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From 1951 through 1958, nuclear 
weapons tests were carried out at the 
Nevada Test Site (NTS) (Fig. 1). In 
recent years, concern has developed re- 
garding the impact of fallout from those 
tests, both in the immediate vicinity of 
the NTS and in other parts of the United 
States. Claims have been filed against 
the government asserting that exposure 

counties of Lyon et al. ,  by a completely 
independent method. We used (i) con- 
temporary measurements of residual 
' 3 7 ~ s  and plutonium in soil samples from 
undisturbed sites and (ii) in situ gamma- 
spectrometric analyses of '37Cs soil ac- 
tivity. The fraction of the total 137Cs at  
each site attributable to NTS fallout as  
opposed to global fallout (that is, fallout 

Summary. The exposure of the population of Utah to external gamma-radiation 
from the fallout from nuclear weapons tests carried out between 1951 and 1958 at the 
Nevada Test Site has been reconstructed from recent measurements of residual 
cesium-137 and plutonium in soil. Although the h~ghest exposures were found in the 
extreme southwest part of Utah, as expected, the residents of the populous northern 
valleys around Provo, Salt Lake City, and Ogden received a higher mean dose and a 
significantly greater population dose (person-rads) than did the residents of most 
counties closer to the test site. However, populat~on doses from external expo- 
sure throughout Utah were far too low to result in any statistically observable health 
effects. 

to NTS fallout resulted in cancer or other 
illness, and bills have been introduced in 
Congress to  compensate persons found 
to be victims of such exposures. Lyon et 
al. (I) recently reported that a statistical- 
ly significant increase in mortality from 
childhood leukemia occurred in the pop- 
ulation of a group of "high-fallout" 
counties in southern Utah (see Fig. 2) 
compared with control groups from peri- 
ods before and after the years of testing. 
They reported that no comparable in- 
crease was observed in the population of 
the "low-fallout" counties of northern 
Utah. 

For  this apparent increase in leukemia 
mortality to  have resulted from exposure 
to NTS fallout, based on currently ac- 
cepted estimates of risk, significantly 
higher exposures than previously report- 
ed would have been required. However, 
the monitoring data obtained after the 
tests and used to estimate these expo- 
sures were limited geographically, ex- 
tending only as far as southwest Utah, 
and were subject to  large uncertainties 
( 2 4 ) .  We therefore attempted to recon- 
struct the exposure to the population of 
Utah, for both the high- and low-fallout 

from non-NTS tests) was inferred from 
the ratio of 2 4 0 ~ ~  to  2 3 9 ~ ~  in the soil at 
each site. This fraction was then used to 
estimate the total deposition of all fission 
and activation products and, from this, 
the external radiation exposure and bone 
dose. 

Experimental Procedure 

Approximately 150 sites were investi- 
gated during the summer of 1979 in 56 
population centers in Utah and western 
Colorado, as  shown in Fig. 2. These sites 
were mostly grass-covered lawns which 
were verified through local sources to 
have been undisturbed for a t  least 30 
years except for watering and minor 
maintenance. Well-maintained lawns 
were chosen in preference to pristine 
sites since we would expect them to have 
collected and retained essentially all the 
fallout deposited (5-8), whereas wind 
and water erosion might have removed 
some of the original fallout from the 
generally sparsely vegetated pristine 
sites, particularly in the more arid south- 
ern and eastern parts of Utah. 

