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ABSTRACT 

T o de t e rm ine the age o f a p o t s h e r d b y the t h e rmo lum ines c ence ( T L ) t e c h n i q u e , 
one must have an accurate k n o w l e d g e o f the cosmic and e n v i r o n m e n t a l g a m m a 
dose rate i n quar t z Th i s is o b t a i n e d b y leav ing a sensit ive T L dos ime t e r , e,g,, 
C a " : ( M B L E typ»' S), b u r i e d as near as possible t o the p o s i t i o n f r o m w h i c h the 
sherd was r emoved . Quar t z c a n n o t be used d i r e c t l y because i t is n o t s u f f i c i e n t l y 
sensit ive. The rat ios o f the response o f a qua r t z - l i k e dos ime te r t o those o f C a F j 
and L i F , w h e n the dos ime te rs are exposed t o an i n f i n i t e - m a t r i x n a t u r a l g a m m a 
spe c t rum, have been measured . T h i s e x p e r i m e n t used a i m cube o f c onc r e t e 
c o ' i t a i n i n g .3000 p p m o f u r a n i u m a n d its daughters . Smal ler , less act ive m a t r i x e s 
o f " ' ' ' K and t h o r i u m a n d its d a u g h t e r s have also been c o n s t r u c t e d . A means o f 
m a k i n g d i rect dose-rate d e t e r m i n a t i o n s w h e n the site c o n t e x t r ema ins b u t b u r i a l 
o f a dos imete r is i m p r a c t i c a l was deve loped us ing a N a l ( T I ) s y s t em. I t was 
possible t o choose a t h r e s h o l d va lue ( 0 . 4 5 M e V ) above w h i c h the numbe . - o f 
gamma coun t s is d i r e c t l y p r o p o r t i o n a l t o the dose rate i n CaF2 i r respec t i ve o f 
the re lat ive c o n c e n t r a t i o n s o f t h e n a t u r a l e m i t t e r s present . The e q u i p m e n t was 
field tested o n " - 4 0 Peruv ian a rchaeo l og i ca l sites, a n d resul ts are c o m p a r e d w i t h 
CaF j measuremenU. 

The basic not ion o f thermoluminescence ( TL ) dating o f archaeo­
logical ceramics is expressed in the simpli f ied age re lat ion: 

. ^ T L accumulated since f i r ing by ancient man 
(TL/rad) x (rads/year) 

The T L is carried by minera l inclusions in the clay fabric o f the 
pottery (e.g., quartz and feldspar), and the radiat ion dose rate is 
provided by radioelements i n the clay and i n the surrounding bur ia l 

a2/ 
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soil. Cosmic radiation contr ibutes a few percent also. It is convenient 
for discussion to take the fo l l ow ing levels as typ ica l : 

Uran ium, 2.8 ppm 
Thor ium 10 ppm 
K : 0 , 2'r 

Obviously these levels vary widely depending on the geolog>' o f the 
n^gion concerntHi. There is also a contr ibut ion of 2'"r f rom 
a i h i d i u m , typical ly present at a level o f 100 ppm (Warren, 1978), 

A l though for such levels the dose rate from alpha particles is 80 ' ; 
of the w h o l e — w i t h the e.xternal gamma dose rate from the soil 
amount ing to only T7c—when account is taken of the much lower 
effectiveners o f alpha particles in producing thermoluminescence 
( typical ly a factor of 7) ( Z immerman. 1972). the dominance by this 
type of radiation is removed. In t^rms of effective dose rates, the 
contr ibut ions are as fol lows: 

Alpha, -lO^ 
Beta. 3(>':f 
Gamma, 22*̂ ^ 
Cosmic. Z% 

The importance of the gamma con t r i bu t i on is further enhanced in 
the quartz-inclusion technique, which is one o f the two main 
methods routinely used for T L dat ing today, the other being the 
fine-grain technique. In the inclusion technique quartz grains 
--100 p m in diameter are extracted f rom the pottery , and the T L 
measurements are made on these. Because the average range o f alpha 
particles from the uranium and t h o r i u m series is only 25 p m , the 
inner cores of such grains receive dosages only from beta and gamma 
radiation Thus, i f the outer layers o f the grains are etched away w i th 
hydrof luoric acid, the alpha particle cont r ibut i on can be reduced to 
negligible proport ions. The effective dose rates, again for the typ ica l 
levels of radioactivity, are then : 

Beta, 206 mrads,/year 
Gamma. 125 mrads/year 
Cosmic, 15 mrads/year 

Thus gamma radiation contr ibutes 369r of the whole, and the 
accuracy of the T L data obtained is highly dependent on its reliable 
evaluation. This greater dependence on environmental dose rate is o f 
course a drawback. The '^^uartz inclusion technique is, nevertheless, 
preferred because, unl ike the fine-grain technique, i t is no t prone to 
the malign phenomena o f anomalous fading (Wintle, 1 9 7 3 ) . 

The breakdown of the gamma dose rate is given in Table 1 on the 
l a ; ' dntfl nM!»(r.nf< hv B P I I / I Q T C hv pQuating pp«>rgy 
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absorbed t o energy re leased—the latter being derived f r om relevant 
nuclear data tables. The X-ray c o n t r i b u t i o n is included in the gamma 
dose rate, but the internal conversion electron con t r ibu t i on is 
excluded. 

