha rac t e r i s t i c  i n  dr i f ts  is a gradual  
i n c r e a s e  i n  concentrat ion in  the  direct ion of a i r  flow except  a t  points  of 
marked change  such  as the  conf luence  of two a i r  s t r eams .  

*Gross ra ther  than ne t  coef f ic ien ts  of var ia t ion a r e  used here  b e c a u s e  they 
inc lude  the  sampling measurement  errors  which would be components  of any  
measu remen t s ,  However ,  note  tha t  t h e  sampling and measurement  errors 
will differ among prac t i t ioners .  
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It should b e  remembered tha t  the  foregoing remarks per ta ining to monitorin13 
a n d  atmospheric  f luctuat ions a r e  gene ra l i t i e s  e Devia t ions  wi l l  occur  i n  
spec i f i c  i n s t a n c e s  
common to m o s t  of the  graphs .  Moreover ,  t h e s e  statistical pa t te rns  a r e  
b a s e d  on observa t ions  of seve ra l  d a y s  in  e a c h  mine. In  par t icu lar ,  t h e  
coefficients of var ia t ion for a tmospheric  fluctu.ations should not b e  used  
to estimate behavior  over  longer t i m e  per iods 

This is manifest  i n  the  broad s tandard  devia t ions  

V. SUMMARY 

Comprehensive measurements  were performed for three to four d a y s  in  e a c h  
of n ine  uranium mines to provide a de ta i l ed  descr ip t ion  of the  radiologic  
environment Basic measurements  c o n s i s t e d  of radon,  working l eve l  , radon 
daughter  r a t io ,  o re  d u s t  concent ra t ion ,  and gamma radiat ion.  These were 
supplemented by measurements  of temperature ,  humidity,  barometric p re s su re ,  
and  vent i la t ion 

Measurement  techniques  were  genera l ly  sa t i s fac tory  al though be t te r  pre- 
c i s ion  i n  some would have  been des i r ab le .  In par t icular ,  the  Kusnetz 
method of measuring WL w a s  qui te  re l iab le  over a wide range of 
concent ra t ions  

Nearly a l l  of the  measurements  a r e  presented  i n  the  append ices  e i t h e r  in  
graphical  or tabular  form. 
Summaries of var ious a s p e c t s  of the  da t a  a r e  given i n  the  body of the  repoi-t. 

Diagrams of sampling loca t ions  are also g iven ,  

Individual va lues  of radon concentrat ion were  .in the  range from 4 to 7000 
pCi/l; the  range of WLs w a s  0 - 0 1  to 7 . 2 .  Averaged by mine,  the  range of 
WLs w a s  1 . 2  to 4 .3 .  

Overal l  frequency d is t r ibu t ions  of radon concent ra t ion ,  WL, WLR, and  radl3n 
daughter  ra t ios  a r e  given and to the  ex ten t  p rac t i cab le ,  genera l  charac te r -  
istics of concent ra t ions  and the i r  var ia t ions  are ident i f ied Temporal var ia -  
t ions  of concent ra t ions  were moderate for the  most par t ,  g rea te r  s t ab i l i t y  
being observed  in  s t o p e s  than i n  dr i f t s  and a t  higher  than a t  lower concen-  
t ra t ions .  Spa t ia l  var ia t ion w a s  less i n  s t o p e s  than in  d r i f t s .  Radon exhlb-  
i t ed  s l ight ly  grea te r  s tab i l i ty  than radon daughters  (WLs) both jn half-hourly 
and i n  da i ly  concent ra t ions  

Cer ta in  a s p e c t s  of the  da t a  a re  compatible  with a s imple concept  of the  
progress  of a i r  contaminat ion,  The da ta  also are use fu l  i n  e s t ab l i sh ing  
sampling procedure and frequency 
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APPENDIX A 

GRAPHS OF RADON CONCENTRATION AND WORKING LEVEL 

All measurements  of radon concentrat ion and working l eve l  a r e  presented  

i n  the  following g raphs .  

l oca t ions  and  a graph of concent ra t ions  plotted a g a i n s t  t i m e  for e a c h  area  

tha t  w a s  s tud ied .  

graphs  

There is a diagram of loca l  fea tures  and  sampling 

In a few c a s e s ,  one  diagram per ta ins  to  two or more 

A l l  vent i la t ion ,  temperature 

as  nota t ions  of opera t ions  tha t  occurred during sampling per iods 

p l e t e n e s s  of vent i la t ion da ta  va r i e s  cons iderahly  among loca t ions  e 

humidity and p res su re  da t a  a re  given as  we l l  

The com- 

The convent ions shown on the  next  three page!; a r e  used  in  the  diagrams 

and  g raphs .  
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A 

Example 

SYMBOLS 

O A , Q B ,  ..... 