At each site the flux of uncollided 662- 
keV gamma-rays from '37Cs in the soil 
was measured 1 meter above the ground 
by in situ gamma-ray spectrometry with 
a large Ge(Li) diode. This method pro- 
vides reliable estimates of total soil ac- 
tivity of both naturally occurring and 
man-made radionuclides, provided the 
distribution of the sources with depth in 
the soil is known (9). The in situ 137Cs 
flux measurements were used as  a guide 
(assuming that the depth profile of '37Cs 
did not vary too much from site to  site) 
for choosing one or more representative 
sites per town for soil sampling and for 
eliminating sites thought to have been 
disturbed. At each of the soil sampling 
sites, eight to ten cores, 8.9 centimeters 
in diameter and approximately 18 cm 
apart, were taken in depth increments of 
0 to  2.5, 2.5 to 5, 5 to  10 (sometimes 
omitted), and 10 to 30 cm (or 5 to  30 cm). 
The samples were dried, crushed, blend- 
ed, and pulverized, and aliquots from 
each depth increment were analyzed for 
'37Cs. Samples representing individual 
depth increments and composite cores to 
30 cm were also analyzed for 2 3 9 ~ ~  plus 
2 4 0 ~ ~  (239 + 2 4 0 ~ ~ )  and later for their plu- 
tonium mass isotopic composition. De- 
tails of the soil sampling, preparation, 
analyses, and concurrent quality assur- 
ance program have been reported, along 
with the results of each analysis and 
descriptions of the sampling sites (10). 

The measured distribution of depth 
profiles of '37Cs in the soil samples was 
used to obtain estimates of 137Cs inven- 
tory at  sites surveyed only by in situ 
spectrometry. We assumed that the 
depth profile at these sites could be 
represented by the mean of this distribu- 
tion with an uncertainty related to the 
spread of the distribution. These esti- 
mates, although less precise than those 
obtained by soil sampling [standard devi- 
ation (S.D.), "25 and t 8  percent, re- 
spectively]; served to corroborate that 
the soil sampling data were repre- 
sentative, fill in the pattern of deposi- 
tion, and identify inconsistencies in the 
soil sample results. 

The 2 2 5  percent S.D. includes both 
the variance due to counting error (5 2 5  
percent S.D.) and that due to variations 
in the source depth profile from site to  
site. Systematic errors in the in situ 
analysis were found to be insignificant in 
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comparison with the measurement preci- 
sion. A comparison of 137Cs inventories 
at the 43 sites where measurements were 
made by both in situ spectrometry and 
soil sample analysis indicated a system- 
atic difference of < 5 percent. The sys- 
tematic error in 137Cs soil sample analy- 
sis is estimated to be < 5 percent, based 
on the analysis of standards traceable to 
the National Bureau of Standards. The 
quality of individual in situ measure- 
ments was monitored by comparing in- 
ferred natural background exposure 
rates with rates measured using a high- 
pressure ionization chamber. 

The *8 percent S.D. for the 13'Cs 
inventories obtained by soil sampling 
was inferred from the mean variance of 
duplicate samples from 11 towns. It in- 
cludes an uncertainty due to counting, 
which is generally less than 2 3  percent. 
Primarily it reflects the precision with 
which fallout can be estimated by this 
method of soil sampling. The in situ 
spectral analyses for total 137Cs inven- 
tory and the determination of the vari- 
ances in both the in situ and soil sam- 
pling techniques have been discussed in 
detail (11). 

Our best estimate of the total I3'Cs soil 
inventory as of 1979 for each town sur- 
veyed is shown in Fig. 3. This value 
represents the mean for each town, cal- 
culated by weighting the individual de- 
terminations in the town by the inverse 
of their respective variances. The stan- 
dard deviation of this best estimate is 
about *5 to 10 percent for towns where 
soil samples were taken and about *20 
to 30 percent for towns where the esti- 
mate was based solely on in situ spectro- 
metric measurements. Since the esti- 
mates based on soil samples generally 
had a much smaller variance than those 
from in situ measurements, the final esti- 
mates are highly biased toward the for- 
mer. The standard deviation is smaller 
for the more populated towns, where 
more sites were surveyed. The number 
of sites surveyed in each town ranged 
from as few as one or two in smaller 
towns to nine in Salt Lake City. The 
individual I3'Cs inventories and standard 
deviation for each site surveyed have 
also been reported (11). 