Often the radioact iv i ty o f the pot te ry is di f ferent f rom that o f 
the burial soil. To avoid sample mater ia l f r om the region in whic l i the 

T A B L E 1 

Gamma and X-Ray Dose Rates 
for an In f in i te M e d i u m o f So i l * 

- ^ " U series 
Rad io i so topes be f o r e ^ R n 1.1 
^ ̂  ̂  R n and later 3 0 . 6 

" ' U series 0 . 5 
" ^ T h series 

Rad io i so topes be fo re ' ' ' R n 2 0 . 8 
^ " R n and la ter 3 0 . 6 

^ ' ' K 4 1 . 0 

T o t a l 1 2 4 . 6 

• T h e soi l c o n t a i n s 2 . 8 p p m o f 
u r a n i u m , 1 0 p p m o f t h o r i u m , a n d 2% 
K j O ( i n mrads/year ) . T h e p r i n - i p a l 
g amma emiss ions above 1 M e V are 
1 . 7 6 M e V f r o m * ' * B i ( pos t ' * ^ R n ) , 
2 . 6 5 M e V f r o m ^ ° * T 1 ( pos t " ' * R n ) , 
and 1 . 4 6 M e V f r o m ^ ' ' K ; these c a r r y 
4 , 1 5 , and 3 3 % , r e spec t i v e l y , o f t h e 
t o t a l g a m m a dose ra te . 

beta dose rate is transit ional between the t w o levels, we discarded the 
outer 2-mm layer o f each specimen. Because the thickness o f the 
pot te ry fragment is not usually more than 20 m m , i t is assumed tha t 
the internal con t r ibu t i on to the gamma dose rate is negligible and 
tJiat the external con t r ibu t i on is not signif icantly attenuated. 

I n the fo l l owing sections we describe t w o methods current ly used 
for on-site measurement o f the env ironmenta l dose rate. In the f i rst , 
a smal l capsule o f highly sensitive T L dosimeter powder is bur ied in 
the same surroundings or in surroundings as sim.ilar as possible t o 
those f r o m which the pot tery fragments were removed. I n the 
second, a sodium iodide sc int i l lator is used; i ts electronic threshold 
chosen so thn t tbp nnnvp'-'-?~n *"ctr. '..>!. .mt rate to doac rate is 
inc ' tpendent ot wheti ier the predominant radioisotope is u r a n i u m . 
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t ho r ium, or potassium. T i e f irst method is the preferred technique 
because the capsule can be mserted into posit ion w i th less dis­
turbance *han can the sc int i l lator . I t also has the advantage that, site 
permi t t ing , i t can be left m position for a year to average out 
sea.sonaI variations in water content (Mejdahl. 1970, 1972) 

For sites on which i t is no t possible even to make scint i l lator 
measurements, radioactive analyses o f soil samples are made in the 
laboratory. Current ly this is done with a Nal gamma six'ctrometer, 
for which the n . in imum sample size s 100 g. An intrinsic germanium 
well-type detector w i th a sample size o f 10 g is shortly to be 
commissioned. Thick-source alpha counting wi th a zinc sulfide 
screen, combined w i t h f lame photometry for potassium determina­
t ion , IS an a l temat i e '̂ 'he disadvantage o f alpha counting is that an 
average tho i ium- to -uran ium rat io must be assumed in deducing the 
gamma dose rate, and the rat io of gamma dose rate to alpha count 
rate differs strongly between the two series ( i t is higher by a factor o f 
1.5 in the tho r ium series). Ano ther disadvantage o f bo th methods o f 
laboratory analysis is that for some soils there is substantial escape o f 
radon and the degree o f escape may be di f ferent when the sample is 
being counted in the laboratory from what it was when in the 
ground. The level of 21-year • ' ' *Pb can be used to measure the 
in situ r-^don retent ion, however. A t present this is measured by 
alpha spectrometry o f deposited ^ ' ° P o . but w i th the germanium 
detector the 46-keV gamma emission f rom ' ' °Pb itself w i l l be used. 
Besides radon escape, there are other forms o f decay-chain disequil ib­
riums tha t may upset laboratory evaluation, particularly the alpha 
count ing method. 

Whether on-site or laboratory i-ieisurements are used, a strong 
consideration in the selection ot s a i pies for T L dating is the 
homogeneity of the immediate surroundings (to a distance o f 0.3 m ) . 
This is more acut« in the ca-^- f iabcratory measurement, but i t is 
also a um i t a t i on o f on-si isurements because o f the practical 
d i f f i cu l t y o f pos i t ion ing even a small capsule so that i t receives the 
same gamma Hux as the pot tery fragment removed for dat ing. 
Another factor to be considered is the rapidity w i t h which the 
pottery became bur ied. 

For an account o f the o ther aspects o f archaeological T L dat ing, 
see A i t k e n , Z immerman , and Fleming ( 1 9 6 8 ) , Z immerman ( 1 9 7 1 ) , 
A i tken and F leming ( 1 9 7 2 ) , A i t k en ( 1 9 7 5 ) , and Fleming ( 1 9 7 7 ) . 
Current ly i t is pract ical t o t h i n k in terms o f a dating uncerta inty o f 5 
to 1 0 % o f the age. Thus i t is reasonable to set an uncerta inty o f 5 % 

rate. 
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SIMULATION OF SOIL SPECTRA 

Whether we are considering the use o f a thermoluminescence 
dosimeter or a scinti l lator to evaluate gamma dose rate in the ground, 
we are f ac td w i t h the problem that , a l though the primary spectrum 
may be we.'l-known, the secondary spectrum resulting f rom photon 
degradation through Compton interact ions is not . Since a thermo­
luminescence dosimeter measures absorbed dose, knowledge o f the 
spectrum is needed only to correct for any differences in .mass 
absorpt ion coefficients between dosimeter material and the relevant 
mineral in the pottery, i.e., quartz ( S i O j ) — a n d perhaps for 
at tenuat ion effects in the capsule wal l . F r om Fig. 1, we see that , as 

o U I \ I so 100 300 BOO 1000 3000 ENERGY. k*V 
' I . . !».̂  rpt i o n charac te r i s t i cs o f va r ious mateiial», ca lcu ­

l a t e d f r o m S t o r m and Israel ( 1 9 7 0 ) and E v a n s ( 1 9 6 8 b ) : (ju/p) = £i 
(Mi/Pi)wi, where ^^|p^ is the mass absorpt ion coef f ic ient o t the 
e lement concerned and wi is the f ract ion b y weight (Evans , 1968b ) . 
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long IS the major part o f the absorbed dose comes from photons 
above 0,2 MeV, the correction for differences in mass absorption 
coefficients is unl ikely to be a strong one. On the otl ier hand, the 
factor for converting scint i l lator count rate to soil dose rate depends 
strongly on the size o f the sc int i l lat ion crystal and its absorption 
characteristics and on the gamma spectrum being measured. 