8 

3-5 
0 

DIAGRAMS OF SAMPLlNG AREAS 

- sampling loca t ions ;  A d e s i g n a t e s  reference (fixed) 
locat ion;  B, C ,  e e des igna te  remote (var iable)  l o c a t i o n s ,  

- points  at which vent i la t ion d a t a  (given i n  t a b l e s  
benea th  diagrams) apply  

direct ion of a i r  flow 

fan  

a i r  door  

a i r  seal 

r a i s e  

0 winze  

fl s lushe r  

@ gr izz ly  

ore  p a s s  

>>> inc l ine  
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GRAPHS OF CONCENTRATJON DATA 

SYMBOLS 

o e  radon concentrat ion 

0 .  working l e v e l  - 1 concentrat ion a t  reference (fixed) location 
U 
--- miss ing  measurement  

0 0  concentrat ion at remote (var iable)  loca t ion  

o m  
0 ident ica l  concent ra t ions  

dupl ica te  measurement  a t  re ference  location 

A, B ,  C ,  . . . locat ion of r e m o t e  measurement  shown on mine diagram; A 
i n d i c a t e s  locat ion co inc ident  with reference sample  , i . e e 

dupl ica te  measurement .  

- 
X mean concentrat ion 

S/X co e f f i c i e n t  of var ia t ion 
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OPERATIONAL AND ENVIRONMENTAL DATA 
(presented  below e a c h  graph) 

Ventilation - numerals  refer fo "vent i la t ion  no te s"  under mine diagram 

Operation - l e t t e r s  des igna te  types  of operat ion according to the  following 
code: 

B b l a s t ing  L 

C charging M 

D dri l l ing N 

DF dumping S 

H haul ing SH 

W wet t ing  down T - cont inuing operat ion TJ3 

loading round 

mucking 

none 

s lush ing  

shovel ing 

laying t r acks  

t i m  b e  ring 

Location Code  - l e t t e r s  refer t.o sampling loca t ions  on mine diagram 
indica t ing  vicini ty  of operat ion 

Temp, Re1 Hum, Pressure  - e a c h  usua l ly  measured once  during day;  
va lues  l i s t ed  arbi t rar i ly  a t  s t a r t  of sampling 
period 
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Mine - Lo at ion:  A - 1 , s t o p e ,  fan s ta t ion  

Velocity (ft/min): a t  C 9/26 80 

3 Volume ( f t  ): 2800 be tween C a n d  door  

9/27 120 
9/28 100 

Flowrate (ft3/min): through fan 9/26 4500 
9/27 5600 
9/28 5600 
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Ventilation 
Operation 
Location Code 
Temp. OF.  

Rel. Hum. '3% 
Pressure ''Hg 



Mine - Location: A - 2 s tope  
Volume ( f t3 ) :  500 heading a t  D 

Ventilation changes :  9/26 1235 a i r  duc t  repaired 
6000 s tope  

Velocity (ft/min): a t  9/26 75 
9/27 86 
9/28 86  

Q 
2200 9/26 1035 4200 

1310 - 2600 
9/27 1020 4900 2700 
9/28 0945 4500 440 0 

1020 4900 2700 

Flowrate (ft3/min): 0 

/“=ZU‘ 

Flowrate (change/min): a t  D 9/26 5.0 
9/27 5.3 
9/28 5 . 3  

Ventilation note: 1 . 9/26 1235 vent i la t ion duc t  repaired 

@ - 0 
100 
- - 

1100 20 0 
50 - 

1100 - 
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Ventilation 
Operation 
Location Code 
Temp. O F .  

Rel. Hum. 46 
Pressure "Hg 



r--7 A 

Mine - Location: A - 3 drif t ,  haulage  

Velocity (ft/min): at @ 9/26 - 110; 9/27 - 140; 9/28 - 140 

Flowrate ( f t  /min): a t  0 9/26 -4500; 9/27 .- 5900; 9/28 - 5900 3 
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 MINE:^ LOCATION: 3 fd;/4, h&?/oge j 

Ventilation 
Operation 
Location Code 
Temp. OF. 
R e l .  Hum. % 
Pressure "Hg 

LOCAL TIME. HOURS 

I 
I 
- 

Y i  *. 

- - - 

4 ; '  

nb  

Pb! 4' 

.d-t &-++ 

$4' 
8 $  
Ad. b 

I + 

1 

4 



Mine - Location: B - 1 ,  dr i f t  confluence 

0 
330 9/29 1150 

9/30 1150 2 50 3 30 
10/2 7 20 190 180 

0 
250 

Velocity (ft/min) : 0 

0 
18 I 500 9/29 34,500 16 , 000 

9/30 34,500 1 6 , 0 0 0  18 ,500  

0 Q 

10/2 2 2 , 0 0 0  12 ,000  10 ,000  

3 Flowrate ( f t  /min) : 
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*MINE: LOCATION: / (&; ' f i  c o / r / / u e ~ c e ]  

V e n t i l a t i o n  
O p e r a t i o n  
L o c a t i o n  C o d  
Temp.  OF.  