Calculation of Nevada Test Site 

Fallout Fraction 

The total 13'Cs inventory at each site 
generally includes a small contribution 
from NTS, overshadowed by a much 
larger contribution from the worldwide 
fallout that occurred primarily during the 
late 1950's and early 1960's as a result of 
large-scale atmospheric testing of mega- 

I I 
I L- - - 7 
I Salt ~ak :  City 
I I 

Fig. 1. Map showing the location of the NTS. 
Las Vegas, Nevada, and St. George and Salt 
Lake City, Utah, are shown for reference. 

ton-sized devices in the Pacific and the 
Soviet Union. The large variations in 
137Cs inventory across the state, shown 
in Fig. 3, primarily reflect variations in 
this global fallout, deposited mainly 
through rainout, and correspond to the 
large geographic variations in mean an- 
nual precipitation in Utah (11). It was 

1 Cache 

thus not possible to precisely determine 
the NTS fraction from the observed pat- 
tern of total 137Cs inventories, although 
we can make a rough estimate of the 
expected global fallout from the mean 
annual rainfall in a town. 

We can precisely determine the NTS 
fraction from the plutonium mass isotop- 
ic data, however. Because of the differ- 
ences in weapon construction and the 
much greater neutron fluxes associated 
with the later high-yield tests, the atom 
ratio of 2 4 0 ~ ~  to 2 3 9 ~ ~  in accumulated 
global fallout is much larger than in the 
fallout from the generally lower yield 
tests at NTS. This ratio for global fall- 
out accumulated through 1979 is 
0.180 * 0.006, based on a worldwide 
program of sampling conducted at 21 
sites in 1970 and 1971 between 30" and 
60°N (12). The standard deviation was 
calculated from the observed variance of 
these data. This ratio was confirmed in 
samples collected in the eastern United 
States in 1979 (10). We have shown that 
the appropriate ratio for NTS fallout in 
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Fig. 2. Location of population centers where I3'Cs inventories were measured. Circled values 
are numbers of sites surveyed. The heavy line divides the state into the regions of high and low 
fallout defined by Lyon et al. (1). 



Utah is 0.032 k 0.003, based on soil from one or both of these sources, the 
samples taken from the Salt Lake City fraction of the total 2 3 9 1 2 4 0 ~ ~  activity 
area in the late 1950's and on classified from each source can be calculated as 
isotopic ratios known for the individual follows (13, 14): 
~ ~ s - t e s t s  (10). We found that a single 
ratio could be adopted for all sites in 
Utah because variations from test to test 
were relatively small prior to 1957, when 
most of the fallout was deposited, and 
most of the sites probably received fall- 
out from a number of tests. As discussed 
later, for most sites the determination of 
NTS fallout is not sensitive to small 
variations in the ratio. 

The standard deviation of this isotopic 
ratio was estimated from the observed 
variance in the classified ratios for indi- 
vidual tests as well as from other experi- 
mental data regarding the credible range 
of possible values. The determination of 
the best value for this ratio and its stan- 
dard deviation for Utah sites has been 
discussed in detail (10). 

For a soil sample containing plutonium 

(1) 

where Pu is the 2 3 9 + 2 4 0 ~ ~  activity, R is 
the atom ratio of 2 4 0 ~ ~  to 2 3 9 ~ ~ ,  3.73 is 
the half-life ratio of 2 3 9 ~ ~  to 2 4 0 ~ ~ ,  and 
the subscripts G, N, and S represent 
global, NTS, and sample, respectively. 
Since 

Studies conducted in 1971 showed that 
the activity ratio of 137Cs to 239+240P~ 
from global fallout is a constant in soil 
throughout the north temperate zone (6). 
Our best estimate of this ratio as of 1979, 
based on the data and samples collected 

Fig. 3. Total I3'Cs inventories (millicuries per square kilometer) in Utah population centers as 
of 1979. Underlined values are from soil sample analyses; values in smaller type are less precise 
estimates from in situ spectrometry. 

in 1979, is 53 2 0.5 (S.D.). The standard 
deviation estimate is based on the vari- 
ance of all the observations. The NTS 
137Cs in each soil sample can thus be 
calculated from Eq. 2 as 

This method does not require a knowl- 
edge of the ratio of NTS 137Cs to NTS 
2 3 9 + 2 4 0 ~ ~ ,  which varied widely, and it 
provides correct results even if all or 
most of the NTS fallout at a site resulted 
from only uranium-fueled weapons. 