.\ an alternative to dealing w i t h this problem by computat ion , 
wv built three concrete blocks, 51 by 51 by 51 cm. one each doped 
wi th uranium, tho r ium, and potassium and each having a pluggable 
access channel to its center to permit insertion o f a capsule or 
scintil lator. A four th undoped block o f the same size was bu i l t as a 
background monitor . The uranium and thor ium additives were 
chemically analyzed New Brunswick sands from the l ! , S . Depart­
ment of E r . T g y , pitchblende (sand 6) and monazili* (sand 7A ) , 
respectively. Agr icultural potassium sulfate was used for the th i r d 
block. 

For the expected concrete density, 2.35 g/cm\e calculated 
that the dose r.^te at the center o f a block should be w i th in 5% of the 
doso >-ate for an inf inite matr ix o f the same radioactive concentra­
t ion. Unfortunately the density turned out to be 1.93 g . c m ' , and i t 
was calculated that the central dose rate would be ^T', below the 
infinite matrbe dose rate for the uran ium block and ^ll '^f^ below that 
for the thor ium and potassium blocks. Nevertheless, we asi^umed that 
the spectral shape, especially at the lower energy end, wou ld be 
indistinguishable from that for a true inf ini te matr ix . 

As an addit ional faci l i ty to make short-term experiments feasible 
wi th relatively insensitive T L phosphors, we later constructed a large 
(1 m ' ) concrete block (U3) doped w i th 15 kg o f uranium ore, v/hich 
was part of a sample f rom Katanga that had been left in the 
university museum. A chemical analysis o f unknown origin specified 
a uranium content of 5 3 . 1 % . The block is made up o f 125 20-cm 
cubes w i th a nominal uranium concentrat ion o f 3000 ppm. These 
can be assembled w i t l i other subunits (10 by 10 by 20 cm) to give a 
matr ix variable in size f r om (20 cm)-* to (1 m)^. There is also a range 
of undoped subunits to permi t investigation o f inhomogeneous 
situations such as might be encountered on an archaeological site. 
Access to the center is by an 8-cm diameter hole that can be f i l led 
w i th plugs o f the same material . Each subunit was given two coats o f 
emulsion paint . The average density was 2.27 g/cm^. 

Table 2 gives the results o f analyses o f U3 components using a 
M-'TfTn Rv<!tem calibrated against sealed concrete mastcn made f rom 
.\'ev\K . .1. . i .u iuoi ia i i i i . i i v.;r;Ue. i . . . ii-rgi- i-ifO' i l i i iU ui 
i t em 2 arises f rom uncertainty as to the amount o f water addc< l̂ (and 
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T A B L E 2 

Apparent Uranium Concentrations i n Block U3 
Determined by Gamma Spectrometry* 

Before After Implied 
Cond i t i on sealing s<>aling radon escape 

1. Ore c o n c e n t r a t i o n eva lua ted f r o m i 4 9 . 4 % 5 3 . 6 % 8 * 
measurement o n a c i u r a t e l y 
we ighed m i x i n t o c onc r e t e 

2. Ca lcu la ted c o n c e n t r a t i o n in L'3 .5010 ± 

f r o m i t e m 1 a n d we i gh t s 1 0 0 ppm 
o f i ng r ed i en t s 

3. L '3 c o n c e n t r a t i o n a c c o r d i n g t o 2625 ± 2 8 3 5 ± 

samples a b s t r a c t e d f r o m 25 p p m 35 ppm 7 .5% 

conc re t e m i x 

• R a d i o c h e m i c a l me as u r e me n t o f the ^ ' ° P o a c t i v i t y i n t h e o re gave a value 
c o r r e spond ing t o 53 ± 3% ' h a t o f the parent . 

tl ie exact water content at present). We took 2835 ± 35 ppm as the 
preferred value. Using data f r om Table 1 and an assumed figure o f 
4 ± 2% for the radon escape f r om the actual subunits , we predicted 
the dose rate at the center o f U3 to be 31.4 ± 0.8 rads/year. Note 
that, a l though the data for the 1.76-MeV emission f rom ^ ' " B i is 
well-established, this is no t the case for the myr i ad other emissions 
from = " " B i . Table 1 is based on the findings o f Bell (1977 ) , which 
made a d o w n w a r d revision o f 10% in this earlier value for the 
uranium series gamma energy release (Bell , 1976) . 

The characteristics o f all blocks used are summarized in Table 3. 

EVALUATIOfV OF DOSE RATE BY THERMOLUMINESCENCE CAPSULE 

The thermoluminescent powder used in thi'.. w o r k was natural 
CaFj (Supjer S f luor i t e k ind l y supplied by Manufacture Beige de 
Lampes et de Mater ia l Electronique S/A, Brussels). This powder can 
be used d o w n t o dose levels o f a fract ion o f a m i l l i r a d i f appropriate 
precautions are taken (A i t k en , 1968) . Un fo r tuna te l y i t is no t 
available commerc ia l l y . Its other disadvantages are tha t i t has some 
sensitivity t o l i f ^ t , part icular ly s u n l i ^ i t or f luorescent l i ^ t and i t has 

f luor i te . A commerc ia l alternative is CaS04 doped w i t h dysprosium 
or tha l l i um , w h i c h has an insignif icant sensitivity t o l i ght . There are 
conf l ic t ing reports as to whether i t exhibits fading, however; possibly 
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T A B L E 3 

