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ATMOSPHERIC RADIONUCLIDE CONCENTRATIONS MEASURED
BY PACIFIC NORTHWEST LABORATORY SINCE 1961

ABSTRACT

The atmospheric concentrations of a wide spectrum of radionuclides pro-
duced by nuclear weapons, nuclear reactors, cosmic rays, radon and thoron
decay and the SNAP-9A burn-up (238Pu) have been measured at Richland, Wash-
ington, since 1961; at Barrow, Alaska, since 1964; and at other stations for
shorter periods of time. Following the U.S.A.- U.S.S.R. test series of 1961-62
the concentrations of the longer lived nuclear weapons radionuclides reached a
maximum in the spring of 1963. The concentrations then decreased until 1967,
when the Chinese conducted their first high-yield atmospheric nuclear test.

In recent years, the frequency of high-yield Chinese tests has decreased, so

by 1979 the average 137Cs (30 yr) concentration had fallen to 1.3% of the

1963 concentration. However, in October of 1980 the Chinese conducted a fairly
high-yield test, so the concentrations will increase again in the spring of
1981.

The measurement of atmospheric radionculide concentrations during the
past several years has produced considerable valuable information on the rates
of atmospheric mixing and deposition processes which can be used to predict
the behavior of other particulate pollutants. The measurements have shown,
for example, that the ground-level concentrations of radionuclides released
into the stratosphere increase to a maximum each spring and eventually begin
to decrease with an ll-month half-time. Oniy the time delays before the
appearance at ground-level and before the beginning of the concentration
decrease depend upon the release location in the stratosphere, with middle-
and high-latitude lower stratospheric releases showing the shortest delay
time, and equational upper stratospheric releases showing the longest delay
time. The concentrations of cosmogenic and nuclear weacons radionculides
averaged more than twice as high at Richland, Washington, than at stations at
about the same latitude on the coast of Washington because of vertical mixing
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caused by the Cascade Mountains between the coastal stations and Richland.
The concentration difference was greatest in the summer when stability is
highest over the ocean and lowest over the continent. Comparison of radio-
nuclide ratios between Richland and Barrow, Alaska, indicate that most of
the 465c, 55Fe, 60Co, 652n, and 134Cs measured at Richland came from the
plutonium-producing nuclear reactors operating cn the Hanford Reservation 20
to 30 miles north of Richland. (A1l but one of these reactors was shut down
in the late 1960's and early 1970°'s.)
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INTRODUCTION

Large quantities of radionuclides were released into the atmosphere by the
nuclear tests conducted by the U.S.S.R. at Novaya Zemlya (75°N, 55°E) in 1961
and 1962 and by the U.S.A. at Christmas (2°N, 157°W) and Johnston (17°N, 169°F)
Islands in 1962. These countries have not conducted atmospheric tests since
that time, but atmospheric nuclear tests conducted by the French in the Sahara
Desert (27°N, 0°) and the South Pacific (21°S, 137°W) from 1960 through 1971,
and by the Chinese at Lop Nor (40°N, 90°E) from 1964 through the present time
have maintained atmospheric radionuclide concentrations at appreciable levels
(Carter and Moghissi 1977, Perkins and Thomas 19820).

There has been considerable concern over the health hazard presented by
these radionuclides, but it has also been recognized that atmospheric mixing
and deposition rates can be determined from their measurement. Therefore,
Pacific Northwest Laboratory began the continuous measurement of the atmos-
pheric concentrations of a wide spectrum of radionuclides produced by nuclear
weapons, nuclear reactors, cosmic rays, and radon and thoron decay at Richland,
Washington (46°N, 119°W) in 1961 and Barrow, Alaska (71°N, 157°W) in 1964, and
has continued these measurements through the present time. Radionuclide con-
centrations were also measured at Rio de Janeiro, Brazil (23°5, 43°W) from 1966
through 1970; at Barbados, British West Indies (13°N, 60°W) from 1968 through
1970; and near the Pacific coast of Washington State at Makah (48°N, 125°W)
from 1967 through 1970 and Quillayute (48°N, 125°W) from 1973 through 1975.
Makah and Quillayute are only about 30 miles apart and have about the same ele-
vation and meteorology, so the concentrations measured it these two stations
will be discussed together under the heading Makan-Quillayute in this paper.
The concentrations measured at Rio de Janeiro and Barbados are reported in the
tables, but they will not be discussed in this report.