Because of the uncertainties in the 
various soil analyses and in the constants 
in Eq. 1, the lowest reliable estimate that 
could be made of NTS 137Cs from our 
data was usually about 5 millicuries per 
square kilometer (10). This corresponds 
to about 9 mCi/km2 when corrected for 
decay to the approximate mean time of 
the actual deposition. A sensitivity anal- 
ysis demonstrated that for most sites the 
uncertainty in RN was usually a minor 
contributor to the total uncertainty in the 
NTS 137Cs determination. The impreci- 
sion in total 137Cs and total plutonium 
inventories accounts for most of this 
uncertainty since the NTS 137Cs, ob- 
tained from Eq. 4 as a difference, was 
usually only a small fraction of the total 
137Cs in the soil. In general, the estimat- 
ed standard deviation in our NTS 137Cs 
inventories by this method ranged from 5 
to 10 mCi/km2. These uncertainties were 
calculated by combining the standard 
deviations of the soil analyses, discussed 
earlier, with the uncertainties in the con- 
stants used in Eqs. 1 to 4. Systematic 
errors in sample analysis are not includ- 
ed but are considered to be negligible in 
comparison. 

In order to estimate NTS 137Cs at sites 
where no soil sample was taken or where 
the soil analysis results were suspect, we 
used the known correlation of global 
fallout within limited geographic regions 
with amount of rainfall (15, 16). Using 
our 137Cs results for the soil sampling 
sites, we found that for Utah a least- 
squares fit resulted in (137C~)G = 2.22 
P + 26 mCi/km2, where P was the annu- 
al precipitation in centimeters (10). The 
uncertainty in this fit suggested that the 
global 137Cs could be estimated from the 
annual precipitation to within 213 per- 
cent (S.D.) for any site in Utah with 
annual rainfall within the range covered 
by the observed correlation, which was 
15 to 50 cm. This value of global 137Cs 
was then subtracted from the total 137Cs 
inventory at the site. Since the total 
inventory could be estimated to only 
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about k25 percent from the field spectral 
data, using the statewide mean depth 
profile at sites where the actual depth 
profile was not measured, and about 10 
percent if the exact depth profile was 
known for that site, these rainfall-based 
estimates of NTS '37Cs were generally of 
lower precision than the estimates based 
on soil samples. They did, however, 
serve to fill in the fallout pattern and to 
confirm the overall consistency of the 
soil sampling results. 

The general validity of this method has 
also been confirmed by an independent 
estimate of NTS 137Cs deposition made 
for the Enterprise area in southwest 
Utah by Krey et al. (17). Krey et al. 
dated the various layers of sediment in 
an undisturbed core taken from Enter- 
prise reservoir and determined that the 
areal deposition of '37Cs before 1958 was 
less than 19 mCi/km2. Since some of this 
137Cs is known to be due to global fall- 
out, this result is in excellent agreement 
with the value of 14 mCi/km2 for NTS 
'37Cs inferred from soil samples taken in 
the vicinity of the reservoir and analyzed 
according to the method described in this 
article. Similar experiments are in pro- 
gress at bodies of water in north-central 
Utah. 

Our final best estimates of NTS 137Cs 
and NTS 2 3 9 1 2 4 0 ~ ~  inventories as of 1979 
for each town surveyed are shown in 
Fig. 4, a and b, respectively. 

Calculation of Exposure 

The estimated NTS I3'Cs deposition 
for each town was used to determine the 
total deposition of all fission and activa- 
tion products and, from that, the total 
free-air radiation exposure to the popula- 
tion. Hicks (18, 19) calculated the rela- 
tive deposition of each fission product 
and activation product for each NTS test 
as a function of time after detonation. He 
also calculated the resulting free-air ex- 
posure rate at 1 m above the ground in an 
open field as a function of time for a unit 
measure of this fallout. These calcula- 
tions were reported for various degrees 
of fractionation (reduction in the relative 
concentrations of refractory elements 
due to their tendency to fall out closer to 
ground zero than do volatile elements). 
Hicks (19) presented data indicating that, 
for the distances of interest in this study, 
50 percent of the refractories were gener- 
ally lost. Using Hicks' calculations, we 
found that one can derive a single factor 
for all NTS tests to convert 137Cs deposi- 
tion to integrated exposure (20). This 
factor depends only on the time of arrival 
of the fallout and varies from 73 to 44 

mWmCi-km2 over the range of expected 
arrival times, which is 3 to 24 hours. 

