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The d o s e - r a t e  c o n v e r s i o n  f a c t o r s  g iven p r e v i o u s l y  i n  B e l l  (19'77 and 1979) 

do not d e s c r i b e  f u l l y  t h e  a c t u a l  r a d i a t i o n  dose  which e f f e c t i v e l y  g i v e s  r i s e  t o  

T L  frorn q u a r t z  gra ic is  ernbedded i n  a  r a d i o a c t i v e  m a t r i x .  Two o t h e r  f a c t o r s  which 

must be t aken  i n t o  c o n s i d e r a t i o n  a r e  ( i )  t h e  r e l a t i v e  i n e f f i c i e n c y  o f  t h e  

a l p h a  p a r t i c l e s  compared t o  b e t a  and gamma r a d i a t . i o n  a t  i n d u c i n g  TL,  and ( i i )  

t h e  absorbed  d o s e  a t t e n u a t i o n  f o r  both  a l p h a  and b e t a  p a r t i c l e s  p a s s i n g  

through i n c l u s i o n s  o f  d iamete r  comparable o r  g r e a t e r  t h a n  t h e  p a r t i c l e  

r ange  i n  t h e  a b s o r b e r .  

The r e l a t i v e  i n e f f i c i e n c y  o f  a l p h a  p a r t i c l e s  a t  i n d u c i n g  TL (compared 

t o  an  e q u i v a l e n t  d o s e  o f  b e t a  o r  gamma r a d i a t i o n )  h a s  been d e s c r i b e d  i n  

d e t a i l  e l sewhere  by Zimmerman (1971 and 1972) and by Ai tken  and Bowman (197.5) 

and t h e  d i s c u s s i o n  s h a l l  not  be  r e p e a t e d  he re .  However, e f f i c i e n c y  

f a c t o r s  must a lways  be t a k e n  i n t o  accoun t  when d e t e r m i n i n g  t.he a r c h a e o l o g i c a l  

dose  t o  a  q u a r t z  g r a i n .  

The second f a c t o r ,  t h e  g r a i n - s i z e  dose  a t t e n u a t i o n ,  depends  on bo th  t h e  

t y p e  of r a d i a t i o n  and on t h e  s i z e  o f  t h e  g r a i n s .  I n  t:he ' f i n e - g r a i n  technique '  

o f  Zimrnerman (1973) orlly g r a i n s  i n  t h e  s i z e  range  1-8 ym a r e  used and t h i s  

is  much less t h a n  t h e  range  o f  a l p h a  p a r t i c l e s  ( t y p i c a l l y  of  t h e  o r d e r  of 

2.5 pm ) and more t h a n  two o r d e r s  of magnitude l e s s  t h a n  t h e  range  o f  b e t a  

p a r t i c l e s  ( t y p i c a l l y  a  few m i l l i m e t r e s )  i n  TL m i n e r a l s .  I t  i s  consequen t ly  

r e a s o n a b l e  t o  assume t h a t  g r a i n - s i z e  a t t e n u a t i o n  f a c t o r s  a r e  n e g l i g i b l e  f o r  

b e t a  r a d i a t i o n  i n  t h e  ' f i n e  g r a i n  t e c h n i q u e '  and a r e  l i k e l y  t o  be  ve ry  smal l  

f o r  a l p h a  rad ia t . ion  ( s e e  B e l l ,  1979a).  
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ABSTRACT 

The dose  a t t e n u a t i o n  f a c t o r s  f o r  a l p h a  and b e t a  r a d i a t , i o n  p a s s i n g  

t,hrough a  100 micron q u a r t z  g r a i n  a r e  p r e s e n t e d  h e r e  and t h e  dose  d i l u t i o n  

due t o  i s o t r o p i c  e t c h i n g  o f  t h e  g r a i n s  i n  h y d r o f l u o r i c  is a l s o  d e s c r i b e d .  

ABSORBED DOSE. FROM THE NATURAL RADIOACTIVE SERIES -----------. 



I n  c o n t r a s t  t h e  ' q u a r t z  i n c l u s i o n  t e c h n i q u e '  o f  Fleming (1970) u t i l i s e s  

q u a r t z  g r a i n s  o f  a v e r a g e  d i a m e t e r  approx imate ly  100 Mm and f o r  t h e s e  g r a i n s  

t h e  a l p h a  d o s e  and t o  a  l e s s e r  e x t e n t  t h e  bet.a dose  w i l l  s u f f e r  s i g n i f i c a n t  

a t t e n u a t i o n .  T h i s  d a t i n g  t e c h n i q u e  a l s o  r e q u i r e s  t h e  g r a i n s  t o  b e  e t c h e d  

i n  h y d r o f l u o r i c  a c i d  and t h i s  t rea tment .  w i l l  c a u s e  a  f u r t h e r  r e d u c t i o n  i n  

t h e  a l p h a  and b e t a  doses .  The above-mentioned f a c t o r s  have a l l  been de- 

s c r i b e d  b e f o r e  i n  v a r i o u s  r e f e r e n c e  s o u r c e s ,  b u t  t h e  purpose  of t h i s  paper  

is t o  b r i n g  a l l  o f  t h e  i n f o r m a t i o n  t o g e t h e r  i n  a n  e a s i l y  u s a b l e  form and t o  

u p d a t e  p r e v i o u s  c a l c u l a t i o n s  where n e c e s s a r y .  