Summary o f Data for Radioactive Concrete Blocks 

B l o c k * 

Character i s t i c K T h U l U 3 

1. C o n c o n t r a t i o n t o'' (V5'> o f 1 0 ' pp .n 1 70 p p m 2 8 3 5 p p m 
paren t K : 0 (p lus 

7 p p i n I ' ) 
2. Ca l cu la t ed d o s i ' a t e 0 . 1 3 3 1.02 1.97 32 .7 

(assuming no gas 
loss), rads/year 

3, Pred ic ted loss f r o m 0.(M ± 0.04 0.2 -t 0 .05 1.3 ± 0.7 
gas escape:[, 

4, Meas,. .ed dose rate§ 0.1 2 1 0 .01 0.( i2 ± 0-03 1.22 t 0 .05 34 .6 ± 1.5 
af ter s ub t r a c t i n g 
b a c k g r o u n d , rads/ 
year 

5. R a t i o o f I t e m 4 t o 1.03 ± 0.1 0.73 ± 0.07 0.78 ± O.Oe 1.10 ± 0 .05 
I t e m 2 — I t e m 3, 
w i t h a l l owance f o r 
n o n i i i f i n i t o size 

6, Size (side o f cube ) 51 c m 51 c m 51 c m 1 m 

* F o r K, T h , and U l . t h e measured dose rates are averages o f a l l t ypes o f 
capsules used. Fo r a d i scuss ion o f the d iscrepancy be tween p r e d i c t e d and 
measured dose rates, see B o w m a n , 1976 . 

t C o n c e n t r a t i o n s f o r T h a n d U l are ca l cu la ted f r o m we ights o f o re (sands 7 A 
and 6, respec t i ve ly ) and c o n c r e t e c o n s t i t u e n t s used. F o r K and U 3 concen t ra ­
t i o n s were d e t e r m i n e d by f lame p h o t o m e t r y and gamma s p e c t r o m e t r y , 
respect ive ly . 

j L o s s f r o m gas escape was e s t ima t ed by gamma s p e c t r o m e t r y o f l a b o r a t o r y 
samples. 

§Measured dose rate i n the u n d o p e d 51-cm concre te b l o c K was 63 
nvads/year ; tha t i n U 3 was de r i v ed as descr ibed in t e x t . 

this depends on the me thod o f preparation. For peak I I I o f Super S 
fluorite, the fading measured over a 5-year period was equivalent to 
less than 1%/year. 

I n use, ~ 5 0 mg o f powder are sealed in a capsule and bur ied ir an 
auger hole at the relevant posi t ion on the site for a per iod upwards o f 
several weeks. As ment ioned earlier, the o p t i m u m buria l t ime is a 
year bu t , as in the appl icat ion described later in this paper, this is no t 
always pract ical . The powder is drained o f previous T L as late as 
p-, ', f ' - ' - H a l • o.. , 
retr ieval. I f the powder is carried in a lead container w i t h l - i n . wails, 
the dose rate is t yp i ca l l y about 0.1 mrad/day, b u t , in the appl icat ion 
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described here, circumstances permit ted a container o f only 0.25-in. 
wall thickness. Measurement consists o f comparing the height o f the 
T L glow peak ( I I I ) w i t h that induced by subsequent irradiation w i t h 
a laboratory ' ' "Sr—' ' "Y beta source calibrated against a ' ' ^ C s 
gamma source standardized by the National Radiological Protection 
Board, Harwell (Wintle and Murray , 1977). 

In i t ia l l y a luminum-al loy capsules were used. These were chosen 
t)ecause the average atomic number o f bo th soil and CaF, is close to 
that o f a luminum. A significant alpha act iv i ty was found in all types 
o f a luminum tested, however, even in super-pure a luminum. Nex t , 
capsules o f black ny lon w i th wal l thicknesses o f 4 m m to snield o f f 
beta particles were used. A t present copper capsules w i i h walls 
0.7 m m th ick , an internal diameter o f 3 m m , and a length o f 15 m m 
are being used. They are sealed by hard soldering and, hence, can be 
conveniently annealed (at 500°C) in a portable oven designed t o r u n 
from an electric-l ight socket. 

N o w let us consider, f i rst , the va l id i ty o f using CaFj as a 
dosimeter for evaluating the dose rate to quartz and, second, the 
effect o f di f ferent wal l materials. The T L response o f CaF2 cannot 
be compared w i th that o f quartz d irect ly , even in the more active U3 
block, because quartz is too insensitive. 

As can be seen f rom Fig. 1, CaFj has a strong overresponse 
relative to quartz at l ow energies; at high energies the value o f rads 
per roentgen drops to about 0.98 that o f quar t " Hence the t w o 
materials have the same response to the gamma f lux in the ground 
only i f low-energy photons deposit an insignif icant po r t i on o f the 
absorbed energy. The question o f spectral d i s t r i bu t i on o f e n e i ^ f lux 
was considered by Mejdahl (1970) w i th respect to the T L dosimeter 
material CaS04—Dy. He used polyethylene capsules in a l . o - m m -
th ick steel tube. Besides being convenient for dr iv ing the dosimeter 
i n t o the ground, the steel modifies the inc ident spectrum so that the 
overall response is similar to that o f quartz grains embedded i n a 
baked-clay tablet. Observing a rat io o f 1.12 between the soil dose 
rate measured by CaS04—Dy in a polyethylene capsule and tha t 
measured when the capsule is inside the steel tube, he suggested that 
the low-energy region may carry about 4% o f the to ta l exposure. We 
see f r o m Fig. 1 tha t overresponse is l ike ly t o be more serious w i t h 
CaFj than w i t h CaS04. 

The wal l material can modi fy response i n t w o ways. First, there 
is selective a t tenuat ion o f the spectrum, as inst Tr^erl+^o> '̂̂ r^ Q ' . 