Using our best estimates of the mean 
time of arrival of fallout in various areas 
of Utah, we applied this factor to the 
1979 NTS 137Cs inventories shown in 
Fig. 4a after they were corrected to the 
approximate mean time of actual deposi- 
tion. The results are shown in Fig. 5. The 
uncertainties in these exposure estimates 
are only slightly greater than those for 
the NTS 137Cs inventories because the 
total uncertainty in the conversion factor 
from deposition to exposure is only 
about i 2 0  percent (S.D.). This combines 
the statistically independent uncertain- 
ties due to variations in nuclide fraction- 
ation (*lo percent S.D.), weathering of 
nuclides into the soil ( i 5  percent S.D.), 
time of arrival of fallout (k10 'to 15 
percent S.D.), and variations from site to 
site in the conversion factor from soil 
activity to exposure ( i 5  to 10 percent 
S.D.). These uncertainty estimates are 
discussed in detail in Beck and Krey 
(20), where we also list the fallout arrival 
times used for each town surveyed. 

We note that our estimated exposures 
are probably conservative, that is, bi- 
ased high. Our sampling sites were cho- 
sen because they were thought to have 
collected and retained all the fallout de- 
posited on them. We would expect the 
true exposure rates in most areas where 
people live or congregate to have been 
reduced by wind and water erosion of 
fallout from streets, paved surfaces, or 
unstabilized soil, or by human activities 
that remove fallout from the surface soil 
or redistribute it deeper in the ground. 

Although some of our estimates for 
individual towns have large uncertain- 
ties, particularly the lower values, we 
consider that the results shown in Figs. 4 
and 5 reasonably- reflect the actual pat- 
tern of fallout and exposure in Utah. By 
averaging over population groups, we 
can make more precise estimates of ex- 
posure for various areas of Utah. We 
were particularly interested in compar- 
ing the mean exposures to the popula- 
tions of the high-fallout and low-fallout 
groups of counties of Lyon et al. (I). To 
do this, we computed (i) the population- 

Table 1. Estimates of population exposure by county. 

County 

Box Elder 
Tooele 
Cache 
Rich 
Weber 
Davis 
Morgan 
Salt Lake 
Summit 
Daggett 
Wasatch 
Utah 

All coun 

Juab 
Millard 
Beaver 
Iron 
Washington 
Kane 
Garfield 
Piute 
Wayne 
Sevier 
Sanpete 
Emery 
Carbon 
Duchesne 
Uintah 
Grand 
San Juan 

All counties 
State total 

1950 
population 

( X  lo3) 

weighted 
mean 

individual 
exposure 

Population 
exposure 

(x  lo3  
person-R) 

"Low-fallout" counties* 
19.7 0.6 k 0.6 
14.6 0.7 r 0.7 
33.5 1.1 r 0 . 7  

1.7 - 1.1 r 1 . 1 ~  
83.3 1.8 r 0.5 
30.9 1.3 t 0.5 

2.5 - 1.5 r 0.8 
275.0 1.2 r 0.5 

6.7 1.1 k 0 . 7  
0.4 - 0.7 2 0.7 
5.6 0.5 t 0.5 

81.9 1.5 r 0.5 
556 1.3 r 0.3 

"High-fallout" counties* 
6.0 0.6 t 0.4 
9.4 1.5 r 0.4 
4.9 0.7 t 0.5 
9.6 0.7 r 0.5 
9.8 3.5 2 0.7 
2.3 0.7 r 0.7 
4.2 0.4 r 0.4 
1.9 - 0.8 2 0.8 
2.2 - 0.8 r 0.8 