Re l .  Hum.  '70 
P r e s s u r e  " Hg 



Mine-  Location: B - 2 ,  s tope  

Volume ( f t3)  : 

Flowrate (ft3/min): at  0 200 

Flowrate (changes/min)  : 0 0 1 

180 , 000 

A - 1 3  



LOCAL TIME, HOURS 
Ventilation 

I b d - . '  '=t - 
Location Code I 

&\3 
Rel. Hum. '?& 1 $6 

0 1 ,  



Mine - Location: B - 3 ,  stope 

Volume (ft3): 1 4 , 0 0 0  

3 Flowrate ( f t  /min)r  a t  0 430 
a t  @ 500 
a t  0 1000 

Flowrate (change/min): 2 I 5 

A - 1 5  



Ventilation 
Operation 
Location Cod 
Temp. OF. 
Rel. Hum. 70 
Pressure  "Hg 



/ %  ' 

Mine - Location: C - 1 ,  stope 

Volume (f t3) :  1 3 , 0 0 0  

Flowrate (ft3/min): a t  @ 2000 

Flowrate (changes/min):  0 2 

0 

A - 1 7  



MINE: C LOCATION: / f s f o ~  ) 

Ventllatlon 
Operation 
Locatlon Code 
Temp. OF. 

Rel. Hum. % 
Ressure "Hg 



\- A - - -  

I I 

014 v 
/ ’I= 40 

Mine - Location: C - 2 ,  s t o p e  

Volume  (f t3) :  200 I 000 

3 Flowrate ( f t  /min): a t  0 200 

Flowrate (change/min) : 0 3 

A-19 



Ventilation 
Operation 
Location Code 
Temp. OF. 

Rel. Hum. 70 
Pressure "Hg 

A-LO 



Mine - Location: C - 3 ,  drift confluence 

Velocity (ft/min): a t  0 150 @ 8 ::: 8 
@ 900 

3 Flowrate ( f t  /min): a t  0 11 000 
@ 2 0 , 0 0 0  

a 0 0  
500 
300 

34,000 
500 

Q 39,000 
23,000 
16 ,000  

A-21 



Ventilation 
Operation 
Location Code 
Temp. O F .  

Rel. Hum. % 
Pressure "Hg 



M i n e  - Location: D - 1 dr i f t ,  haulage  

Velocity ( f t /min) :  a t  0 440 

Flowrate ( f t  /min):  at  0 27,000 3 

A - 2 3  



MINE: LOCATION: / ( &;,&, h o ~ ~ , ~ ~  ) 

9 10 11 12 13 14 9 13 11 12 13 14 3 10 11 12 13 11 
LOCAL TIME, HOURS 

Ventilation 
Operation 
Locatlon Code 
Temp. OF.  

Rel. Hum. % 

I 
/Ir 
d 

4id s;r Pressure "Hg 11, I 



Mine - Location: D - 2 ,  dr i f t ,  dead  end  

Volume (f t  ) :  s tope  6000 

Velocity (ft/min): a t  @ 2 2  

3 

3 Flowrate ( f t  /min): a t  
500 ( l eakage  from duct) 

c3 

A - 2 5  



MINE: a LOCATION: 2 (d/;&, dcp?dend/ ioooo 

Ventilation 
Operation 
Location Code 
Temp. OF.  

Rel. Hum.  % 
Pressure "Hg 



Mine - Location: D - 3 ,  dr i f t ,  hau lage  

3 Flowrate ( f t  /min):  a t  0 6300 
@ 1000 

10 ,300  
0 15,000 

A-27 



Ventilation 
Operation 
Location Code 
Temp. OF. 
Rel. Hum. 70 
Pressure  "Hg 



Mine - Location: D - 4, s tope  

Volume ( f t3 ) :  s t ope  10 ,000  

Flowrate (ft3/min): a t  0 1000 

@ 2500 
0 20 0 

Flowrate (change/min) : s tope  0 1 

A- 29 



MINE: D LOCATION: 4 (sfope) 

Ventilation 
Operation 
Location Code 
Temp. O F .  

Rel. Hum. % 
Pressure "Hg 

- - - - - -  - -  - - - - - - 

LOCAL TIME, HOURS 

b 
I 
k -  ---+- !- b SH ,+' .a. ,q A/# 

Q 
jV 

B 
I 
,,, .b 

I '  
A- 

$2 
i+ 

.h 

I 

- 

m,.r  1 ,  , , , , .  L , , , , , . . . . . .  

