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(Reprinfed from ,Nature, Vol. 206, No. 4985, PP. 658-662,
May 15, 1965)

MEASUREMENT OF THE EXPOSURE
OF HUMAN POPULATIONS TO
ENVIRONMENTAL RADIATION

By WAYNE M. LOWDER and WILLIAM J. CON DON
Health and Safety Laboratory,

U.S. Atomic Energy Commission, New York

T HE accurate determination of representative ex -
psuro-levels of large human populations to ionizing

radiation in the environment has proved to bo a problem
of considerable interest to the biologist and of comparable
difficult y for the physicist. In an attempt to mwluato
existing techniques for obtaining such information, the
Health and Safety Laboratory and the Harvard School
of Public Health in 1962 undertook co,ncurront investiga-
tions of population exposure to environmental radiation
in selected areas of the States of Vermont and New
Hampshire using two independent methods. These
investigations have been discussed by Se@ll and by
Lewder et al.’, and the extensive results are presented in
detail in more recent reports’, 4. In this article, we directly
compare the two sets of population exposure measum -
ments, discuss brietly some of the alternative methods
available for such surveys, and prment some gcmcrnl
conclusions relating to the state of the art which can be
derived from our experience in the New England work.
The results given hero, which partially supersede tho
preliminary results reported previously’,’, provide a useful
background for considering the general probloms asso-
ciated with making such measurements and interpreting
them properly.

The areas chosen for investigation (see refs. 1–4) contain
a considerable proportion of the population of the two
states, including the major urban centres. Interest in
these areas w= stimulated initially by the fact that the
various underlying bedrock formations appmr to differ
widely in mean content of naturally occurring radio-
nuclides, as estimated by either direct field and laboratory
sample radiometry or inferences from information on
similar formations elsewhere5. It seemed possible that .
these differences in mean bedrock radioactivity might be
reflected in significant differences in mean radiation
exposure between the populations of these mom.

Entirely unrelated approaches wero utilized by the
Health and Safety Laboratory and Harvard groups in
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attempting to obtain realistic estimates of population
expos~ ~ environmental radiation. The Health and
Safety Laboratory team conducted in situ measurements
of the radiation field, both out of doors and within
residences, to provide a general radiation profile over the
populated area, and weighted these results by estimates
of mean occupancy time in the various types of locations.
This method waa first utilized on a large scale by Spiers
et al. in Great Britaine.7, and another investigation of this
type wca carried out in Switzerland in 1961 (ref. 8). The
Harvard group undertook a more direct approach and
distributed integrating dosimeters to representative
members of the population to be worn on the person.

For the purpose of comparing the two sets of results,
we have defined ‘population exposure’ as the free air dose
‘experienced’ by typical individuals in their usual rounds
of activity. We consider only the air dose from the more
penetrating components of the environmental radiation
field, ‘that is, the terrestrial y- and ionizing cosmic radia-
tion. This definition can be justified by the fact that the
mean y-doses to the skin and at various depth in the
body are fairly well-know fractions of the he air
y-dose’, 10, and only the more penetrating components of
the external radiation field significantly contribute to the
dose at the depths of greatest interest, that is, those of the
gonads and bone. It should be noted that the possibly
important tissue dose contribution from cosmic ray
neutrons is not determined by the techniques used in
these investigations.

The Health and Safety Laboratory radiation survey was
carried out in July and August 1962, and subsequent
check measurements were made in May and September
1963 and May 1964. The instrumentation included high-
-pressure argon ionization chambers for total dose-rate
measurements, a y-spectrometer system for determination
of component dose rates (particularly necessary for dis-
crimination between the natural and fall -out y-radiation),
and portable scintillation detectors for surveys of the
areas surrounding each outdoor measurement location as
well as for the indoor measurements. The survey tech-
niques, described in detail ekewherel 1–13,providean over.
all accuracy of ~ 5 per cent (S’.D.) for the measured total
dose-rate values and approximately ~ 10 per cent for
each of the various components of the total radiation
field. The outdoor readings were taken in large, flat open
spaces situated in populated areas (for example, parks,
fields, lawns, vaoant lots) with the instruments placed
3 ft. above the ground. The number of measurements in
each area w= determined by its population and size, the
availabilityy of proper sites, and the observed range and .
pattern of the previous readings. A sutlicient number
was taken to ensure that a reasonable radiation profile
could be constructed for each area. The quite limited
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rw qp i11~ho mrmxirod doso rates in eaoh caso ( ~ 10 per
mint about th(. rnwm for most field readings) meant that
w [ativd y few locations were required for this purpose.
Most of the lncw.s~m.mcnts wore made in the larger towns,
tw thrse colltai] L(X1tho bulk of the population.