ALPHA DOSE ATTENUATION 

S p i e r s  (1953)  f i r s t  s t u d i e d  t h e  problem of t h e  energy d e p o s i t e d  i n  one 

medium due t o  p a r t . i c l e s  g e n e r a t e d  i n  a n o t h e r  and Kononenko (1957) s t u d i e d  

absorbed dose  i n  t i s s u e  c a v i t i e s  due t o  a l p h a - p a r t i c l e  e m i t t e x s  i n  

s u r r o u n d i n g  bone. Both workers  made t h e  assumpt ion t h a t  t h e  l i n e a r  energy 

t r a n s f e r  (L.E.T), t h a t  is t h e  energy d e p o s i t e d  a t  any p o i n t  alorig t h e  t r a c k  

o f  a  s i n g l e  charged  p a r t i c l e ,  is independent  o f  t h e  p a r t i c l e  energy.  C h a r l t o n  

and Cormack (1962) d e r i v e d  e x p r e s s i o n s  f o r  t h e  absorbed dose  i n  t i s s u e  c a v i -  

t i e s  i n  bone t a k i n g  accoun t  of t h e  dependence o f  LET on a l p h a  energy and Howarth 

(1965) developed methods f o r  c a l c u l a t i n g  t h e s e  e x p r e s s i o n s  and gave t a b u l a t e d  

v a l u e s .  

Put  s imply ,  t h e  absorbed dose ,  D,(x), a t  a  p o i n t  d i s t a n t  X from t h e  

i n t e r f a c e  between t h e  emit t ing and a b s o r b i n g  media is g iven  by 

where no is t h e  number o f  a l p h a  p a r t i c l e s ,  o f  i n i t i a l  energy E. and range 

R. i n  t h e  a b s o r b e r ,  e m i t t e d  p e r  u n i t  mass o f  t h e  e m i t t e r  and mS is t h e  r a t i o  

of t h e  mass s t o p p i n g  powers o f  t h e  e m i t t e r  and a b s o r b e r .  Ga(x/Ro) is a  geo- 

m e t r i c a l  f u n c t i o n  which depends d i r e c t l y  on t h e  shape  of t h e  i n t e r f a c e .  Ttie 

form of G (x/Ro) f o r  a  s p h e r i c a l  i n t e r f a c e  is d e s c r i b e d  f u l l y  by Howarth 
C1 

(1965) and t h i s  form, Sa(x/Ro,D/Ro), where D is t h e  d i a m e t e r  of  t h e  s p h e r i c a l  

i n t e r f a c e ,  was used i n  t h e  p r e s e n t  c a l c u l a t i o n s .  The a b s o r b e r  is taker1 t o  be 

t h e  quar t , z  g r a i n  immersed i n  a  c l a y  matri.x w i t h  a  uniform d i s t r . i b u t . i o n  o f  a1.pha 

s o u r c e s  which is  t a k e n  t.0 be  t h e  emi t . t e r .  The a b s o r b e r  and e m i t t e r  a r e  assumed 

have ve ry  s i m i l a r  mass st .opping powers which i m p l i e s  mS is u n i t y .  



D ( X )  must  b e  i n t e g r a t e d  o v e r  t.he volume o f  a  g r a i n  i n  o r d e r  t o  e v a l u a t e  
C1 

t h e  mean a b s o r b e d  a l p h a  d o s e  i n  t h e  g r a i n ,  -m. T h i s  i n t e g r a t i o n  h a s  been  

pe r fo rmed  n u m e r i c a l l y  f o r  a  1 0 0  pm q u a r t z  g r a i n  ( f u l l  d e t a i l s  o f  t h i s  arid t h e  

o t h e r  c a l c u l a t i o n s  found  l a t e r  i n  t . h i s  p a p e r  a r e  g i v e n  i n  Bell ,  1 9 7 8 )  and  t h e  

r e s u l t s  f o r  t h e  two a l p h a  e m i t t i n g  series a r e :  

- "oEo 
Uranium series,  Du(Abs),, = 0.21,5 X ---g- 

m 

"oEo 
Thorium s e r i e s ,  c1 (AbsITh = 0.248 X S ( 3 )  

m 

T h i s  means t h a t  a  100  pm q u a r t z  g r a i n  w i l l  a b s o r b  o n l y  2L.5!'0 of t h e  a l p h a  d o s e  

t h a t  would be  a b s o r b e d  from t h e  uranium s e r i e s  by an  i n f i n i t e s i m a l l y  small 

g r a i n  and  24.8:; of t h e  d o s e  from t h e  t h o r i u m  s e r i e s .  F leming (1969 ,  1970)  

h a s  a l s o  c a l c u l a t e d  t h e  mean a b s o r b e d  a l p h a  d o s e  f o r  t h e  uranium and t h o r i u m  

s e r i e s  u s i n g  a s i m i l a r  method t o  t h a t  d e s c r i b e d  above .  He app rox ima ted  t h e  

i n t e g r a t i o n  of  D ( X )  o v e r  t h e  volume o f  a  g r a i n  by t h e  u s e  of  sumrnation 
CA 

t e c h n i q u e s  r a t h e r  t h a n  t h e  more a c c u r a t e  n u m e r i c a l  i n t e g r a t i o n  used  h e r e .  

N e v e r t h e l e s s ,  h i s  r e s u l t s  were  21% and 25% f o r  t h e  uranium and  t h o r i u m  s e r i e s  

r e s p e c t i v e l y  which a r e  i n  v e r y  good ag reemen t  w i t h  e q u a t i o n s  2  arid 3 above .  