~ t ~ g  
$8 
t'l' 

- - 



M i n e  - Location: E - 1 ,  dr i f t ,  dead end 

Velocity ( f t /min)  : a t  0 1 1/16 12  

11/8 20 
11/7 24 

Flowrate (ft3/min): a t  0 500 
@ 11/6 600  

11/7 1200 
11/8 1000 

A - 3  1 



MINE: LOCATION: / fJr/'#, C/CQC)/ end) 

Ventilation 
Operation 
Location Code 
Temp. O F .  

Rel.  Hum. % 
Press m e  " Hg 



Mine - Location: E - 2 ,  dr i f t ,  haulage 

Velocity (ft/min): a t  @ 60 

Flowrate ( f t  /min): a t  @ 3000 3 

A - 3 3  



~ - . - - ~ 

Ventilation 
Operation 
Location Code 

. Temp. OF. 

Rel. Hum. 7' I ckb hi$ bb 
B3. s 9 - - - - h L  



Mine - Location: E - 3 ,  drift dead  end 
Volume  ( f t  ) :  s tope  10 ,000  
Flowrate (ft3/min): a t  0 3000 

3 

Ventilation Notes  : 
1 11/6 1030 veFt i la t ion duc t  vent ing at  D 
2 .  1105 vent i la t ion duc t  extended to 
3 1405 vent i la t ion turned off 
4. 1435 vent i la t ion turned on 
5.  11/7 0900 vent i la t ion turned on vent ing a t  c, 
6 .  11/8 1 150 vent i la t ion intermit tent  
7.  1225 vent i la t ion resumed 

A-35 



Ventilation 
Operation 
Location Code 
Temp. OF.  

Rel. Hum. OJo 
Pressure "Hg 



Mine - Location: F - 1 , F - 2 ,  s tope  

Flowrate (ft3/min): a t  0 11/10 1600 ( l e a k  in  duct)  
11/13 1600 
11/14 3000 ( l eak  repaired) 
11/15 3000 

Ventilation Notes:  
1 11/13 1240 vent i la t ion off, power fa i lure  
2 .  11/14; 11/15 fan vent i la t ing "C" burned out 
3 .  l eak  in  vent i la t ion duc t  near  "A" repaired 
4.  15-30 vent i la t ion duc t  damaged a t  "A" by b l a s t  
5 11/15 0950 vent i la t ion leak  repaired 

A-37 



Ventilation 
Operation 
Location Code 
Temp. OF. 

Rel. Hum. % 
Pressure "Hg 

MINE: F LOCATION: / fsfope) 

9 10 11 1 2  13 14 9 i3  11 1 2  13 14 3 10 :1 1 2  13 14 
LOCAL TIME, HOURS 



Venti la t ion 
Operat ion 
Locat ion Code  
Temp. OF.  

Rel.  Hum. % 
P r e s s u r e  "Hg 

9 10 11 1 2  1 3  1 4  9 i 3  11 1 2  13  1 4  '3 10 :1 1 2  13  14 
LOCAL TIME, HOURS 

n 
-4' 

L - 
I D  d f f  

AG 
9b 

0 

$+ 

- -  5 

* 
A - 3 9  

A 

zk?/ I 

4 

I ?4P 

I 
@ 
C. 

I I 

bJ 



Mine - Location: F - 3 stope 
F - 4 stope 
F - 7 drift 

Ventilation Note: 
1 a 11/1 3 1230 power fa i lure ,  vent i la t ion off 

A-40 



Ventilation 
Operation 
Location Code 
Temp. OF. 
Rel. Hum.  % 
Pressure "Hg 

MINE: LOCATION: 3 (sf o p e )  

9 10 11 1.2 13 14 9 i3  11 12 13 14 3 10 :1  12 13 14 
LOCAL TIME, HOURS 

I ! !  ! ! ! ! ! ! ! ! I ! ! ! ! ! ! !  ! ! ! !  ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ? ! I  I I  st!! . . . . . . . . . . . . . . . . . . . . . . . .  I !  1 1  ! I  



MINE: /= LOCATION: 4. ( ~ f o p c )  

Vent i la t ion 
Opera t ion  
Loca t ion  C o d e  
Temp.  OF.  

Rel. H u m .  70 
Pressure "Hg 

LOCAL TIME, HOURS 

-- 

t 

A' 
k-s' 

kb. 