‘1’hc mean y-t ioso rates over open ground derived from
t1LOspcet ronl{tc,r rmdings aro giwm in Tablo 1 for each of
T1)0oi~]lt regions chosen for examination. The main towns
;LIL(Lthe corrrslwluii]~g bedrock formations are indicated.
Tho spoct rotnet ric I]rocedurm allow determinations of the
(,omponrl lt flos~} ratm from potassium-40, the uranium
;Llld tl]ori[[lu writs, and the main fall -out y-emitters
(S;Zr_D:,NL, ~o:JI{ll, 10cRI1, 137CS). Esttiates of mean soil
t:orlcolirratiol~s of the natural radioisotopes can be cal -
c[ilat~,d f‘roln rhe cornporlent dose rates, assuming uniform
tk~pth chstritjutioll in tho groundl”,ll. Such concentration
val 11(>sare rrpresont,ative of the true soil coutonts of
~n(litlrn, {wiuliu~n and thorium only when these isotopos
me in rn(iioact ive eq{dibriurn with their y-emitting
(kLUg~lt(WS. ‘Ikw resldts are included in Table 1, and the
mr:~ n val Im+ for the nat Ural emitters are combined to
gi~o :L rr,~an ‘eql~i~+L,lont,Ilrtiw’ (eU) concentration for
t11o upper Iayors of tho ground, that is, the amount of
[warli~un in eqllilil)rilrm with its daughters that would

,.

yi dd i ho samo y-dose rato as the potassium and the
iuanilu 11tmd thoriurn series in the actual situation. Also
listed for comparison purposes are the mean equivalent
tm~nilun contcllts of the various bedrocks as estimated by
Billings’. It is noteworthy that the range of soil activities
is mu(:h n;irrowor than that infc+rred for the bedrock
f’ormatiotis.

Tho avcrago fall-out levels indicated in Table 1 apply
sporific:dly 10 .July and August 1962, when almost ail
reaIliugs fel1 tmtweon 2 and 3 ~r. /11. When some of these
-it m ~vorore-chcekod in 1963, the fall-out dose rates wero
[warly t.wico m great, ranging from 3 to .5 ~r./h. In all
C;LWS, “Zr-’’b-b Ivrrsthe dominant contributor. By May
1964, levels of 1 :m./h were typical, tho “Zr-g5Nb and other
silort -Iiv(,d ~,mittrrs having nearly disappeared, leaving
‘37CS M tile lnosL important fall-out y-ornitter. Theso
rcsl]lts am (~uito consistent wit,h the more detailed informs-
1ion availul]l~, I’or tllo >Tow York City area during this
[wried”.

11~ iddit ion to tho combined ionization chamber and
spcctro motor rrxuli Ilgssummarized in Table 1 (5–1 Oin each
regio[1, fLxrx:pt for 16 at Conway), separato ionization-
(;1I:r,ndxkrreadings wore made at many othor sites along
ivitli :i ]Lulnbor of indepcncient portable sciutillometer
s(lrv(~ys. T]l(, lu~iformit(y of the outdoor radiation levels in
o+rcll :Lroa 11-+wIenmrlm blo. In general, streets and side.
w:r.lks {ii(L l~ot significantly alter the observed profile.