ALPHA DOSE REDUCTION BY HYDROFLUORIC ACID ETCHING -- - 

Fleming  (1970)  h a s  recommended t h a t .  f o r  t h e  q u a r t z  i n c l u s i o n  t e c h n i q u e  

t h e  g r a i n s  s h o u l d  b e  e t c h e d  i n  c o n c e n t r a t e d  h y d r o f l u o r i c  a c i d  (HT) f o r  ap-  

p r o x i m a t e l y  40  min. a t  room t e m p e r a t u r e  i n  o r d e r  t o  remove a n y  d i s c o l o u r e d  

s u r f a c e  r e s u l t i n g  from t t ie  d i f f u s i o n  o f  i m p u r i t i e s  i n t o  t h e  q i ~ a r t z  d u r i n g  

f i r i n g  and  a l s o  t o  d i s s o l v e  most  n o n - q u a r t z  g r a i n s .  He sugges t . ed  t h a t  t h i s  

e t c h i n g  p r o c e s s  would r e d u c e  t o  n e g l i g i b l e  i m p o r t a n c e  t h e  a l p h a  d o s a g e  t o  

t h e  q u a r t z  g r a i n s  s i n c e  t h e  a l p h a  p a r t i c l e s  p e n e t r a t e  o n l y  t h e  o u t e r  g r a i n  

l a y e r s .  B e l l  and  Zimmerman (1978)  have  shown t h a t  t h i s  may n o t  be  s t r i c t l y  

c o r r e c t  due  t o  t ,he wide  v a r i a t i o n s  i n  t t i e  e f f e c t  o f  HF e t c h i n g  on d i f f e r e n t  

q u a r t z  g r a i n s  and  t h a t  some e r r o r  may b e  i n t r o d u c e d  by a s suming  t h e  r e s i d u a l  

a l p h a  d o s e  is n e g l i g i b l e .  However, i t  is stil l  i m p o r t a n t  t o  estimate by what. 

f a c t o r  t h e  a l p h a  d o s e  is r e d u c e d  by HF e t c h i n g  even  i f  it is as suming  o n l y  

i s o t r o p i c  r emova l  o f  m a t e r i a l .  



To e v a l u a t e  t h e  mean absorbed  a l p h a  d o s e  i n  a  s p h e r i c a l  q u a r t z  g r a i n  a f t e r  

e t ,ching,  D', t h e  numer ica l  i n t e g r a t i o n  o f  D ( X )  d e s c r i b e d  above, must a 01 
be performed over  a  g r a i n  volume w i t h  a  l a y e r  o f  t h i c k n e s s  d  removed i s o t r o p i -  

c a l l y  from t h e  s u r f a c e .  The r e s u l t a n t  absorbed  dose  a f t e r  e t c h i n g  a s  a f r a c t i o n  

of t h e  d o s e  b e f o r e  e t c h i n g  is g i v e n  i n  F i g u r e  1 f o r  b o t h  t h e  uranium and 

thor ium s e r i e s  a s  a  f u n c t i o n  o f  t h e  e t c h i n g  d e p t h  d .  The r e s u l t s  o f  Fleming 

(1970) a r e  a l s o  shown i n  F i g u r e  1 and t h e  d i f f e r e n c e  is s e e n  t o  be  s i g n i f i c a n t  

probably  because  t h e  e a r l i e r  c u r v e s  were e v a l u a t e d  f o r  c a l c i u m  f l u o r i d e  and 

t h e n  assumed t o  be t h e  same f o r  q u a r t z  t o  a  " f i r s t  o r d e r  approx imat ion"  

(Flerning, 1969 and 1977).  The r e s u l t s  g i v e n  h e r e  i n d i c a t e  t h a t  t h e  a l p h a  dose  

t o  a 100 pm q u a r t z  g r a i n  w i l l  be reduced by a  f a c t o r  of 0.5 f o r  an  i s o t r o p i c  

e t c h i n g  dep th  o f  6.4pm f o r  t h e  uranium s e r i e s  and 7 . 9 ~ ~  f o r  t h e  thor ium s e r i e s  

whereas  Fleming (1970) q u o t e s  4.2 ]Am and 5.4 pm f o r  t h e  uranium and thor ium 

s e r i e s  r e s p e c t i v e l y .  

To a s s e s s  t h e  l e n g t h  o f  t ime  r e q u i r e d  f o r  t h e  e t c h i n g  of t h e  q u a r t z  

g r a i n s  a  r e l a t i o n s h i p  between e t c h i n g  d e p t h  and e t c h i n g  t ime  is necessa ry .  

Such a  r e l a t i o n s h i p  w i l l  vary  between samples ,  however, because  o f  t h e  

v a r i a t i o n s  i n  e t c h i n g  r a t e s  l i k e l y  t o  be found between t h e  q u a r t z  from d i f - S  

f e r e n t  p a r t s  of t h e  world.  The assessment  of t h e  e t c h i n g  d e p t h  f o r  i n d i v i d u a l  

samples  is a l s o  q u i t e  complex because  t h e  i s o t r o p i c  e t -ch ing  d e p t h  is c a l c u -  

l a t e d  from a n  e x p e r i m e n t a l  d e t e r m i n a t i o n  of  t h e  we igh t  l o s s  with e t c h i n g  t ime  

and t h i s  weight l o s s  c o u l d  i n c l u d e  s m a l l  q u a n t i t i e s  o f  f e l d s p a r s  o r  o t h e r  

non-quar tz  g r a i n s  which might be p r e s e n t  i n  t h e  sample and t h e n  d i s s o l v e d  by 

t h e  HF. 