""̂ ^ .o.-.pliv r ;..ay rtcei^e u s ^ lUKonL dosage H u m the secondary 
electrons generated i . i the wai l , depending o n the relative absorpt ion 
characteristics and the ranges o f the electrons i n the t w o media. 
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When lelat ing observed dose rates to the energy-release predic­
tions of Table 1, in add i t i on to the rclutive response o f the dosimeter 
material w i th respect to quartz, there is also the question o f the 
absorption characteristics o f the mat r i x—concre te in our experi­
ments, soil or rock in ihe actual archaeological application. For 
dating, we useci 100 p in qu;u-tz grains that received their dosage when 
embedded in a baked-clay matr ix 1 or 2 cm across which, in t u r n , 
was surrounded by soil or rock. For the moment we are assuming 
tJiat the absorption characteristics o f quartz soil, and rock are not 
significantly di f ferent. The small size o f the quartz grains is also 
relevant here. 

Some types o f obsidian are much more T L sensitive than quartz, 
and, since obsidian is predominant ly S iO, , i t can be used as a 
substitute for quartz, .Assuming a typical obsidian composit ion o f 
10% .AKO,, and S ^ r S iO , , w i th the remainder Na, K, and Ca 
(Taylor, 1977), we calculated absorption characteristics on the same 
basis as the other materials shown in Fig. 1. They were found to be 
indistinguishable f rom quartz between 50 keV and 3 MeV. Obsidian 
fr»>m a particular source in British Columbia (Obsidian Creek) was 
used because of its exceptional sensitivity; i t permitted dose 
measurement down to 750 mrads at an uncertainty level o f 3%, 
making i t possible to wo rk w i th a 9-day exposure in U3, 

L i t h i u m f luoride (Harshaw TLD-100) was also used; its rads-per-
roentgen value is effectively constant in the energy region men­
tioned. This value is about 0.92 times that of concrete at high 
energies, falling to 0.2 at 50 keV. Thus L i F , i f appropriately 
encapsulated i i ; a mater ia l o f similar average atomic number, can be 
expected to g i v o a lower l im i t to the true inf ini te-matr ix dose rate 
( " t r u e " meaning the dose rate to the matr ix itself). 

The three phosphors were variously exposed in ny lon , glass, 
a luminum, and copper, w i t h wall thicknesses sufficient for effective 
removal of any beta c on t r i bu t i o n . An a luminum thickness of 1.5 mm 
was calculated to attenuate the tota l beta f lux f rom the ' ^ U series 
by 97% (Evans, i 9 6 8 a ) . The other walls are all more effective than 
this. 

The observed d:- rat<s at the center o f U3 are given in Table 4. 
We can see that the obsidian-in-glass result is very near the matr ix 
dose rate o f 31.4 ± 0.8 rads/year derived f rom the concentrat ion 
measurements. 

In drawing concl ' is ions f rom these data, i t is useful to consider 
the at tenuat ion caused by various types o f capsule walls. Table 5 
give.. L i i ^ t * ' . l . t ' . ! S , V \ l ; : .* - . 0 
l inear absorption coeff icient (derived from Evans, 1968b) and t is the 
wal l thickness. 
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T A B L E 4 

Observed Dose Rates (rads/year) in Block U3 
w i t h Various Dosimeter Materials* 

Wall m a t e r i a l and th i ckness N a t u r a l C a F j Obs id i an L i F 

N y l o n , 4 m m 34.7 ± 0.3 30.7 ± 0.7 
Glass, 3 m m 3 1 . 1 ± 0.9 
A l u m i n u m , 1.5 m n i 31 .8 + 0.1 
C o p p e r , 0.7 m m 29.5 + 0.1 40 .0 ± 0.3 36 .8 ± 0.8 

29 .0 + 0.2 38.7 + 0.6 
29 .5 ± 0.3 

• E r r o r s s h o w n are s t andard errors o n a t least f o u r measurements f r o m each 
capsule . 

T A B L E 5 

Effective A t t enuat i on by Various Wall Materials* 

A l u m i n u m , Copper , 
Ene r gy , M e V N y l o n , 4 m m Glass, 3 m m 1.5 m m 1.5 m m 

o.o:> 0 .99 0 . 9 1 0.93 0 .05 
0 . 1 0 0 .99 0 .98 0 .98 0 . 67 
0.3 0 .99 0.98 0.99 0.05 
1.0 0 .99 0 .98 0 .99 0.97 
3.0 0.99 0.98 0 .99 0.97 

• T h e va lues are e x p (—pt ) , where p is the l inear a b s o r p t i o n coe f f i c i ' "n t and t 
is the w a l l t h i c k n e s s (see d iscuss ion in t>'\t). 

As ment ioned earlier, L i F should absorb at least 8% less energy 
than a " c o n c r e t e " dosimeter. Thus the L iF - in -ny lon result (Table 4) 
defines a lower l i m i t for the dose rate in concrete o f 
30.7 X 1.09 = 33.5 rads/year, inc luding a 1 % correct ion for wal l 
a t tenuat ion . 

Sim.ilarly, the CaFj - in-ny lon result can be used to define an 
upper l i m i t . I n the high-energy region, CdF^ underresponds by 2% 
compared w i t h concret ' j ; inc luding the low-energy region can only 
reduce this f igure. Thi is the dose rate i n co;->crete must be less ihvn 
34.7 X 1.03 = 35.7 rads/year. We, therefore, t o o k 34.6 ± 1.5 rads/ 
year as the best estim«tp o f ^hp d-^r- -/c c ^ n c r t t . . I h . o i6 a jwu i 
i u , c ; yrt ri u . u c predicted wose rate o f 31.4 ± 0.8 rais/year; this 
implies tha t the measured uran ium concentrat ion is too l o w — 
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leaving aside the possibi l i ty that Bell's downward revision o f his 
dose-rate data was incorrect. The discrepancy is barely outside 
experimental error, however. Also, the predicted dose rate assumes a 
rather arbitrary 4% escape o f radon, and perhaps the actual escape 
was less. 

Fo l lowing an argument similar to that in the preceding para­
graphs, we expect the obsidian dose rate to be slightly less than 3 % 
IK> IOW the concrete dose rate ( including the 2 % glass capsule 
attenuation) . In fact, this is w i t h m the measurement error. 