12.1 0.2 r 0.4 
13.9 0.5 i 0.4 
6.3 1.9 r 1.1 

24.9 0.3 r 0.2 
8.1 0.2 + 0.3 

10.3 0.7 2 0.5 
1.9 0.9 r 0.9 
5.3 1.1 r 1.2 

133 0.86 r 0.14 
689 1.2 r 0.2 

*As defined by Lyon et al. (I). tThe symbol - indicates that the value was extrapolated from neighboring 
counties. 
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weighted mean exposure for each county 
in Utah, extrapolating for towns not sur- 
veyed from the results for other towns in 
the same or neighboring counties, and 
(ii) the overall population-weighted mean 
for each of the two groups of counties. 
As shown in Table 1, we found that the 
- 133,000 people living in the high-fall- 
out counties received an average expo- 
sure of 0.86 2 0.14 (S.D.) R, compared 
to an average exposure of 1.3 k 0.3 R 
for the - 556,000 persons living in the 
low-fallout counties. The standard devi- 
ations used here and in Table l are the 
result of propagating the estimated un- 
certainties in the exposures which were 
calculated for each individual town. 

Discussion of Results 

As shown in Fig. 4, the patterns of 
deposition of l3'Cs and 239+240Pu from 
NTS were generally the same, with rela- 
tively high values in extreme southwest 
Utah, a decline with distance from the 
NTS to fairly low levels in the south- 
central region around Richfield and Gun- 
nison, and then an increase to relatively 
high levels in the more populated north- 
central and northern valley areas around 

Provo, Salt Lake City, and Ogden. In 
fact, the NTS plutonium deposition at 
Provo was the highest measured any- 
where in Utah. Higher than expected 
levels of NTS fallout were also found in 
eastern Utah and as far away as Grand 
Junction, Colorado. These higher than 
expected levels in northern Utah result- 
ed in an estimated mean population ex- 
posure for the group of "low-fallout" 
counties which was approximately 50 
percent greater than that for the group of 
"high-fallout" counties and, because of 
the greater population of the former, an 
approximately six times greater total 
population exposure (person-roentgens). 
Persons living in Salt Lake City received 
greater exposures than most Utah resi- 
dents who lived far closer to NTS, al- 
though only about one-third as much as 
residents of Washington County. 

The elevated fallout in and around Salt 
Lake City was not entirely unexpected. 
It was suggested a number of years ago 
by Hardy et al. (21) on the basis of 
comparisons of Salt Lake City and New 
York City with respect to soil sample 
analyses for 9 0 ~ r .  Hardy et al. estimated 
that Salt Lake City had received about 
16 mCi of NTS 90Sr per square kilometer 
through 1958. We used that information 

in inferring the appropriate ratio of 2 4 0 ~ u  
to 2 3 9 ~ ~  for NTS fallout in Utah (10). 
Also, data from the Atomic Energy 
Commission fallout monitoring network 
of gummed film collectors suggested that 
there was more NTS fallout at Salt Lake 
City and Grand Junction than at other 
U.S. sites more removed from NTS (22- 
24). Very few data are available for sites 
closer to NTS. The gummed film data 
indicate, however, that a large fraction 
of the fallout in Salt Lake City probably 
came from about a half-dozen tests 
where the cloud originally took a north- 
erly track from NTS and later veered 
toward the northeast. The fallout at 
Grand Junction usually resulted from 
tests where the cloud track was original- 
ly toward the east (25-28). 

The exposure estimates shown in Fig. 
5 can be compared with exposure esti- 
mates based on the original postshot 
monitoring data for towns for which esti- 
mates are available from both sources. 
The original monitoring data have been 
converted to open field free-air expo- 
sures to correspond to our estimates, 
using factors provided by Anspaugh and 
Church (29). As shown in Table 2, the 
agreement is well within the reported 
uncertainties. 