/if 

4 

4' 
,g-*A/ C 



Min-  - L C 

t 

Y 

/'= /oo/ 

tion: F - 5 ,  drift 

Volume (ft'): s t o p e  C-H 9500 

Velocity (ft/min): a t  0 11/14 100 
11/15 180 

3 Flowrate ( f t  /min): a t  @ 11/14 5000 
11/15 9000 

@ 13,000 

Ventilation Note: Fresh air enter ing a t  "G" 

A-43 



MINE: F LOCATION: 5 (A-ff) 

Ventilation 
Operation 
Location Code 
Temp. OF. 
Rel. Hum. % 
Pressure "Hg 

-- 



Mine - Location: F - 6 ,  s tope  
Volume  (f t3) :  s t ope  BCE 6000 
Flowrate (ft3/min): at 0 11/10, 9000; at @ 11/13, 7000 (duc t  extended)  
Flowrate (change/min): s tope  BCE, 11/10, 1.5;  11/13, 1 . 2  

Ventilation Note: 
1 .  11/10 0850 vent i la t ion d u c t  d i scharg ing  at 0 
2 .  1 120 ventilation off 
3. 1200 duct  ex tended  to e) , vent i la t ion on  
4. 11/13 0925 vent i la t ion duc t  d i scharg ing  at @ 
5.  1245 vent i la t ion off 
6 .  131 5 vent i la t ion o n  a t  c} 

A-45 



MINE: F LOCAT~UN: 6 (*pel 

Ventilation 
Operation 
Location Code 
Temp. OF. 
Rel. Hum. 70 
Pressure "Hg 



MINE: / LOCATION: 7 /&yf/ '  

Ven t i l a t i on  
O p e r a t i o n  
Loca t ion  C o d e  
Temp. OF. 

Rel .  Hum.  
P r e s s u r e  "Hg 



a A 

Mine  - Location: G - 1 I drift  

Velocity (ft/min): a t  0 1 7 5  

Flowrate (ft3/min): a t  0 1 4 , 0 0 0  

A-48 



Vent i la t ion 
Opera t ion  
Locat ion C o d e  
Temp. O F .  

Rel.  Hum.  % 
P r e s s u r e  "Hg 

MINE: G LOCATION: / (dr/'~/j 



A 

Mine - Location: G - 2 ,  dr i f t ,  near  heading 
Volume ( f t 3 ) :  heading 221000 

Flowrate ( ft3/min) : at A 6000 
B 12 ,000  
0 8000 

F 20 0 
@ 2000 

Ventilation Notes: 
1 1/25 0930 ventilation duc t  extended l o s  into s tope  near "D" 
2.  1/26 0920 fan ins ta l led  i n  s tope  "D" to  blow air out  of s tope  
3.  1140 fan ins ta l led  near "H" 

n 

A- 50 



Venti la t ion 
Operat ion 
Locat ion C o d e  
Temp. OF. 
Rel.  Hum. % 
Pressu1.e "Ha 



Mine  - Location: G - 3,  heading ,  dead  end 

Volume (ft3): s tope  800 

Flowrate (ft3/min): a t  0 38 ,000  
i n  s tope  - convect ion only 

A-52 



Ventilation 
Operation 
Location Code 
Temp. OF. 

Rel. Hum. '70 
Pressure "Ha 



n 

r- 

M i n e  - Location: G - 4, head ing ,  off cross-cut 

A- 54 



LOCAL TIME. HOURS 
Ventilation 

Location Code 

Rel. Hum.  % 



Mine - Location: H - 1 ,  dr i f t ,  cross-cut 

0 
10 / 000 

0 
2 6 , 0 0 0  

2 / 2  34,000 2 9 , 0 0 0  

Flowrate (ft3/min): at 0 
36 I 000 

- 
2/ 1 

A-56 



Ventilation 
Operation 
Location Code 
Temp. OF. 

Rel. Hum. '% 
Pressure " Hg 



Mine - Location: H - 2 ,  dr i f t ,  c ross -cu t  

@ 
14 ,000  

0 
3000 1 /30 

1/3 1 22 '000  - 4000 

@ 
4000 

Flowrate ( f t  3 /min): at 0 
21 ,000  - 

A 



MINE: /C/ LOCATION: 2 fdnr//f, ~ f i s ~ - c u / )  

Ventilation 
Operation 
Location Code 
Temp. OF. 

Rel. Hum. 
D--- - ,.,.n I* U- 

.".2.2...U Lay 



M i n e  - Location: H - 3, d r i f t ,  c r o s s - c u t  

3000 8 6000 
300 

Flowrate  ( ft3/rnin) : a t  

Q ;;;;;; 
@ 2000 
0 1/30 9000 

1/31 1 0 , 0 0 0  
2/1 1 2 , 0 0 0  

A-60 

r- 



Ventilation 
Operation 
Location Cod6 
Temp. OF. 
Rel. Hum. % 
Pressure  "BQ 

MINE: h/ 



O J  

Mine - Location: H - 4, drif t ,  c ros s -cu t  

Flowrate (ft3/min): a t  @ 6000 
2000 Q 2/1200°1 1 ,000  

2/2 12 ,000  

A-6 2 



Vent i la t ion 
Opera t ion  
Loca t ion  Code 
Temp. OF. 
Rel .  Hum.  70 
P r e s s u r e  "Hg 



‘4 

I, 04 ’-’ 7 / /  

Mine - Location: H - 5 ,  drift  

Flowrate (ft3/rnin): a t  0 3000 
@ 7 0 0 0  

5000 8 15 ,000  ( in to  g r i zz l i e s  and  shaf t )  

0 10,000 

A-64 



Vent i la t ion 
Opera t ion  
Loca t ion  C o d e  
Temp. OF.  