I t  is u s e f u l ,  t h e r e f o r e ,  t o  c o n s i d e r  t h e  r e s u l t s  o f  e t c h i n g  e x p e r i m e n t s  

done by Fleming (1969, 1970)  on 100 pm g r a i n s  of Norwegian a l p h a  q u a r t z .  He 

g i v e s  f i g u r e s  o f  4.2, 5.4, and 6.0 pm a s  b e i n g  t h e  i s o t r o p i c  e t c h i n g  d e p t h s  

cor respond ing  t o  20,  30 and 40 minu tes  o f  a c i d  t r e a t m e n t  r e s p e c t i v e l y .  These 

f i g u r e s  a r e  f o r  c o n c e n t r a t e d  HF a t  room temperat .ure.  I t  is a p p a r e n t  t h a t  i f  

t h e  a l p h a  dosage t o  100 Vrn q u a r t z  g r a i n s  is t o  be  reduced  by a t  l e a s t  a  f a c t o r  

of 0.5 then  e t c h i n g  t i m e s  o f  one hour must be c o n s i d e r e d  a s  a minimum. The 

i s o t r o p i c  e t c h i n g  d e p t h  f o r  Norwegian a l p h a  q u a r t z  a f t e r  one hour o f  a c i d  

t r e a t m e n t  is 9 pm (Fleming,  1969) .  

The a l p h a  c o r ~ t r i b u t i o n  t o  t h e  o v e r a l l  r a d i a t i o n  d o s e  w i l l  depend on 

s e v e r a l  pa ramete r s  ( i )  t h e  r e l a t i v e  amourlts o f  t h e  n a t u r a l  r a d i o a c t i v e  decay 

series p r e s e n t  i n  t h e  s u r r o u n d i n g  c l a y  m a t r i x  ( t h i s  is because  'OK emits 

o n l y  b e t a  and gamma r a d i a t i o n  whereas t h e  uranium and thor i i~ rn  s e r i e s  a l s o  



emit alpha rad ia t ion) ,  ( i i )  the r e l a t i be  eff ic iency (o r  k value) of the alpha 

pa r t i c l e s  a t  inducing TL i n  the quartz gra ins ,  ( i i i )  the  at tenhation of the  

alpha dose (and t o  a much lesse r  extent  the beta dose a s  described i n  the 

next sec t ion)  due t o  the s i z e  of the quartz gra ins ,  and ( i v )  the length of 

time the g r a i r ~ s  a r e  inimersed i n  I F  acid. Table 1 shows how each of the  above 

parameters a f f e c t s  the alpha cant-ribution t o  the  overal l  dose for  100 pm 

quartz gra ins  embedded i n  three c lays  of d i f fe ren t  radioact . iv i t ies .  Alpha 

eff ic iency f ac to r s  (k values) of 0.1 and 0.05 and the e f f e c t  of etching the  

grains for  one hour i n  concentrated HF a t  room temperature a r e  each con- 

s idered i n  Table 1. The data presented i n  Table 1 uses the  dose-rates given 

i n  Bell  (1979) and t,he dose at tenuation fac to rs  f o r  alpha radia t ion calculated 

i n  t h i s  sect ion and fo r  beta radia t ion calculated i n  the next sect ion.  

I t  should be s t ressed  agai.n that  these r e s u l t s  a r e  assuming isot ,ropic 

etching of a l l  the  grains which is cer ta in ly  not the case a s  i l l u s t r a t e d  by 

Bell  and Zimmerman (1978) who have shown t h a t  c e r t a i n  gra ins  lose  a substantial .  

portion of t h e i r  inner volume a s  etching t,unnels a r e  eat,en through the grains.  

For clay matrices of a t.ype si.mi.lar t o  clay I .i.n Tab1.e 1. i t  is obviocls that. 

l a rge  e r ro r s  a r e  possible because of t h i s  phenomenon par t i cu la r ly  i f  the 

q11art.z has a high a.lpha eff ic iency fact.or ( k  value). F'or the majority of 

samples with a reasonable amount. of potassium present (i 1% K20) and vit,h 

a k value of t,he order of 0.05, then a f t e r  etchirlg the gra ins  for  about orte 

hour in concentrat,ed tiF the e r ro r  involved i n  negl.ect.ing the  alpha pa r t i c l e  

contribution t o  t.he overal l  dose is l i ke ly  t o  be muc: t~  l e s s  than 5%. 

BETA DOSE AI'TENUATION -- 

Spencer (1959) has calculat.ed the average energy diss ipated near a point 

i so t rop ic  source of monoenergetic e lec t rons  by a  moments method of solut ion 

of the e lec t ron transport  equation. He presented numerical values of a "de- 

dimensionalised energy diss ipat ion d i s t r ibu t ion"  J(z) evaluated for  e lec t rons  

i n  various media ( z  is the distance from the source of e lec t rons  divided by 

t h e i r  range ro ) .  This treatment has been exterisively t es ted  by Cross (1967, 

1968) and i t  was found t ha t  over a wide range of spec t r a l  shapes there is 

excellent  agreement between theory and experiment. for  d is tances  from the source 

w i t h i n  which 95% of the energy is deposited. Charlton (1970) has incorporated 

the theory of Spencer (1959) i n to  a convenient formalism which may be extended 

t o  the case of quartz inclusions embedded i n  a  clay matrix i n  order t o  evaluate 

the beta dose a t tenuat ion fac to rs  for  the natural  radioact ive  se r ies .  