Fig. 4. (a) Best estimates of NTS I3'Cs in undisturbed Utah soils as of 1979. Underlined values are derived from plutonium isotopic analysis, 
while values in smaller type are less precise estimates made from mean precipitation and in situ spectrometry (see text). (b) Best estimates of NTS 
239 + 2 4 0 P ~  in Utah soils as of 1979. Values are millicuries per square kilometer. 
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Table 2. Comparison of integral exposure NTS fallout occurred, average bone Significance of Estimated 

Nevada Test Site Fallout 

In order to place our estimated NTS 
fallout exposures for Utah in proper per- 
spective, we have compared them with 
the exposures the same population re- 
ceived from global fallout and from natu- 
ral background radiation. To do this, we 
first estimated the doses to bone result- 
ing from our calculated open field free- 
air exposures. The United Nations Sci- 
entific Committee on the Effects of 
Atomic Radiation (UNSCEAR) suggest- 
ed that an average factor of 0.32 be used 
to convert open field exposures in roent- 
gens to gonadal and bone doses in rads 
(30). This factor accounts for shielding 
by dwellings, the fraction of time spent 
indoors versus outdoors, and the self- 
shielding of the body. The factor will, of 
course, vary depending on life-style, 
type of housing, and so on, and thus the 
value appropriate for various areas of 
Utah may be slightly different from this 
suggested worldwide mean. The error 
resulting from use of the UNSCEAR 
factor is probably small and certainly 
less than the error in the exposure esti- 
mates themselves. 

Our analysis includes only the doses 
from external exposure. The dose to 
bone from ingested and inhaled radionu- 
clides was probably minor compared 
with that from external exposure. The 
former results primarily from long-lived 
nuclides such as 9 0 ~ r  and I3'Cs (30), 
while most of the external exposure from 
NTS fallout was from short-lived nu- 
clides and occurred during the first few 
weeks after deposition (20). UNSCEAR 
estimated that the bone dose from inter- 
nal exposure to global fallout was about 
equal to that from external exposure 
(30). But for global fallout, short-lived 
activity produced only a small fraction of 
the total external exposure because the 
arrival time was much longer than that 
for NTS fallout. Thus, the internal expo- 
sure dose to bone from NTS fallout 
would have been considerably less than 
the external exposure dose. Even if the 
internal pathway is found to be signifi- 
cant for some organs (such as thyroid), 
one would expect the geographic divi- 
sion of the internal dose to parallel the 
general fallout pattern. Studies are being 
made to estimate the dose from internal 
exposure more precisely and to deter- 
mine the appropriate exposure-to-dose 
conversion factors for various areas of 
Utah (31). 

Applying the UNSCEAR factor to the 
mean exposures found for selected popu- 
lation groups in Utah, including those 

estimates with estimates based on monitoring 
data obtained after the tests at NTS. Values in 
parentheses are percent uncertainties. The 
estimated uncertainties in the monitoring data 
range from ? 40 to 60 percent ( 2 4 ,  29) .  

Exposure estimate (R) 

Town This Moni- 

article toring 
data 

Beaver 
Cedar City 
Enterprise 
Hatch 
Hurricane- 

La Verkin 
Kanab 
Kanarraville 
Milford 
Minersville 
Modena 
Mt. Carmel 
Panquitch 
Parow an 
St. George 
Veyo 
Washington 

considered by Lyon et  al.,  we obtain the 
estimated bone doses shown in Table 3. 
For comparison, we also show the corre- 
sponding bone dose to the same popula- 
tions from natural background radiation 
(32) and global fallout (30). 

Table 3 shows that in Washington 
County, where the largest exposures to 

Fig. 5. Estimated 
mean open field free- 
air integral exposures 
[roentgens (R)] from 
NTS fallout in sur- 
veyed population cen- 
ters. 

doses due to external exposure were ten 
times greater than those the typical U.S. 
resident received from global fallout, 
while for residents of northern Utah the 
bone dose from NTS fallout was four 
times greater than that from external 
exposure to global fallout. Furthermore, 
for the average Utah citizen the bone 
dose per year from natural background 
radiation is about 14 mrad greater than 
the U.S. average, primarily because 
Utah has higher elevations and corre- 
sponding higher cosmic-ray exposures 
than most other areas of the United 
States. Over a life-span of 70 years, the 
natural background incremental dose is 
about twice the dose from NTS fallout. 
As shown in Table 3, residents of Beaver 
County received even higher natural 
background doses. 