A l t h o u j ^ calcium f luoride in a luminum gives the best match to 
tlie quartz dose rate, as recorded by obsidian in the glass capsule, it is 
not good practice to use a lummum routmely lx?cause o f its 
significant level of radioactive impur i t y . Despite the need for a 
correction factor of 1 . 0 6 , we prefer to use a copper capsule. In 
addit ion to the convenience o f "near s i te " annealing, the activity m 
copper is negligible, and it is more resistant to corrosion. The 
correction factor w i l l l>e a l i t t l e smaller for the thor ium and 
IXJtassium spectra because o f their smaller low-energy con t r i bu t i on ; 
this is in the process o f evaluation. 

DIRECT MEASUREMENT OF GAMMA DOSE RATES 
WITH A Nal(TI) DETECTOR 

.\) crystal is a suitable detector for making an estimate o f 
the int*>nsity of a low-activ i ty gamma f lux. Converting this to a 
measure of energy absorbed by another medium ( in this caseCaF; ) 
independent o f the energy o f the gamma ray, however, requires that 
the ratio of the detect ion eff iciency o f Nal (T l ) to the mass 
absorption coefficient o f CaF. be constant over the energy range o f 
interest, A S we see from Fig. 2 , there is a gross overresponse o f Nal 
wi th respc L to CaF2 below ^ 0 . 3 MeV; above this the response is 
virtual ly f l ^ ' . There is a further effect caused by the relative sizes o f 
the Nal detector and the phosphor used ( typical ly 5 0 mg). The 
relative response shown in Fig. 2 is val id only i f the mean free path 
through the detector and the phosphor are the same. As the Nal 
crystal size increases, the relative eff iciency o f detection of low-
energy gammas decreases, compared w i th that of high-energy 
g a m m a s , because the low energies are effectively stopped by the 
crystal. Thus there is a m a x i m u m size beyond which there can be no 
further increase in detect ion ef f ic iency. 

Unfortunate ly we are no t deal ing w i th a spectrum from a single 
parent. There are at least three independent contr ibutors to the to ta l 
gamma spectrum, the uran ium and t h o r i u m chains and * " K . Only i f 
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Fig. 2 Rat io of mass absorption characteristics of Nal to C a F ; . (.See 
Fig . 1 for details of calculations. ) 

each o f these dehver a simila p ropor t i on o f energy to CaF; f rom the 
energy region o f interest, as compared w i t h the tota l energy delivered 
by the complete spectrum, w i l l there be a single conversion rat io 
applicable to all three and independent o f relative concentrations. A t 
first glance this seems unl ike ly , especially since there is no 
low-energy con t r ibu t i on f rom ^ °K ; all absorbed low-energy gammas 
in the potassium spectrum are derived f rom Compton scattering in 
the med ium and in the detector. I n practice this absence is not 
impor tant , however, as wi l l be shown. 

Experimental Procedures 

The instrument used for our measurements was developed for the 
purpose. I t consists o f a Na l (T l ) crystal 1.75 in . in diameter and 2 i n . 
h igh, w i t h a photomul t ip l i e r tube (Centronic type P4231BA) in a 
watert ight tubular a luminum housing connected to a self-contained 
high voltage generator and a m p l i f i e i ^ i s c r i m i n a t o r w i t h a 
scala i^t imer. The instrument is powered by nickel—cadmium re­
chargeable ba t t e r i r ; and weighs 4.5 kg t o allow for f ield use. Gain 
stabi l i ty is assisted by spectrum stabi l izat ion, w i th an ' ^ ' A m source 
mounted next to the detector i n the a luminum housing. This source 
is held against the end o f the crystal by a lead-cadmiunr—copper 
laminate designed t o reduce the intensity o f the low-energy gammas, 
wh ich would otherwise interfere w i t h the 60-keV stabilizing peak. 
This is impor tan t because i t w i l l fur ther reduce the overresponse o f 
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Fig. 3 Block spectra, norma l i zed to a dose rate of 1 mrad/day in 
CaF2 and a count t ime o f 1 ksec. 

the Nal crystal compared w i t h CaF , . A pulse-height analyzer was 
also used to obtain spectral mfo rmat ion . 

As a cal ibration fac i l i ty we have available the four 51-cm 
concrete matrbces discussed earlier. We assume that they are 
.sufficiently large to give a good approximat ion to the appropriate 
in f in i te -matr ix spectral shape at the centers. 

To determine the pos i t i on o f a suitable threshold, we lecorded 
the gamma spectra above 0 .1 MeV, using the pulse-height analyzer. 
The^e were then normal ized to un i t t ime, and the background 
^ e c t r u m was subtracted. The resulting spectra were divided by the 
B^propr iate dose rate (Table 3, item 4) t o produce spectra seen by 
the Na l ( T l ) crystal in 1 ksec, corresponding to a CaFz dose rate o f 
1 mrad/day. These are shown in Fig. 3. To determine the pos i t ion o f 
a suitable threshold, we then p lo t ted the tota l counts recorded above 
a given energy i n 1 ksec against energy as shown in Fig. 4. 
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Calibration and Errors 

The original calibration used in the Peruvian results presented in 
the next section was at a threshold of about 0.6 MeV. The average 
count rate, assuming equal contributions from the uranium and 
thorium chains and from * °K , was 12.9 cpm, for a dose rate in 
calcium fluoride of 1 mrad/year. If the site being measured was 
abnormally high in the concentration of any individual parent, the 
maximum error was calculated as: 

U chain only, +0.05% 
T h chain only ,—5.5% 
" " K only,+5.5% 

The calibration from Fig. 4 suggests a revised threshold position 
at channel 20, corresponding to an energy of 0.45 MeV. This position 
gives an average count of 117 ops, for a dose rate in CaF j of 
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1 mrad/day; tiii.s i> equivalent to 19.2 cpm, for a dose rate o f 
1 mrad/year. Thi* iMa-xsnium deviation from this fiKir,v because o f 
variation in the relative concentrat ions o f the uraniuni and thor ium 
chains or ' " ' K can oc- cah ulated as: 

[' chain only, 0.5'-
Th chain only , 
-*"K only , - 0 1 ' ; 

Thus tl ie conversion figure is ne.;>!\t of 'he relative 
•on t r ibu t i on of uran ium, t h o r i u m , and * " K . 