I n  s i m i l a r  f ash ion  t o  equa t ion  ( l ) ,  t h e  be ta  dose absorbed a t  a  p o i n t  

w i t h i n  a  sphere d i s t a n t  X f rom t h e  i n t e r f a c e  w i t h  a  medium hav ing  a  un i fo rm 

d i s t r i b u t i o n  o f  b e t a  sources i s  g i ven  by 

where no i s  t h e  number o f  e l e c t r o n s  o f  i n i t i a l  energy E. and range ro o r i g i n a t -  

i n g  per  u n i t  mass o f  t he  a c t i v e  medium, S  i s  t h e  r a t i o  o f  t h e  mass s topp ing  m 
powers o f  t h e  sur round ing  medium and t h e  sphere, D  i s  t h e  diameter o f  t h e  

sphere, and S (x/ro,D/ro) i s  t h e  geome t r i ca l  dose d i s t r i b u t , i o n  f u n c t i o n  f o r  
B 

b e t a  p a r t i c l e s  g i ven  by Cha r l t on  (1970). 

The va lues o f  S (x/ro,D/ro) f o r  q11art.z have been i n t e r p o l a t e d  from t.he B 
va lues  f o r  carbon and aluminium g i ven  by  Charlt.on (1970) u s i n g  t h e  i n t e r p o l a t i o n  

method recommended by Spencer (1959) and then  D ( X )  was i n t e g r a t e d  over  t h e  B 
volume o f  a  qua r t z  g r a i n  o f  diameter 100 pm ( B e l l ,  1978). The r e s u l t a n t  mean 

absorbed dose f o r  b e t a  p a r t i c l e s ,  p), from each s e r i e s  i s  then g i ven  

by : 

Uranium s e r i e s ,  
"oEo Dg(Abs),, = 0.938 X 7 

m 
Thorium s e r i e s ,  

"oEo DB(Abs)Th = 0.910 X -5 
m 

Potassium-40, 
"oEo DB(Abs)K = 0.966 X - 

m S 

Rubidium-87, 
noEo oo(Abs),b = 0.426 x -  

m 
S 

I t  i s  appropr ia te ,  however, t o  i n c l u d e  in t .e rna1  convers ion  ( I C )  e l e c t r o n s  w i t h  

t h e  be ta  a t t e n u a t i o n  f a c t o r s  and when t h i s  i s  done t h e  mean absorbed be ta  doses 

f o r  t he  uranium and t ho r i um s e r i e s  become 



T h e r e f o r e ,  a  100 pm q u a r t z  g r a i n  w i l l  a b s o r b  89.9% o f  t h e  b e t a  dose  t h a t  would 

b e  absorbed  from t .he uranium s e r i e s  by a n  i n f i n i t e s i m a l l y  s m a l l  g r a i n ,  84.5% 

o f  t.he d o s e  from t h e  t.horium s e r i e s ,  96.6% o f  t h e  dose  from pot.assium-40 and 

42.6% o f  t h e  d o s e  from rubidium-87. These v a l u e s  a r e  i n  e x c e l l e n t  agreement 

w i t h  t h e  f i g u r e s  of' 90.5%, 85.5%, and 96.5% g iven  by Mejdahl (1979) f o r  t,he 

uranium and thor ium s e r i e s  and potassium-40 r e s p e c t . i v e l y .  

The method adop ted  by Mejdahl (1979) f o r  c a l c u l a t . i n g  t h e  b e t a  dose  a t -  

t e n u a t i o n  f a c t o r s  was based on t h e  s c a l e d  absorbed-dose d i s t r i b u t i o n  f u n c t i o n s  

g i v e n  by Berger  (1971,  1973) which a r e  d i r e c t l y  ana logous  t o  t h e  dose  d i s -  

t r i b u t i o n  f u n c t i o n s  g iven  by C h a r l t o n  (1970) used i n  t h i s  paper .  Both methods 

u s e  t h e  work of  Spencer  (1959) a s  a  base  on which t o  deve lop  t h e i r  s e p a r a t e  

formal isms and i t  is not s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  r e s u l t s  f o r  t h e  b e t a  

d o s e  a t t e n u a t i o n  f a c t o r s  g iven h e r e  a r e  i n  such e x c e l l e n t  agreement w i t h  t h o s e  

p r e s e n t e d  by Mejdahl ( 1979) .  