.IIIJ, :Ltt~,nll)t to estimate popnlatjior] exposure to
,>rl~~iron]]z{>llt;~lr’;~(li[btion must take into account the
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effect of man-made structures on ambient radiation fields,
since most individuals spend a large fraction of their time
indoora. Portable scintillation detector readings were
made in 160 private homes and apartments in the main
towns to ascertain whether any consistent relationship
existed between indoor and outdoor radiation-levels.
Several rooms in each dwelling were surveyed, including
the living-room and at least one bedroom. Again, a strong
uniformity exhibited itself in that the mean indoor levels
were close to 70 per cent of the corresponding outdoor
,levels in each area’. This may be related to the fact that
the vast majority of the dwellings were of wood-frame
construction, with the building materials appearing to act
generally as y-ray shields with relatively little activity of
their own.

With such data at hand, an estimab of mean population
exposure to environmental radiation can be obtained by
calculating a suitably weighted average of the indoor and
outdoor readings of the survey instruments. Taking into
consideration the greater occupancy time indoors of the
average individual, the mean exposure levels have been
estimated to be 80 per cent of the mean outdoor terrestrial
y-dose rates given in Table 1, plus the contribution from
the ionizing components of the cosmic radiation at the
ground altitudes of the various ares.sls. No correction of
the cosmic-ray figures for typical structural shielding has
been made, since this would be a reduction of the order
of 10 per cent or lees, which is comparable to the present
uncertainty in the abso~ute cosmic -ray ionization intensit y.

Table 2 shows the population exposure data arranged
by geological region. The mean weekly outdoor doses in
air are given for both natural and total (natural plus fall -
out) y-radiation and for cosmic rays, and the Health and
Safety Laboratory population exposure estimates for the
time of the survey (August 1962, including fall-out) and
for the natural emitters only (that is, the mean life-time
levels neglecting fall-out) are also given. The importance
of the speotrometric technique is emphasized by the fact
that estimates of the integrated natural y-dose were obtain-
able even under conditions of near-maximum fall-out
contamination. In many population inveetigations, it ia
just this quantity that is desired.

The Harvard investigation involved the use of a set of
200 Victoreen model 362 condenser ionization-chamber
pencils, along with a stable pulse height readout systomlE, 17
which is designed to allow readings of 1.0 ~ 0.2 mr. at
the 95 per cent confidence level with a single pencil.
Mechanical and thermal stability was tested, and correc -
tions made for average leakage rates observed in the
laboratory.

These dosimeters were distributed in pairs to five
individuals in standard occupational categories in each of
16 areal units, half urban and half rural. The dosimeters
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were worn for one week, collected, read, and then re-
distributed. The experiment was conducted for five weeks,
resulting in a total sampling of 400 individuals, 25 in each
areal unit (that is, 50 in each of the eight geological
regions ). Tho details of this study are discussed by
,Sq$gall1,3.

Estimates of population exposure from the nloal1 ~mlues
of tbo Harvard closimetor data in the various arms are
given in tho last column of Tablo 2. These air doso va[ues,
are derivocl from Segall’s (Iata 1,s by ~kssufirlg that each of

the dosimetors, worn on the body surface, read 100 por
cent of the cosmic-rav ionization and 85 per cent of the
y-ray ionization in f~ee air. The latter figure is bayed
primarily on the recent measurements of body attenuation
factors by Spiers and overtong.

The Health and Safety Laboratory and Har>ard
population exposure results are plotted as a function of
estimated mean bedrock rad.ioactivit y in Fig. 1, with tho
respoctivo regression lines indicated. Plotted also in Fig. 1

o 10 20 30 40 50 60 70
Mean bedrock radioactivity (p.p.m. eU)

Fig. 1. Environmental radiation in the eight selected sreas of northern
New England as a function of estimated mean bedrock radioactivity.
.4, Population exposure estimates from Harvard dosimeters; B, PoPu-
hrtionexposureestimates btsed on Health and Safety Laboratory in situ

measurements; C, mean weekly outdoor Y doses
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(lowest curve) are the mean outdoor natural y-levels
obtained from the Health and Safety Laboratory spectro-
meter readings. Those values are directly proportional to
mean soil content of natural ratloaotivity (I mr./week
+ 7.83 p.p.m. eU).