Rel .  Hum.  O/o 
P r e s s u r e  "Hg 



A 

7 0 - OB 
1 61 

Mine - Location: H - 6 ,  s tope  
Volume  (f t3) :  s t o p e  1 9 , 0 0 0  

3 Flowrate ( f t  /min): a t  0 3000 
2000 8 2000 

Ventilation Notes:  
1 e 1/30 1135 vent.ilation off 
2.  1230 vent i la t ion on 
3 e 1/31 1148 vent i la t ion off 
4. 1210 vent i la t ion on  

A-66 

r 



MINE: H LOCATION: 6 (sfope) 

Ventilation 
Operation 
Location Cod 
Temp. OF.  

Rel. Hum. % 
Pressure "iig 

LOCAL TIME, HOURS 
1 1  2 '  1 ( 3  4 1  1 

d-----9- 4 A! S r i  $ 
P K-- R 17' /+ 1 

4-57 
I 

I 
I 

b& I I I 

7 I I 
1 1 1  I I I I 1 1  p3rr;T I I 1 1 1 1 )  , ,  



1 
A 

U 

Mine - Location: I - 1 , drif t ,  near  s h a f t  

3 Flowrate ( f t  /min): a t  
2/6 
2/7 

0 
20 I 000 

3000 66 ,000 35,000 9000 22,000 

(9 
10,000 

0 
42 I 000 

@ 
72,000 

0 
5000 

A-68 



MINE: LOCATION: fd, l; /;z .  ~ e 4 ~  

Ventilation 
Operation 
Location Code 
Temp. OF. 
Rel. Hum. '% 
Pressure "Hg 



Mine  - Location: I. - 2 ,  drift  

Flowrate (ft3/rnin): a t  0 3000 
@ 3000 

A-70 



Ventilation 
Operation 
Location Code d l  1 
Temp. OF. 
Rel.  Hum. 7'0 1 

I 1  

Pressure "Hg 444 t I I I t i  



t i  

Mine - Location: I - 3 ,  head ing ,  dead end  

0 
1000 

50 0 0. 2000  

0 3 Flowrate ( f t  /min): a t  
2 / 5  5000 

2 / 7  3000 - 
2/6 

A-7 2 

0 
6000 
7 0 0 0  
5000 



Venti la t ion 
Opera t ion  
Locat ion Code  
Temp. OF. 

Rel. Hum.  % 
Pressure  "Hg 



1 

Mine - Location: I - 4, c ross -cu t ,  off heading  

0 
2000 

- 2000 

0 3 Flowrate ( f t  /min): a t  0 
18,000 6000 2/5 

2/7 20 / 000 - 1000 
2 / 6  20,000 

Ventilation Not e s: 
1. 2/6 1248 vent i la t ion  off in  d u c t  
2 .  2/7 0910 vent i la t ion  on i n  duct 

(9 
26 , 000 8000 

5000 - 26 ,000  
1 20 I 000 5000 

0 
16 I 000 

@ 

A-74 

. .  



MINE: I LOCATION: 4 ( C ~ O S S - C U / ,  0ffh&h9/ 

Ventilation 
Operation 
Location Code 
Temp. OF. 

Rel. Hum.  7% 
Procc111.~ "Hn . . - - - .. . 





I 

Mine - 
Location 

A - 1  

A - 2  

A - 3  

UJ 
I 
c 

B - 1  

0 - 2  

B - 3  

c - 1  

c - 2  

c - 3  

APPENDIX B 

DAILY AVERAGE RADON DAUGHTER RATIOS 

Ra -A Ra-B Ra -C Ra -B 
Rn S Rn S Rn S Ra -A S 

.41 

.27 

.35 

.72 

.55 

.62 

.75 

.62 

.46 

.63 

.70 

.65 

.63 

.62 

.66 

.54  

.60 

.73 

.60 

.86 
7 5  

.96 
.75 

.087 

.025 . 0 46 

.080 

.048 

.12 

.O 76 

. I 7  

.015 

.19 

.28 

.13 

.043 

.092 

.039 

.051 

.061 

,096 
.o 35 

.13 
. 1 2. 