For  a  t y p i c a l  c l a y  m a t r i x  having 3  ppm uranium, 12 ppm thor ium and 1% 

K20 ( c l a y  I1 i n  Tab le  3 )  t h e  o v e r a l l  b e t a  a t t e n u a t i o n  f a c t o r  f o r  a  100 )Am 

q u a r t z  g r a i n  c a l c u l a t e d  h e r e  is 0.918. Mejdahi (1979) q u o t e s  0.921 f o r  the 

same g r a i n  s i z e  and c o n c e n t r a t i o n  of r a d i o i s o t o p e s ,  b u t  he h a s  a l s o  ex tended  

h i s  work t o  i n c l u d e  g r a i n  s i z e s  from 5 pm up t o  10 mm. For example,  he g i v e s  

b e t a  dose  a t t e n u a t i o n  f a c t o r s  of 0.875 and 0.836 f o r  200 pm and 300 pm d i a -  

meter  q u a r t z  g r a i n s  r e s p e c t i v e l y  i n  t h e  same c l a y  a s  above. For t h e s e  l a r g e r  

g r a i n  s i z e s  t h e  r e s i d u a l  a l p h a  dose  w i l l  be ve ry  s m a l l  b e f o r e  e t c h i n g  and 

comple te ly  n e g l i g i b l e  i f  t h e  g r a i n s  a r e  e t c h e d  i n  HF. The u s e  of g r a i n s  l a r g e r  

t h a n  100 pm may p rove  t,o be more p r o p i t i o u s ,  t h e r e f o r e ,  f o r  c e r t a i n  d a t i n g  

p r o j e c t s .  

BETA DOSE R E D U C T I O N  BY HF ETCHING 

-- 
The mean absorbed  b e t a  dose  i n  a  q u a r t z  g r e i n  s f t e r  e t c h i n g ,  ~ ~ ( ~ b s ) " ,  

is e v a l u a t e d  by rlumerical  i n t e g r a t i o n  of D ( X )  o v e r  t h e  g r a i n  volume w i t h  a  B 
l a y e r  d  removed from t h e  s u r f a c e .  The absorbed dose  a f t e r  e t c h i n g  is g i v e n  

a s  a f r a c t i o n  o f  t h e  dose  b e f o r e  e t c h i n g  f o r  each  member of t h e  uranium s e r i e s  

i n  F i g u r e  2 and of t h e  thor ium s e r i e s  i n  F i g u r e  3 .  The d o s e  a t t e n u a t i o n  o f  

Rb-87 is a l s o  shown i n  F i g u r e  3 whereas t h e  potassium-40 b e t a  dose  s u f f e r s  

- n e g l i g i b l e  dose  r e d u c t i o n  even a t  ext reme e t c h i n g  d e p t h s .  



E t c h i n g  t h e  g r a i n s  f o r  one hour i n  concen t ra ted  HF a t  room t e m p e r a t u r e ,  

c o r r e s p o n d i n g  t o  an  e t c h i n g  d e p t h  o f  9  pm, r e d u c e s  t h e  b e t a  dose  from t h e  

thor ium series by a  f a c t o r  o f  0.915, t h e  b e t a  dose  from t h e  uranium s e r i e s  

by a f a c t o r  o f  0.940 and t h e  b e t a  dose  from rubidium-87 by a  f a c t o r  of 0.755. 

CONCLUSIONS 

The a t t e n u a t i o n  f a c t o r s  f o r  a l p h a  and b e t a  r a d i a t i o n  which m u s t  be used 

i n  t h e  d o s e  assessment  f o r  q u a r t z  i n c l u s i o n s  o f  a v e r a g e  d i a m e t e r  100 pm have 

been e v a l u a t e d  and t h e  r e d u c t i o n  of t h e  r a d i a t i o n  dose  e f f e c t e d  by e t c h i n g  

t h e  g r a i n s  i n  HF' h a s  been i l l u s t r a t e d .  No mention h a s  been made o f  t h e  gamma 

r a d i a t i o n  dose .  This  is because  gamma r a y s  from t h e  n a t u r a l  r a d i o a c t i v e  

s e r i e s  have a  r ange  o f  up t o  30 cm o r  more i n  c l a y  m a t e r i a l  and hence they  

w i l l  s u f f e r  n e g l i g i b l e  a t t e n u a t i o n  when p a s s i n g  through a  100 pm q u a r t z  g r a i n .  

Care must be e x e r c i s e d ,  however, when d e a l i n g  w i t h  a  s u r r o u n d i n g  c l a y  m a t r i x  

which h a s  an  a tomic  number very  d i f f e r e n t  from t h a t  of  t h e  it. g r a i n s .  At low 

e n e r g i e s  t h e  absorbed  gamma energy  v a r i e s  approx imate ly  a s  t h e  f o u r t h  power 

o f  t h e  a tomic  number of t h e  a b s o r b e r  and t h u s  s i g n i f i c a n t  d i f f e r e n t i a l  energy 

a b s o r p t i o n  between t h e  TL g r a i n s  and t h e  s i l r rounding m a t r i x  cou ld  occur .  Th i s  

phenomenon h a s  been d e s c r i b e d  by Chan and B u r l i n  (1970) ,  b u t  f o r  most p o t t e r y  

samples  t h e  a t o m i c  number o f  t h e  c l a y  m a t r i x  is very  s i m i l a r  t o  t h a t  of q u a r t z  

i n c l u s i o n s  and n e g l i g i b l e  e r r o r  is i n t r o d u c e d  by i g n o r i n g  t h e  e f f e c t .  

FIGURE CAPTIONS 
p-. 

F i g u r e  1,: The mean absorbed  a l p h a  dose  i n  a 100 pm q u a r t z  g r a i n  w i t h  ---- 
a  l a y e r  d  removed by e t c h i n g ,  D _ ( A ~ s ) * ,  a s  a f r a c t i o n  o f  t h e  d o s e  

U 

b e f o r e  e t c h i n g ,  Da(Ahs), f o r  t h e  Uranium and ihor ium s e r i e s .  The 

r e s u l t s  o f  Fleming (1970) a r e  shown i n  d o t t e d  l i n e s .  