Vertical profiles of radionuclide concentrations were measured at alti-
tudes from 1.5 km to 19 km, mostly near Albuguergue, New Mexico (35°N, 107°W)
and Spokane, Washington (48°N, 117°W) from 1967 tnrough 1969, and east of



" Barbados in the summer of 1969. These measurements are reported in the

tables, but they will only be discussed whenever they shed light upon the
ground-level measurements.

This report will discuss the concentrations of the longer-lived radio-
nucliides (T 1/2 > 12 days). The concentrations of shorter-lived radionu-
clides measured following Chinese nuclear tests since 1972 are discussed in
another report.



EXPERIMENTAL

Air samples are collected at ground level using Roots Type RAI blowers

to draw air through air filters. In the past, millipore filters have been

used, but in recent years samples have been collected on IPC-1478 filter paper
. because it is cheaper and easier to handle than millipore filters,and doas not
plug, up as readily. It has been shown that at the face velocities used, IPC
filter paper has nearly a 100 collection efficiency for radionuclides attached
to aeroscl particles (Van den Akkev 1960, Friend et al. 1961). At the present
time, a 17 m3/min Roots blower is being used at Barrow and a 10 m3/m1n blower
at Richland. These flow rates give face velocities of about 700 m/min across
the filters at both sites. Air samples were collected above ground level
aboard RB-57 aircraft using ram pressure to force air through IPC filters.

The air filter samples are pressed into disks one-half inch thick and
two inches in diameter and counted directly, without chemical separation, on
gamma-ray spectrometers to obtain the concentrations of a wide spectrum of
radionuclides. Chemical separations are also performed on portions of some of
the filters to obtain the concentrations of radionuclides such as 55Fe,
9OSr, 238Pu, 239Pu and 241Am which cannot be measured directly by gamma-ray
spectrometry.

A1l of the concentrations measured by gamma-ray spectrometry before 1966
were measured using anticoincidence shielded NaI(T1) multidimensional gamma-ray
spectrometers (Perkins 1965). The energy resolution of NaI(T1) counters is not
good enough to prevent interferences between several radionuclides which emit
- gamma rays of similar energy. However, many radionuclides emit two or more
gamma rays simultaneously. The multidimensional NaI(T1) counters take advan-
tage of this fact to minimize interferences between radionuclides. The sam-
ple to be counted is placed between two large NaI(T1) crystals. When one of
the simultaneous gamma rays emitted by a radionuclide deposits its energy in
one crystal, and the other deposits its energy in the second crystal, the
event is stored in a 4096 channel computer memory at a location uniquely deter-
mined by the individual energies of the two gamma rays. In this manner, the



interferences of radionuclides which emit simultaneous gamma rays with those
which emit either single or simultaneous gamma rays are greatly reduced. How~
ever, the interferences between radionuclides that emit single gamma rays are
not reduced, so these multidimensional counters are still not able to resoive
the gamma rays of many radionuclides. For example, the gamma rays emitted by
the parent-daughter pair, 952r and gsNb, cannot be resolved, so the sum of

the disintegration rates of 952r and gsNb have been reported as 95ZrNb

when they were measured with NaI(T1) counters.

Because of the inability of the NaI(T1) counters to resolve the gamma rays
emitted by several radionuclides, we began counting samples in late 1966 with
anticoincidéncé-shie1dedvGe(Li) diodes, which have approximately 60 times bet-
ter energy resolution than NaI(T1) cry%fa]s (Cooper et al. 1968).) The early
Ge(Li) diodes were quite small and therefore had low counting efficiencies,
however, so they gave significantly poorer numbers for many of the radionu-
clides than did the NaI(T1) counters. Therefore, we counted air samples with
both NaI(Tl) and Ge(Li) counters for a few years. As larger Ge(Li) diodes
became availahie, more and more radionuclides could be measured better with the
Ge(Li) diodes. Therefore, since late 1970 we have counted air samples only
with Ge(Li) diodes.