.073 
e 14 

- -  

Ra -C 
Ra -A 5 

.24 

.20 

.24 

.54 

.37 

.42 

.52 

.38 

.27 

.49 

.50 

.47 

.40 

.41 

.46 

.38 

.43 

.52 

.50 

.66 
5 5  

.84 

.51  

.084 

.047 

.044 

.12 

.12 

.14 

.17 

.15 
- 0 4 2  

..I 6 

.21 

.16 

.053 

.10 

.O 36 

.092 

.071 

.071 

.082 

.16 
- 1 5  

.16 

.IS 



I Mine - Ra -A Ra -B Ra -C Ra -B Ra -C 
Location Rn S Rn S Rn S Ra -A S Ra-A 5 

D -  1 .41 .18 .19 ,053  ,097 .026 .50 .14  .30 .20 

D - 2  .69 .21 .39  ,082 .23  .051 .57 .095 .35 .091 
.55 . l l  .29 ,036 .18 .o 35 .54 .092 .34  .096 
.75 .16 .38 ,052 .21 ,044 .52 0 86 e 29 .071 

D - 3  

D - 4  

.78 .12  . 4 i  . l l  .28 .085 .62 .12  .38 .14  

.31 .084 .093 ,017 

.39 .089 .21 ,029 
37 .10 .18 .044 

. o s 5  .0'17 

. 14  .026 
.043 . l l  

.31 .06 1 .19 .086 

.56 .075 .35 .a67 

.51 .11 .31 .12 

e 51 .16 .28 .033 
.64  .10 .30 .022 
.57 .OB2 .35 .026 

.17 .O 3 2  

.16 .o 33 

.20 . 0 26 

.57 .16 .38 .19 

.48 .075 .26 ,067 

.63 .13 .36 .097 

E - 1  

a3 
I 
N 

E - 3  .069 .032 
.13  .12 
.12  .073 

.35 .o 54 .20 .073 

.38 .22 .23  .25 

.37 .10 .20 . l l  

.40 . 2 3  .13  .080 

.62 .17 .23 .12 

.63 .16 .23  .08 

F - 1  

F - 2  

F - 3  

.43  .079 .29 .053 .18 .017 .76 . I 1  .51 .11 

.54  .089 .32 .079 .54  .o 59 .29 .047 .17 .039 

.42 .G85 

.49 . l l  
.80 .14 . 53  . l l  
.75 .092 .51 .067 

. 7 3  .31 .58 .082 

.98 .23  .73 .16 

.79 .20 .56 .21 F - 4  

F - 5  

. 7 7  .16 .59 ,096 .41 . I 1  

.65 .30 .50 .35 
.53 .22 .48 .29 

.27 .17 .23 .15  

.42 .27 .26 . 1 3  
.22  .16 
.24 .10 



Mine - Ra -A 
Location Rn S 

F - 6  

F - 7  

G - 1  

G - 2  

G - 3  

G - 4  

H - 1  

H - 2  

H - 3  

H - 4  

.47 

.40 

.39 

.51 

.53 

.57 

.74 

.68 

.56 

.56 

.52 

.51 

.27 

.30 

.32 

.32 

.36 

.47 

.30 

.62 

.61 

. 14. 