F i q u r e  2: 'The mean absorbed b e t a  dose  i n  a  100 pm q u a r t z  g r a i n  w i t h  a  
--- 

l a y e r  d  removed by et,ctlirtg, D,(Abs)*, a s  a f r a c t i o n  o f  t h e  dose  
LJ 

b e f o r e  e t c h i n g ,  D (Abs),  f o r  t he  Uranium s e r i e s .  B 

F i g u r e  3: The mean absorbed  b e t a  dose i n  a 100 pm quar t . z  g r a i n  w i t h  a  

l a y e r  d removed by e t c h i n g ,  ~ , ( A b s ) ~ ,  a s  a  f r a c t i o n  o f  t h e  d o s e  --- W 

b e f o r e  e t c h i n g ,  D (Abs) ,  f o r  t h e  S'horiurn s e r i e s  and Rubidi.urrr-87. 
f3 
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TABLE l 

The cont r ibu t : ion  from al.pha p a r t i c l e s  a s  a  percentage (k) of  t h e  o v e r a l l  

r a d i a t i o n  dose t o  100 pm qua r t z  g r a i n s  embedded i n  t h r e e  c l a y s  of d i f f e r en t :  

r a d i o a c t i v i t i e s .  The con t r ibu t ion  is cal.culat:.ed f o r  a lpha  e f f i c i e n c y  f a c t o r s  

of  0.1 and 0.05, bot:h before  and a f t e r  e t ch ing  t h e  g r a i n s  i n  HF' a c i d  f o r  

one hour (assuming i s o t r o p i c  removal of m a t e r i a l ) .  

Alpha Dose before  Etching (5%) A1,pha Dose a f t e r  E.tching (?A) 
- 

k = 0.1 k = 0.05 k = 0.1 k = 0.05 

Clay I 20.2 11.2 9.0 4.7 

Clay I1 14.2 7.6 6.0 

Clay I11 10.9 5.8 4.5 

The rad ioac t , ive  composition of t h e  t h r e e  c l a y s  is a s  follows: 

Clay I 12 ppm  it^, 3 ppm U 

Clay I I  12 ppm Th, 3 ppm U ,  1% K20 

Clay I11 12 pprn Thy 3 pprn U, 274 K20 
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A SWEDISH VITRIFIED FORT: DATING BY CONVENTIONAL TL 

D. A. Wright 
Museum of Archaeology, Universi,ty o f  Durham 

Old Fulling Mill, The Banks, Durham 

(1) Introduction.  

This paper gives an account of measurements of conventional TL 
on samples discussed i n  a  previous publ ica t ion .  (\Vrigh"i9779a). In 
t h a t  payer da t ing  was earl'ietl out by t h e  predose method on material.  
from a Swedish v i t r i f i e d  f o r t .  In  the  present  work t h e  s a ~ l p l e s  and 
t h e i r  preparat ion were a s  i n  t h e  e a r l i e r  paper, The standard procedure 
has been followed, including p la teau  t e s t  , correctiolr f o r  supra l inea r i ty ,  
check of p a r a l l e l  s lope  c r i t e r i o n ,  and check for  fading. 

(2) Results ,  

(a)  Samples t rea ted  i n  t l i lute-  IICl  only. -- 4e, 8a ,  8b, 12, 11, 

This treatment renoved the  limestone but f e ldspar  was re ta ined with 
t h e  quar tz ,  (geldspar 17.6%, quartz 82,4%). The TL behaviour was normal, 
giving p l o t s  of which Pig. 1. i s  typ ica l  (sample 4e).  The TI, was l a rge ,  
and the  t e s t s  were s a t i s f a c t o r y ;  f o r  sanple 4 t h e  fading i n  two months 
was about 16% consis tent  w i t 1 1  fe ldspar  being t h e  main source of t h e  TZ, 
(Fleming 197G), The archaeological  dose f o r  saruple 8 (350 p) was however 
equivalent t o  a  a - i r r a d i a t i o n  time of 220 min. compared with the  predose 
r e s u l t  of 90 min. 



This l a r g e  d i f fe rence  is  due a t  l e a s t  i n  part  t o  t h e  presence of 
f e ldspar  i n  the  samples. Chemical analys is  showed t h a t  9 7 4 9 %  of t h e  
K 0  was present  i n  t h e  fe ldspar .  The f e ldspar  and quar tz  combined 

2 cons t i tu ted  about 0.5% of t h e  t o t a l  sample; the re  was about 2% brown flaky 
material. ,  t he  renai.nder limestone. The $-dose r a t e  wi.tl1i.n t h e  fel.dspar 
gra ins  i s  considerably higher than t h e  mean dose t o  t h e  quar tz  g ra ins  a s  
deduced from t h e  mean Ii 0  and U/Th content ,  a 

Recent work by BIejdahl e t  a 1  (1979) shows t h a t  t h e  6 -close r a t e  due 
t o  K 0 within  fe ldspar  g ra ins  exceeds the  mean r a t e  t o  quartz gra ins  i n  
a  mazner which may provide t h e  b a s i s  f o r  a  new uethod of Ti, dating. The 
fe ldspar  dose r a t e  increases  with g ra in  s i z e ,  whereas t h e  dose r a t e  t o  
quartz decreases with g r a i n  s i z e ,  and the  former becomes twice t h e  l a t t e r  
f o r  t h e  compositiorls considered by Rlejdahl a t  a  g ra in  s i z e  of 800 p, In 
the  present  case t h e  s i . tua t ion  i s  extreme because of t h e  low fe ldspar  
concentrat ion i n  the  t o t a l ,  so  t h a t  many quartz g ra ins  rece ive  a  dose 
r a t e  l e s s  than t h a t  corresponding with the  rlean composition, A r a t i o  of 
fe ldspar /quar tz  dose r a t e  of 2,4 a t  a  gra in  s i z e  of 350 p i s  indica ted ,  
and presumably r e s u l t s  from t h i s  extreme s i t u a t i o n ,  There a r e  indica t ions  
a l s o  t h a t  the  U/Th a s  well as t h e  H 0 i s  concentrated i n  t h e  fe ldspar .  