RESULTS AND DISCUSSION

The atmospheric radionuclide concentrations that have been measured at
ground level at Barrow, Alaska; Richland and Makah-Quillayute, Washington; Bar-
bados, British West Indies; and Rio de Janeiro, Brazil, and above ground level
by aircraft are reported in tables at the end of this report. The error limits
reported in the tables are the l¢ statistical counting errors associated with
the random fluctuations in the counting rates. They do not include other
sources of error such as counter drift or malfunction, standardization error,
or errors in the calculated volumes of sampled air, because the magnitudes of
these errors are unfortunately not known. Therefore, the reported error limits
represent minimum possible rather than true error limits. [t has been esti-
mated that these other sources of error may contribute as much as a 10% error
to the concentrations. Therefore, when the reported statistical counting error
is significantly larger than 10%, it probably represents a fairly accurate
gstimate of the true error, but when it is less than 10% it may represent only
a fraction of the total error.

Only a few error limits have been calculated for the single gamma-ray-
emitting radionuclides that were measured using Nal multidimensional counters,
since counter gain shift generally resulted in errors that were larger than the
rather small statistical counting errors,

1

The method of reporting measured concentrations that were near or below
the detection limits of the counters has changed since measurements were begqun
in 1961. For the first few years calculated concentrations that were zero or
negative were reported as not detectable (abbreviatead ND in the tables). It
was soon realized that this method was not satisfactory because it gave no
indication of the maximum possible concentration. Therefore, we now report
calculated concentrations that are zero or negative as less than 2¢ statistical
counting error. Concentrations that are very small are reported as calculated
even when they are much smaller than the error limits. This allows more accur-
ate concentration averages to be calculated than if just less than numbers were
reported. It also gives a better indication of whether or not the actual con-
centrations, are likely to be significantly below the detection limit.



NUCLEAR WEAPONS PRODUCED RADIONUCLIDES

Average Yearly Concentrations

The average yearly radionuclide concentrations at Richland, Washington,
from 1961 through 1979 and for Barrow, Alaska, from 1965 through 1979 are
reported in Tables 1 and 2, and the concentrations of three of the nuclear
weapons-produced radionuclides at Richland are plotted versus time in Figure 1.
The size and timing of the Chinese atmospheric tests are also shown in
Figure 1. Measurements of atmospheric radionuclide concentrations by several
investigators following numerous nuclear tests have shown that the rate of
transfer of radionuclides from the stratosphere into the troposphere reaches a
maximum in the spring, and that radionuclides introduced into the lower
stratosphere at middle or high latitudes are generally transferred into the
troposphere in maximum quantities the fullowing spring. Therefore, the
concentrations of the longer-i’ved radionuclides introduced into the atmo-
sphere by the 1961-62 nuclear test series by the U.S.A. and the U.S.S.R. did
not reach a maximum at Richland until the spring of 1963. However, the con-
centrations of the shorter-lived radionuclides 95ZrNb (65 d), l03Ru (40 d),
14OBa (12.8 d), and 141Ce (32.5 d) decreased after 1961 because of radio-
active decay.

The concentrations of the nuclear weapons-produced radionuclides decreased
rapidly until about 1967, when the Chinese conducted their first high-yield
nuclear test at Lop Nor, (40°N, 90°E). The concentrations of the shorter-lived
radionuclides decreased faster than did the concentrations of the longer-lived
radionuclides. In 1968 the concentrations of l37Cs (30 yr) at Richland aver-
aged 7.8% of the maximum concentrations measured in 1963, but the 103Ru
(40 d) concentrations averaged only 0.2% of the maximum concentrations measured
in 1961. After 1968, the radionuclides increased somewhat (reaching a maximum
in 1971) because of four 3-megaton tests conducted by the Chinese from 1967
through 1970 (Carter and Meghissi 1977, Perkins and Thomas 1980). 1In 1971,
the 137(‘,‘5 concentrations at Richland averaged 11% of the 1963 concentrations.
The Chinese conducted only two high-yield tests from 1971 until late 1976, so
tne radionuclide concentrations decreased again during this period. B8v 1976
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the 137Cs concentrations at Richland had decreased to 1.2% of the 1963 con-
centrations. The Chinese conducted two high-yield tests in late 1976, caus-
ing the radionuclide concentrations to increase again in 1977. They conducted
only three small tests in 1977 and 1978 and none in 1979, so the radionuclide
cincentrations decreased again through 1979. 1In 1979 the 137Cs concentra-
tions at Richland averaged only 1.3% of the 1963 concentrations and 17% of the
1967 concentrations. However, in October of 1980 the Chinese conducted a 0.2
to 1 megaton test, so concentrations will increase again in the spring of 1981.