Unfortunately this threshold occurs at a fast change of count rate 
w i th energy (a 1''^ change in count rate for 1"̂ ; change in gain); hence 
the stabil ity of the system is o f considerable importance. Considering 
*he reproducibi l i ty o f threshold posuion. w i th temperature and after 
switch-on, sugg L̂s that this w i l l usu:'.lly give rise to an error o f 3% on 
the calculated dose rates for temperatures between 5 and 20 C. This 
IS acceptably low since the typica l operating temperatures are in this 
range. At higher temperatures, howe\er. up to 35 C, the error may 
increa.se to —10*";. 

Final ly, the reproduc ib i l i t y of the do.se-rate mea.surements for 
(^iF; in the blocks gives an uncertainty of 5* '̂, for a tota l cal ibrat ion 
l i i iccrtainty of G'V The corresponding uncertainty for the original 
.a l ihrat ion used in Peru is estimated at 7%. 

Cosmic Contribution to Dose Rate 

h i tlie preceding di.scussion we assumed that the cosmic 
contr ibut ion had been removed from both the dose-rate measure­
ments and tlie .spectral measurements by subtracting the tota l 
background obtained f r om the background block. When count ing on 
site, however, there w i l l be some count rate from cosmic rays. This 
v.as estimated by submerging the detector in water w i th at least 
1.5 m between the detector and the ground in all direct ions; this is 
sufficient to shield i t f r om terrestrial radiat ion. The count rate 
observeJ, 65 cpm, i n i d e up of a contr ibut ion f rom cosmic 
radiat ion, the act iv i ty in the crystal itself, and the act iv i ty in the 
photomul t ip l i e r tube. 

The cosmic dose rate at a depth o f about 50 cm in chalk was 
estimated by T L measurements to be 15 ± 0.15 mrads/year at sea 
level in Br iU in ( la t i tude 5 1 ' ' N) by A i tken (1968). This depth 
corresponds to the l ike ly bur ia l depth o f the detector on site. The 
count rate o f 65 cpm w i l l be observed when making site measure­
ments near this la t i tude and al t i tude, whether i t is o f cosmic or 
scint i l lator or ig in . I t mus t be subtracted f rom the observed count 
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rate, and the cosmic dose-rate correct ion o f 15 mrads/year is added 
on . Typical ly this is ~ 1 0 % of the to ta l dose rate. 

I t is interesting to note that L^vborg and Kirkegaard (1974) 
adopted a similar approach in cal ibrating a 3- by 3-in. crystal to 
determine the surface dose rate in air above geological formations 
vkrith a threshold value o f 0.37 MeV. 

FIELD COMPARISON OF SCINTILLATOR AND CAPSULE 
MEASUREMENTS ON PERUVIAN ARCHAEOLOGICAL SITES 

Some 46 di f ferent sites were visited between June and September 
1975; hal f were near sea level (at alt itudes less than 250 m) , and hal f 
were at altitudes betwt«n 3000 and 4500 m . A t all sites several 
measurements o f the dose rates were made at a depth o f not less than 
30 cm in soil (usually about 50 cm) , w i t h bo th a 1.75-in.-diameter by 
2-in. and a l- in.-diameter by 2-in. crystal . A t 19 o f the sites, i t was 
possible to bury capsules for eventual recovery, usually in the 
borehole made for th»i detector. Bo th crystals were calibrated as 
previously discussed, and the'results agree wel l . Further discussion is 
restricted to the results f rom the 1.75-in.-diameter detector. 

A l l the coastal sites were dry (water contents were less than 10% 
o f dry weight) . Some o f the highland sites were very wet (water 
contents were 60% o f dry weight) . 

Capsuls Dose Rates 

A l t h o u ^ i t was possible to anneal the capsules a few hours 
before bur ia l , readout was a m i n i m u m o f 10 days after r e c o v e r y — i n 
Jome cases 50 days. This included an air f l ight o f 18 hr. Dur ing this 
t ime the capsules were stored in lead pots w i t h 0.25-in. wa l l 
thicknesses, selected for l ow radioactive contaminat ion . Since the 
m a x i m u m bur ia l t ime was 72 days, i t is obviously impor tan t to make 
ai> accurate estimate o f the "carr iage" dose rate; i.e., the dose rate 
from terrestrial and cosmic radiat ion and internal act iv i ty o f the 
CaFj (termed "sel f dose") whi le the capsule was being returned t o 
the laboratory. This was done by retaining one capsule f rom every 
bat<:h annealed for burial and storing this d i rect ly in the lead pots so 
tha t the capsules wou ld record on ly the carriage dose. These dose 
rat4!s are listed i n Table 6. 

Since the spread in the average dose rate is unusually large i f al l 
the capsules are indeed measuring the same quan t i t y , i t was decided 
t o assess two d is t inct dose rates, one at sea level and one i n the 
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T A B l . K 6 

Carriage Dose Rates Recorded by CaFi in Copper 
in 0.25-in. Lead Pots 

Capsule Reco rded (Jose, Days at Days in Dose ra te , 
n u m b e r mrads sea level highland.s mrads/year 

m 25 .4 57 40 9 6 
v m 23 ,6 4 7 40 9 9 
X I I 23 .5 3 9 4 0 109 
X V I I I 19 .4 3 1 38 103 
L X V I 14 .5 5 1 9 8 8 
X X I I I 3 3 , 3 4 3 66 1 1 2 
L V I I I 2 4 . 2 17 58 118 

Average 104 
Sigma 1 0 % 

L inear regression analys is , a s suming t w o d i s t i n c t dose rates: 

Sea-level dose ra t e H i gh l and dose rate 
76 .3 mrads/year 130.7 mrads/year 
S igma 6% Sigma 3% 

highlands. Two rates could be expected because o f the higher level of 
cosmic radiation at higher al t i tudes. 