It is readily apparent from the figure that the two sets
of population exposure data S11Ow a considerable sys -
tematic difforonm. The large intercept at zero bedrock
radioactivity for the linear fit to the Harvard dosimeter
data cannot be explained simply on the basis of the
rolatively constant cosmic-ray and fall-outdose contribu -
tions,which are lessthan 1.0 rnr./week. There is certainly
no evidence to suggest that building materials produce
elevated radiation levels indoors in any consistent manner.
The intercept for the Health and Safety Laboratory results
is more reasonable, olthough also somewhat high. It is
interesting to note that, while an apparent linear trend
aPPcars ~ exist for all sets of data, the interpretation of
this trend is not obvious. For example, the slope of the
natural y-dose regression line is only ono+ixth of that
expected if the bedrock were the source of tho radiationll.
In a sense, the results shown in Fig. 1 provide a rough
indication of the influence of bedrock geology on soil
radioactivity and natural radiation exposure in these
areas. The effect is small and may be of practical signi-
ficance only in the Conway area, where the reddish sand
derived from the thorium-rich Conway granite is present
in the soil throughout the populated areas. The trend of
the results in Fig. 1 may be indicative of some fairly
consistent relation in these areas between the bedrock
formatiom and their respective overburdens of soil in
terms of natural radioactivity. The apparent near-
linearity of tho population exposure estimates as a function
of bedrock radioactivity derives from the similar relation-
ship between estimated mean soil and bedrock radio-
activities, since the outdoor (and to some extent the
indoor) radiation-levels to which the general population is
exposod are closely related ta the content of natural
y-emitting radioisotopes in the upper layers of the soil.

Fig. 2 shows the Harvard dosimeter data plotted
directly as a function of the Health and Safety Laboratory
1962 total exposme results. The high degree of correlation
(r > 0.9) between the Harvard and Health and Safety
Laboratory estimates of population exposure is evident;
a line of unit slope fits the data quito well. The 1.2 mr./
week value for the Y-axis intercept of this line is a measure
of the apparently systematic deviation between these two
sets of data. While not enough information is at present
available to explore this problem fully, one obvious pos -
sibility is that the pocket dosimeters consistently exhibited
enhanced leakage rmdcr field conditions as compared with
that measured in the laboratory and corrected for in the
d@a interpretation.
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Fig. 2. Harvard population exposure estimates as a function of com-
parable Health and Safety Laboratory (HASL) estimates for the eight

New England areas examined

In any event, there is little doubt that the dosimeter
results are too high. This can be shown by carrying out a
simple mathematical analysis of the various contributions
to the population exposure-level, P, utilizing the accurate
Health and Safety Laboratory measurements of outdoor
environmental radiation dose rates. If 1,, In and If are
the measured mean outdoor dose-rate contributions from
cosmic, natural y-, and fall-out y-radiation, respectively,
and In is the mean indoor y-dose rate pro uced by sources
in the building materials, we can write the following
expression for P:

P = fi (1. + sfIf + snIn + l/J + j. (1. + If + 1.)

where fti and j~ are occupancy time factors for indoor and
outdoor locations, respective y, and sf and s~ are mean
transmission factors of the buildings and residences for
outdoor fall -out and natural y-radiation. Substituting

8
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reasonable values for these factors and the various weekly
doses into the formuIa, we get:

P = ,0.8 [0.60 + (0.2) (0.37) + (0”3) (1”18) + ~ml
+ 0.2 [0.60 + 0.37 + 1.18] = 1.25 + 0“8 Ia mr./week

Since we have determined that the indoor total y-levels
average 0.7 of the outdoor levels in these areas, we find
that:

Ifi s 0.5 If + 0.41“ = o-66 mr./week

Substituting this in the above expression for P, we get:

P z 1.8 mr./week

I

I

I

This result is not strongly dependent on the particular
values assumed for the various factors in the above
equation. It is quite consistent with the similarly
calculated Health and Safety Laboratory population
exposure estimates, and much lower than the dosimeter
results. The mean contribution from building materials
to population exposure would have to be close to 2 mr.~
week to validate the dosimeter data, which is considerably
higher than the meaanred values for the total indoor
y-dose rate in most of the 160 residences where scintillation
detector readings were made. Even without such evidence,
it seems to be an unreasonably high value to assign to
mean regional indoor radiation-levels produced by radio-
activity in building materials. For it implies total indoor
y-doses averaging approximately 3 mr./week, whereas the
scattered data given in the 1962 United Nations report 1s
indicate that readings of 1 mr./week are typical of normal
situations in wood or brick houses.