Stratospheric Residence Time

Although low-yield nuclear tests leave significant amounts of radionu-
clides in the troposphere, mast of the radionuclides produced by high-yield
tests rise into the stratosphere (Ferber 1964, Peterson 1970). The residence
time of radionuclides in the troposphere before they are deposited on the
earth's surface is around a month or less (Junge 1963, Enhalt 1973, Martell and
Moore 1974, Bleichrodt 1978). Therefore, except for the first few months fol-
lowing a nuclear test, the primary source of nuclear weapons-produced radio-
nuclides in the troposphere is radionuclides that were first introduced into
the stratospnere. As a result, the rate of decrease in the average annual
radionuclide concentrations in the troposphere in periods when there is no
nuclear testing should be equal to the rate of decrease in the concentrations
in the lower stratosphere.

Measurements by several investigators of radionuclides released at differ-
ent latitudes and altitudes in the stratosphere have shown that processes such
as 1) gravitational settling (which increases with altitude in the strato-
sphere), 2) poleward transport in the upper stratosphere, 3) downward trans-
port in the middle and high-latitude stratosphere during the winter and spring,
and 4) meridional transport and diffusion more or less parallel to the tropo-
pause in the lower stratosphere eventually produce remarkably similar radionu-
clide distributions in the stratosphere for different release altitudes and
latitudes (List and Telequdas 1969, Feely et al. 1966, Machte et al. 1970,

Krey et al. 1973). This distribution features a layer of maximum concentration
in the lower stratosphere which slopes upward from the pale to the equator,
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more or less parallel to the tropopause (Fig. 2). The time required to
approach this distribution depends upon the location of the release, with
minimum times required for releases in the lower mid-latitude or polar strato-
sphere and maximum times required for releases in the high equatorial strato-
sphere. Ground level measurements at Richland of radionuclides released at
three different locations in the stratosphere have indicated that once this
stratosphere distribution was approached, the stratospheric concentrations
decreased at approximately the same rate for the three release locations. It
is believed that this will also hold true for other release locations.

Ouring the period from 1963 through 1966, the decay-corrected concentra-
tions of several long-lived radionuclides decreased with an average half-time
of 11 months at Richland, indicating that the concentrations in the lower stra-
tosphere were decreasing at this rate. During this period there was little
atmospheric testing. The French and Chinese conducted a few small tests,
mostly in late 1966, but the yield of these tests was less than 0.5% of the
yield of the 1961-62 test series (Carter and Moghissi 1977, Perkins and Thomas
1980). Therefore, the primary sources of radionuclides were the tests con-
ducted by the U.S. at 2°N, 157°W and 17°N, 169°E in 1961 and the U.S.S.R. at
75°N, 55°E in 1961 and 1962. However, the total yield of the Russian tests was
about eight times that of the U.S. tests (Peterson 1970). Also, about 60% of
the total yield of the Russian tests was contributed by tests in 1962 (Carter
and Moghissi 1977, Perkins and Thomas 1980), and much of the debris from the
1961 tests was transferred to the troposphere in 1962. Therefore, since almost
all of the Russian debris stabilized below 20 km (Ferber 1964), it may be con-
sidered that radionuclides measured at Richland from 1963 through 1966 were
mostly injected into the lower polar (75°N) stratosphere in 1962. These
results indicate that radionuclides introduced into the lower polar strato-
sphere will produce maximum ground-ievel concentrations the following spring,
and that the decay-corrected stratospheric and tropospheric concentrations will
decrease from then on with an ll-month half-time.

13
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The decay-corrected concentrations of long-lived radionuclides injected
into the lower stratosphere at mid-latitudes (40°N) by Chinese tests also
reached maximums the following year at Richland and Barrow and then decreased
with an ll-month half-time. Following the 3-megaton Chinese test of October
14, 1970, the decay-corrected concentrations of the long-lived radionuclides
reached a maximum in the spring of 1971 and decreased with an ll-month half-
time from 1971 through 1973. The Chinese then tested a 2 to 3-megaton device
on June 26, 1973, so the decay-corrected concentrations again increased to a
maximum in the spring of 1974 and then decreased with an ll-month half-time
from 1974 through 1976, when the Chinese conducted two more tests.