. 2 2  

.13 

.091 

.093 
,066 

19 
.062 
.047 

.087 
,065  

.14 

.099 

.049 

,084  
.067 

. l l  

.15 

.077 

.087 

. l l  

Ra -B 
Rn S 

. 2 1  .047 

.23 .085 

.25 .031 

. 2 2  .040 

. 2 8  .046 

.28 ,069 

.25 .079 

.26 .048 

.25 .064 

.24 .048 

.26 .049 

.30 ,076 

.091 .052 

.13 .019 

.13 .035 

. l l  .020 

.70 .04 

.19 .052 

.20 .028 

.16 .035 

.18 ,038 

Ra -C - 
Rn S 

.13 

.18 

.18 

. 1 2  

.16 

.16 

. l l  

. l l  

.10 

. l l  

. l l  

.15 

,038 
.06 5 

.077 

.O 56 

. l l  

.083 

.14 

,066 
.064 

.o 34 

.052 

,043  

.040 

.042 

.048 

.039 . 0 28 

.O 30 

.032 

.031 

.033 

'022 
.017 

.017 

.017 

.O 38 

.O 23 

.o 34 

.015 

.O 14 

Ra-B 
Ra -A 9 

.43 

.63 

. 70 

.44 

.54 
49 

.34 

.37 

.45 

.43 

.49 

.56 

. 3 2  

.43 

.41 

.34 

.55 

.41 

.71 

.25 

.29 

. l l  

.17 

.15 

.081 

. l l  

. l l  

. 0 40 
'047 
. l l  

.072 

.094 

.08 

.087 
,060 

,063  
.061 

.16 

.074 

.18 

.o 34 

.027 

Ra-C 
Ra -A 5 
- 

.26 

.45 

.51 

.25 

.32 

.29 

.15 

.17 

.18 

.20 

.22 

.28  

.13 

.22 

.25 

.18 

.31 

.19 

.49 

. l l  

. l l  

.10 

.18 

.18 

.090 

.13 

.082 

.037 

.033 

.060 

.O 56 

.068 

.08 

.045 

.057 

.058 

.06 5 

.15 

.051 

.18 

.025 

.029 



Mine - R a  -A 
Location Rn S 

H - 5  .48 

H - 6  .39 
.48 

1 - 1  . 7 4  
.49 

1 - 2  .48 

1 - 3  .60 
.67 
.58 

1 - 4  .47 
.48 
45 

W 
I 
I@ 

. 0 46 

.13  

. l l  

.30 

.20 

.23 

,085 
. l l  
-064 

.092 
e 29 
.071 

R a  -B 
R n  S 

.25 .045 

.15 .063 

.16 .035 

.33 .16 

.17 ,085 

.18 .056 

,218 ,038 
.41 .047 
.34 .037 

.31 .041 

. 3 3  .094 

.29 .022 

Ra -C 
R n  S 

. 1'3 

.087 

.090 

.20 

.11 

.094 

.22 

.24 . LO 

.19 

.24 

.19 

.o 3'3 

.041 

.O 18 

.16 

.088 

.043 

, 0 28 
.o 28 
.036 

.o  14 

.095 

.016 

R a  -B 
R a  -A S 

.50 .068 

.37 .08 1 

.32 .046 

.48 .21 

.35 15 

.45 .22 

.63 . 0 40 

.52 .O 56 

.59 .053 

e 68 .066 
,62, .09 
.67 .075 

R a  -C 
R a  -A 5 

.27 .061 

.19 * 0 52. 

.19 .042 

.34 a 30 

.22 .17 

.26 .21 

.37 .065 

.36 .075 

.35 .075 

E 4 3  "094 
.40 .09 
.43 .051 



APPENDIX C 

ORE DUST CONCENTRATIONS 

Mine - Concentration Mine - 
Location Date a dpm - Location Date  

Concentratj  o n  
a cl-pm-- 

A - 1  9/26 22 
9/27 18 

28 

c - 1  10/3 

1 0 / 1  

1 . 4  
1 .7  
2 - 0  
0 . 9  
2 . 4  A - 2  9/26 G.2 

5 0 3  

8 . 5  
9/27 2 . 5  

9/28 7 . 7  

c - 2  10/3 

10/4 

2 . 7  
1 .o 
0 . 0 5  
1 . 7  

A - 3  9/26 

9/27 

9/28 

0 - 1  9/29 

8 , 7  
? , 7  

8 . 4  
'7 "0 

1 1  
e - 3  10/3 6 , 2  

3 , 6  
2 , 9  10/4 

D - i  i 1/2 1040  
3 a 8 
2 , 5  
1 . I  
1 . 1  

D - 2  11/4 
91/30 
10/2  D -  3 L ! / 3  

11/4 
1 9  

17 
0 - 2  9/29  1 . 4  

0 "8 
4.5 
L " 5  
G - 2  
1 . 4  
6 - 0  

24 D - 4  11/2 
1!/3 
11/4 

18 
2 3  
7 3  9/30 

10/2 E - 1  11/6 
11/7 
11/8 

26 
19 
24 

B - 3  9/29 5,7 
J4  
4 . 1  

9/ 30 3.6 
1 . 1  

10/2 2.5 
6 . 3  

E - 2  11/6 
11/7  
11/8 

1 5  
14 
21 

E - 3  11/6 
11/8 

8 . 4  
7 . 6  

c - 1  



Mine - 
Location 

F - 1  

F - 2  

F - 3  

F - 4  

F - 5  

F - 6  

F - 7  

G - 1  

G - 2  

G - 3  

G - 4  

H - 1  

H - 2  

H - 3  

. .  

Date 

1 1 / 1 3  

11/10 

11/15 

11/14 

11/13 

11/14 

11/14 

1 1 / 1 3  

11/15  

I /24 
1/25 
1/26 

1 / 24  
1 /25  
1/26 

1 /24 

1 /25  

1/26 

2/ 1 
2/2 

1 / 3 0  
1/31  

1/30 
1/31 
2/ 1 

Concentration 
a dpm 

6 . 8  
1 7  

5 .8  
21 

8 " 0  

5.6 

4 t) 
5 " 0  

I .6 

Mine .- 
L o c a t i o ~  Date 

H - 4  2/1 
2 / 2  

1 - 1  2/6 
2/7 

1 - 2  2/5 

Concentrat ion 
a dpm --- 

0 " 7  
1 " 4  

1 . 2  
4 , 8  

3 , h  

0 " 7  
0 . 9  
l"4 

L ' 0  
L , h  

5.2 

3 , 5  
2.3 
1 . 1  

1 .o 
1 . 7  
2 - 4  

b " 5 

5 . 4  
L " 8  

8 .  I 
1 7  

14 
15 
4,6 

c -2 
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