2 

(b) Samples < 350 21 a f t e r  etching i n  IFo 6 ,  Ga, 6c, ?a,  11, 13. -. .-.-. - - 
These s a r a ~ l e s  were etched f o r  45 min. i n  40% W ,  washed i n  water and 

dr ied  using acetone. The main f e a t u r e  of t h e  r e s u l t s  was the  absence 
of a  p la teau ,  a s  shown i n  Fig. 3b, The r a t i o  of archaeological  t o  

0 a r t i f i c i a l  TL shows a  marked peak i n  the  region of 300 C,  The a r t i f  i- 
0 c i a l  TL s igna l  i s  shown i n  Fig.  3a, and has peaks a t  190 and 250 . 

I t  was r e a l i s e d  t h a t  these  TT, sigrlals were c h a r a c t e r i s t i c  of C@ and 
2' x-ray ana lys i s  confirmed t h a t  t h i s  compound was present .  I t  had not  

been present i n  t h e  sar1pl.e~ before etching i n  IF. X-ray ana lys i s  
showed broadening of t h e  CaF Lines indica t ing  poor c r y s t a l l i n i t y ,  

? consis tent  with fo rna t ion  i n 4 s i t u ,  I t  is presumably formed by reac t ion  
of the  IF with t h e  f e ldspar ,  This behaviour was f u r t h e r  confirmed by 
measuring the  TL on sample 8b, a f t e r  IICl only, and then e tching i n  fIF, 
Subsequent oieasurenent of TL gave t h e  r e s u l t  8c a f t e r  an a r t i f i c i a l  
p ,dose, s i m i l a r  t o  the  r e s u l t s  of s e r i e s  G samp3.e~. The CaF gives no 
archaeological  s i g n a l ,  but a  l a r g e  a r t i f i c i a l  s i g n a l  e spec ia l fy  i n  the  

0 
300 region,  

(c)  Larger grnins ,  

By haxidpickixlg a f t e r  s ieving,  i t  was poss ib le  t o  s e l e c t  c l e a r  
t r ans lucen t  g ra ins  0.3 - irvn,, and by o p t i c a l  examination t o  d i s t ingu i sh  
quar tz  from fe ldspar ,  There was then no need t o  use IF i n  order t o  
i s o l a t e  quar tz  inc lus ions .  Results  were a8 i n  Fig. 4. There was l i t t l e  
v a r i a t i o n  of TL with tegpera ture  above 27Q C ,  and t h e r e  was a  f a i r l y  good 
pla teau  from 250 t o  300 (Fig. 4b), The arcllaeological dose was now 
equivalent  t o  a  mean of 87 min., i n  good agreenent with the  predose r e s u l t  
on the  l a r g e r  g ra ins  (Wrlght 1979a), 

I t  was now poss ib le  t o  check whether IF has the  unders i rable  e f f e c t  
of producing CaF2 by reac t ion  with quartz.  Grains separa ted  a s  shown 
above were given the standard e tching i n  IF, followed by washing i n  water 
and acetone leading t o  the  r e s u l t s  on sample 10, These were ind i s t ingu i s -  
ab le  from the  r e s u l t s  on sample 9, showing t h a t  e i t h e r  CaF i.s not prod- 
uced i n  r eac t ion  with itF, o r  with l a rge  g ra ins  i t  is  readiBy removed by 
normal washing. 



(d) Removal of CaFZ0 

Samples from which a l l  c a l c i t e  had been removed by HC' treatment 
were etched i n  HF and then t rea ted  i n  A I  C 1  a s  recommended by Carriveau 

3' 
(1977). Although the  so lu t ion  d id  m t  c l e a r  completely, x-ray analys is  
showed no evidence of CaF and the  TL r e s u l t s  were a s  i n  Fig ,  4, 2 ' 

Another sample containing res idua l  c a l c i t e  was etched i n  IiF and 
t r e a t e d  i n  A1 C 1  and did g ive  re s idua l  CaF2, and r e s ~ ~ l t s  a s  i n  Fig. 3, 

3 
Thus C S  is  more r e a d i l y  produced, o r  less read i ly  removed, when IF r e a c t s  
with Cn 80 compared with f e ldspar ,  and correspondingly more ca re  is  then 
necessary $0 ensure C f l  removal. 

2 

(3) Conclusions, 

When using t h e  conventional quar tz  inc lus ion method, g rea t  ca re  is 
necessary (a) t o  ensure removal of f e ldspar ,  and (b) t o  avoid production 
of f l ~ x o r i t e  by reac t ing  with f e ldspar  o r  c a l c i t e .  Large e r r o r s  i n  age 
o r  absence of p la teau  can he produced by f a i l i n g  t o  meet these  condit ions.  
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