Plutonium-238

The concentrations of 238Pu (85 yr) introduced into the high equatorial
stratosphere did not reach a maximum at Richland until five years after the
release, but after that they decreased with a 12-month half-time (Figure 3).
Plutonium-238 is released in small quantities by nuclear weapons tests. How-
ever, in April of 1974 a navigational satellite containing an electric power
generator (SNAP-9A) using 238Pu as a heat source burned up at an altitude of
about 50 km at 11°S over the Indian Ocean, releasing 17 kCi of submicron-sized
238Pu particles (Hansen et al. 1965, Krey 1967, USAEC 1968). At the begin-
ning of 1965, the 238Pu was still above 25 km in the stratosphere (List and
Telegadas 1969). However, by September-November of 1965 layers of maximum con-
centration had developed in the lower stratosphere south of 30°S at an altitude
of about 20 km, and north of 40°N at an altitude of about 30 km (Figure 4).

By June-August of 1966, the concentration maximums were at about 20 km at mid-
dle and high latitudes of both hemispheres (Figure 5). Miyake (1970) reported
that measurable concentrations of 238Pu first appeared at Tokyo in late 1966.
At Richland, 238Pu concentrations began to increase in the spring of 1966
(Figure 3). The 238Pu/239Pu ratio also increased, indicating that the 238Pu
originated from SNAP-S9A rather than nuclear weapons tests. Even though the
238Pu concentrations had developed the characteristic concentration maximums
in the lower stratosphere by the middle of 1966, 238Pu concentrations at
Richland continued to increase until 1969, indicating that 238y wag still
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being transported downward from the high stratosphere (above the highest mea-
surements) to the lower stratosphere in consideratle quantities. From 1969
through 1976, however, the concentrations of SNAP-9A 238Pu decreased with a
half-time of 12 months, indicating that the majority of the 238Pu had been
transported to the lower stratosphere. After 1976 the concentrations of
SNAP-9A 238Pu were lower than the concentrations of nuclear weapons-produced
238Pu, so it was no longer possible to observe the decrease in the concen-
trations of SNAP-9A 238Pu.

About 80% of the SNAP-9A 238Pu was in the southern stratosphere during
January-March, 1966, and only 20% was in the northern stratosphere (Krey 1967).
Plutonium-238 concentrations remained significantly higher in the southern
stratosphere than the northern stratosphere through at least 1972 (Krey et al.
1973). Therefore, exchange between the hemispheres in the stratosphere should
have slowed the rate of decrease of 238Pu in the northern stratosphere. How-
ever, the measured rate of decrease in the 238Pu concentrations in the ngrth-
ern hemisphere was probably not significantly slower than the measurzd rates
of decrease in the concentrations of radionuclides introduced into the northern
stratosphere by the Chinese and the Russians, even though exchange between the
stratospheres should have increased the rates of decrease in the northern hemi-
spheric concentrations of these radionuclides. It therefore does not appear
that exchange between the northern and southern stratospheres is rapid enough
to change the rate of decrease in the radionuclide concentrations in the north-
ern hemisphere by an amount that can be measured easily. Reiter (1978) has
estimated that only about 16% of the air in the stratosphere of one hemisphere
is exchanged with the stratosphere of the other hemisphere annually.

Seasonal Variations

The concentrations of nuclear weapons-produced radionuclides showed pro-
nounced seasonal variations at Richland (46°N), Makah-Quillayute (48°N) and
Barrow (71°N), but the variations were somewhat different at Barrow than at
Richland or Makah-Quillayute. In addition, the concentrations showed large
shorter-term variations that resulted from variations in processes such as wet
deposition and vertical mixing. Therefore, it was necessary to average the
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data over several years to obtain a clear picture of the average seasonal vari-
ations. Since the concentration levels varied considerably from year to year,
it was also necessary to normalize each year's data in some manner before aver-
aging the seasonal variations of different years. This was done by dividing
the average concentration of eac.. month by the average concentration for the
year. The average ratios of monthly to yearly concentration for the long-lived
nuclear weapons-produced radionuclide 137Cs at Richland, Makah-Quillayute and
Barrow are plotted versus month in Figure 6.