The results of both surveys indicate that the range of
population exposure to environmental radiation is quite
narrow throughout the regions studied. It follows that
northern New England does not provide a good ‘labora-
tory’ for the study of the effect on large human populations
of differences in long-term environmental radiation
exposure. Of much greater significance is the correlation
between the two entirely independent and undoubtedly
somewhat imprecise techniques for estimating these
exposure-levels. This correlation can be at least partially
understood as a consequence of the relatively high degree
of uniformity in radiation-levels observed within each
area. Under such fortunate conditions, the method of using
a few hundred field measurements to infer the total radia-
tion profile has yielded apparently realistic values for
population exposure, for which the Harvard dosimeter
data provide strong qualitative support. Spiers et al.’, in
their discussion of the extensive population investigation
in Scotland, have already indicated some of the diillculties
involved in obtaining and interpreting data of this type.
But it can be concluded from the work recorded here that
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the in situ approach is capable of yielding useful quantita-
tive results in a reasonably uniform radiation environment,
and at the very least can be used as a basis for evaluating
moro direct--but not necessarily more aocumte—mothod$
of estimating mean population exposure-levels.

Another conclusion which is suggested by the Now
England results is that the basic limitation of the pocket
ionization-chamber technique in terms of measuring
normal human exposure to environmental radiation is now
the difficulty in determining mean leakage rates under
actual field conditions while being worn and handled.
There ap~ars to be no fundamental reason why this
difficulty cannot beat least partially overcome by suitably
controlled experimentation, and thus the pocket chamber
technique can be considered as a potentially practical one
for this kind of measurement. It should be remarked that
the dosimeters admirably fulfilled their basic purpose in
the Harvard investigation, namely, the determination of
differences in population exposure-levels bettveen areas.

There are, of course, a number of other possible methods
for determining mean population exposure to environ-
mental radiation. For example, photographic film
dosimetry techniques have been applied to this genera]
problem area with some success. O’Brien et al.” described
a film-scintillator (sodium iodide) system which Roser
and Cu11en20have utilized in the measurement of popula -
tion exposure in Brazil on a limited scale. !lhe approxi-
mately thousand-fold enhancement of the film response
produced by the scintillator is almost too great for the
high. background arem of Brazil; such a method wotid
almost certainly be feasible in areas of more normal
background levels for certain kinds of studios. The basic
limitation here is the cost of the dosimeters, which pre-
cludes their widespread use. The problem of reciprocity
law faihr.re must ako be taken into account in the
calibration of the dosimeters.

A similar kind of dosimeter has been described by
Henson”, using photographic tllm and a plastic scintillator
(N.-E. 102). While less sensitive than the sodium iodide
system, it exhibits little energy dependence and good
precision ( ~ 10 per cent S.D. for tmo weeks’ exposure at
normal background). Reciprocity failure was observed
but has not proved excessive. The main problem seems to
be a strong dependence on temperature in its response,
which varies with the dose rate. The error present in any
particular reading is not known, so that the use of this
dosimoter has not been recommended.

There has also been r~ent progress in increasing tho
sensitivityy of normal radiographic fdm by means of post-
exposure to visible light and improved development
techniques that may render such film useful for environ-
mental radiation studies without the necessity for external
enhancement. of its response. McLaughlin22 has reported
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ments can be determined (for example, ref. 20). Even:
tually, it is anticipated that the logistically diffictit in situ
approaoh will be completely superseded by direct measure-
ments of radiation incident on representative individuals
in their daily rounds.

We thank our colleague, H. L. Beck, as well as several
Health and Safety Laboratory summer students, including
J. Grebmmky, H. Grotch and 1. Hamnmrman, for their
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