The better f i t o f the results obtained by least-squares regression 
on the data (Table 6) conf i rms that there are in fact two dist inct 
dose rates. Using these figures, we calculated the site dose rates listed 
in Table 7. A self dose in CaFj o f 11 mrads/year, which had been 
previously assessed for the t ype o f CaF2 used (A i tken , 1968), was 
assumed dur ing bur ia l . Dur ing transport this is included in the 
carriage dose rate. 

ScintlHator Dosa Ratas 

Before comparing sc int i l la tor and capsule results direct ly , further 
thought must be given to the cosmic-ray correction for two reasons, 
la t i tude pj id a l t i tude effects. 

Latitude Effect 

Peru is at a la t i tude o f 12° S; Ox fo rd is about 51.5° N. Assuming 
the cosmic dose at a depth o f 50 cm to be f rom only the hard 
component , the intensi ty at sea level in Peru is l ikely to be about 
0.91 o f tha t at sea level i n the Uni ted Kingdom (NCRP, 1976) ; i.e., a 
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dose rate of about 13 ± 2 mrads/year. The s<intillator count rate 
when surrounded by 1.5 m of water was measured near sea level in 
Pi^ru as 65 ± 3 cpm; this was subtracted f rom tb..? observed-sitp count 
r i tes before convert ing to doso rates. The cosmic dose rate o f 
13 mrads/year was then added t o give the tot f i l dose rate determined 
by the scinti l lator. 

Altitude Effect 

At an altitude of 4 k m the intensity o f the hard component w i l l 
i>c between two and three t imes that at sea level (Lowder, 1978; 
derived from data in NCRP, 1975; O'Brien, 1975). A t a level o f 
30 i 4 mrads/year, this provides an important fraction o f the tota l 
dose rate and must be added to the dose rate predicted by the 
scinti l lator coun', rate obtained after subtracting the count rate 
submerged in water, which was measured at an alt i tude o f 3.5 k m as 
121 ± 5 cpm. 

I t I S interesting to note tha t , i f the increase in count rate when 
submerged in water is a t t r ibu ted solely to the increase by a factor o f 
2.3 in the cosmic-ray intensi ty , a " t r u e " sealevel cosmic count rate 
of 24 cpm is predicted. Thus i t seems l ikely that impurit ies in the 
detector head contr ibute about 40 cpm. 

Capsule and scint i l lator results are listed in columns 7 and 8 o f 
Table 7, w i th the appropriate cosmic correciMon included in the 
scinti l lator data. 

We suggest that the results f r om sites P 4 4 , , P46J|, and P46J2 be 
disregarded. The P44, result is no t consistent w i th P442 and P443. 
Since all three capsules were in the same borehole, this suggests a 
local inhomogeneity to wh ich the capsule would be much more 
sensitive than the scint i l lator . Site P46 was very poor f • n the po in t 
o f view of dosimetry; the detector and capsules were placed at the 
boundary of a soil layer w i t h loose slate and vegetation. 

A brief examination o f the cosmic-corrected scinti l lator and 
capsule results shows that , a l though the lowland sites give moderate 
agreement, the scint i l lator gives consistently low readings compared 
writh the capsules in the highland sites. Assuming the amount added 
for the cosmic con t r i bu t i on at a high al t i tude to be correct ( i t wou ld 
need to be doubled t o remove the discrepancy), a possible reason for 
the difference is the change i n radon retention when the soil is 
disturbed to insert the sc int i l la tor and capsule—especially on wet 
sites. I t is wel l k n o w n tha t water plays an impor tant part in radon 
emanation and transport (see, e.g.. Tanner, 1964). Most o f the 
f.-amma dose rate and sc int i l la tor count rate f rom the uran ium chain 
is derived f rom radon daughters, and the scinti l lator measures the 
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count rate f rom these daughtt^rs w i th the soil in a recently disturbed 
state, part ial ly dried ou t after excavation. The capsule is bur ied, 
however, and n.iasures the dose rate w i t h the surrounding soil close 
to its original condi t ion over a long per iod o f t ime compared w i t h 
the radon half-l i fe. A l though this change in emanation is l ike ly to be 
variable, some correlation between water content and the fract ional 
difference o f the capsule and scint i l lator dose rates can be seen. 

The last co lumn in Table 7 lists the scint i l lator results after a 
water-content correction is applied; 

Corrected 
scinti l lator = 
dose rate 

Scinti l lator 
dose rate 

1 + Y ^ ( 0 . 8 5 x W - 6 . 4 ) 

where W is t h t percentage water content o f the soil. This equation 
was empirical ly derived from the capsule and cosmic-corrected 
scinti l lator data in Table 7. (Of course, such a vrater-content 
correction should be applied on ly t o the p o r t i o n o f the gamrna dose 
that is derived from radon daughters). I t is w o r t h not ing that the 
intercept t e rm, imply ing that no correct ion is necessary i f the water 
content is ~ 7 . 5 % , is consistent w i t h the measured water content o f 
the cal ibration blocks, ~ 8 % . 

This correction forma, almost complete ly removed the sys­
tematic difference in the highland results (less than 5 ± 5% to one 
sigma) and further reduced any average difference in the sea-level 
data (less than 2 ± 4% to one sigma), w i t h o u t increasing the spread o f 
the differences, ~ 1 2 % to one sigma. 

This comparison o f capsule and scint i l lator results cannot be 
considered conclusive because o f the relatively large corrections t o 
bo th sets o f results. For those sites where i t was impossible t o use a 
capsule, however, i t does show that the measurements taken w i t h the 
scinti l lator are meaningful i f the appropriate cosmic and water-
content corrections are applied. 
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