The doses calculated for all areas of 
Utah were far lower than required to 
cause a significant increase in leukemia 
mortality, based on the currently accept- 
ed best estimate of lifetime risk, which is 
about 2 x lop5 per rad (33). In addition, 
Lyon et al. (I) estimated that, based on 
the experience of other exposed popula- 
tions, "a marrow dosage of between 6 
and 10 rads would be necessary to pro- 
duce the excess of leukemia deaths that 
we found." Table 3 shows that the popu- 
lation of the "high-fallout" region to 
which Lyon et al, refer received an aver- 

. .  I U t a h  

Scale  
S c a l e  

Integrated exposure - R 
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Table 3. Estimated mean bone doses to Utah populations from external radiation. 

Estimated mean bone dose (mrad) 

NTS 
fallout, Region time- 

integrated 
(this 

article) 

Northern Utah ("low fallout") 420 
Southern Utah ("high fallout") 280 

Washington County 1120 
Beaver County 220 

Utah, mean 400 
United States, mean 

Global 
fallout, 
time- 

integrated 
(30) 

Natural 
back- 

ground, 
Per 
year 
(32) 

*Based on relative global fallout inventories (10). 

age bone dose of about 0.3 rad. Based on 
our estimates of uncertainty at each 
stage of our analysis, the maximum error 
in this value is probably not more than a 
factor of 2, even considering the addi- 
tional uncertainty in converting from ex- 
posure to bone dose. It thus seems un- 
likely that the excess leukemias ob- 
served by Lyon et al. resulted from 
exposure to NTS fallout. A relation be- 
tween excess leukemias and exposure to 
NTS fallout is also inconsistent with our 
estimate that the much larger population 
of the "low-fallout" counties of northern 
Utah received an even larger mean dose 
with no corresponding relative increase 
in leukemia incidence. 

Conclusions 

The data collected during this study 
allowed us to confirm the exposure esti- 
mates made from the fallout monitoring 
data obtained after the nuclear weapons 
tests at NTS. They were also used to 
make exposure estimates for areas in 
Utah for which few or no monitoring 
data were available. From these esti- 
mates of NTS fallout and exposure, we 
conclude that: 

1) Although the highest exposures to 
NTS fallout occurred in Washington 
County, in the extreme southwest part of 
Utah, as expected, the northern valleys 
of Utah received larger amounts of NTS 
fallout than did most counties much clos- 
er to NTS. 

2) The population of northern Utah 
received higher average bone doses than 
did the residents of southern Utah. Thus 
the state should not be divided into geo- 
graphic subgroups based solely on dis- 

tance from NTS for the purpose of con- 
ducting epidemiologic studies of NTS 
fallout effects. 

3) On the basis of currently accepted 
risk factors, bone doses to the popula- 
tion of southern Utah were far too low to 
account for the excess childhood leuke- 
mia mortality reported by Lyon et al. ( I ) .  
Since the results of our study generally 
confirm the exposure estimates made 
from postshot monitoring data, it seems 
clear that this excess mortality did not 
occur because the exposures from NTS 
fallout were significantly greater than 
previously reported. Furthermore, the 
geographic pattern of fallout and expo- 
sure that we found is inconsistent with 
the conclusion that those leukemias re- 
sulted from exposure to NTS fallout, 
since no comparable increase in leuke- 
mia mortality was reported for northern 
Utah, where the total population dose 
was about six times greater than that for 
southern Utah. 

4) The bone and whole-body doses 
that most Utah citizens received from 
external exposure to NTS fallout were 
small in comparison with the lifetime 
doses they receive from natural back- 
ground radiation and only slightly great- 
er than the average dose that they and 
most other U.S. residents receive from 
global fallout. Thus it seems unlikely that 
these exposures would have resulted in 
any observable health effects. 

The NTS fallout inventories deter- 
mined from soil sample analyses, which 
formed the basis for our exposure and 
dose estimates, are supported and con- 
firmed by data obtained by a number 
of independent methods and sources. 
These include the global fallout-precipi- 
tation correlation, reservoir sediment 

analyses, measurements of 'OSr in soils 
from the late 1950's, and gummed film 
data for Salt Lake City and Grand Junc- 
tion. 
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