The radionuclide concentrations increased to a maximum in the spring at
the three sites because of the spring maximum in the rate of transfer of radio-
nuclides from the stratosphere into the troposphere through the tropopause gap.
However, the concentrations reached a maximum in April at Barrow, but did not
reach a maximum until one month later at Richland and Makah-Quillayute. The
concentrations at Barrow then decreased to a minimum in August, but the concen-
trations at Richland and Makah-Quillayute did not reach a minimum until Decem-
" ber, four months later.

The seasonal variations of other long-lived radionuclides have been almost
identical to those of 137Cs. Even the seasonal variations of the relatively
short-1ived radionuclides 9SZr (65 d), 103Ru (40 d), and 141Ce (32.5 d) were
generally almost identical to those of the longer-lived radionuclides, although
there were a couple of years in which the 95Zr, 103Ru and 137Cs concentration
variations were clearly controlled by the timing of the low-yield Chinese
tests, [t therefore appears that the primary source of these and longer-lived
radionuclides since 1962 has been nuclear debris that was first injected into
the stratosphere, despite the fact that the Chinese have conducted several low-
yield tests which released large quantities of radionuclides into the tropo-
sphere. The concentration variations of radionuclides having shorter half-
lives than 141Ce (32.5 d) have been controlled by the timing of these low-
yield tests, however, indicating that their primary source has been debris
released into the troposphere.

The concentrations of the nuclear weapons radionuclides have averaged 3.8
times higher at Richland than at Barrow, at least partly because radionuclides
are transferred from the stratosphere into the troposphere primarily through
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the tropopause gap at mid-latitudes. The fact that radionuclides began to
decrease at Barrow after April, when the concentrations were still increasing
at Richland, is probably due to the decrease in the rate of transport of radio-
nuclides from middle to high latitudes which occurs when meridional mixing
decreases in the spring and summer. Because of the relatively short residence
time of radionuclides in the troposphere, the concentrations at Barrow would

be expected to decrease when the transport of radionuclides from mid-latitudes
decreased. The increase in the concentrations at Barrow after August probably
results from the increase in meridional mixing which occurs in the fall and
winter.

The concentrations of the nuclear weapons radionuclides at Richland. also
averaged about 2.7 times higher than those at Makah-Quillayute, even though
Richland is at about the same latitude as Makah-Quillayute. Some of the dif-
ference could be due to the fact that precipitation is very heavy at Makah-
Quillayute (250 cm/yr), but is very light at Richland (16 cm/yr). However,
the concentration difference was greatest during the summer, when rainfall is
light at both locations (Figure 7). The higher concentrations at Richland are
probably due primarily to the vertical mixing that occurs when air passes over
the Cascade Mountains going from the Washington coast to Richland in eastern
Washington. Vertical profiles of radionuclide concentrations measured by Paci-
fic Northwest Laboratory north of Richland showed that the radionuclide concen-
trations doubled for every 1.5 to 2 km increase in altitude in the lower tropo-
sphere, so vertical mixing would increase ground-level concentrations consider-
ably (Figure 8). Concentrations measured by the Environmental Measurements
Laboratory (EML) at Salt Lake City, Utah (41°N, 111°W) and Rocky Flats, Colo-
rado (40°N, 105°W) were even higher than tpose at Richland (EM. 1979), indica-
ting continued vertical mixing as the air passed over additional mountain
ranges (Figure 7). The radionuclide concentrations measured by EML at New
York City (41°N, 74°W), however, averaged somewhat lower than those at Rich-
land, but still over twice as high as those at Makah-Quillayute.
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COSMOGENIC RADIONUCLIDES

Average Yearly Concentrations

Ber;11ium—7 - Spallation reactions of cosmic rays with atmospheric gases
produce ‘Be (53 d), 22Na (2.6 yr) and several other radionuclides. The produc-
tion rates of these cosmogenic radionuclides per gram of air increase by three
to four orders of magnitude between ground level and the lower stratosphere,
and also increase with increasing latitude, especially at higher altitudes

(Lal and Peters 1962, Young et al. 1970).

The average concentrations of 7Be at Richland and Barrow have varied
with time, but the variation has been different than that of the nuclear weap-
ons radionuclides (Figure 3). The 7Be production rate should be proportional
to the cosmic ray flux in the earth's atmosphere. Therefore, the production
rate should vary inversely with the sunspot number, since the magnetic fields
associated with sunspots inhibit the penetration of cosmic rays (especially
those with low magnetic rigidity) into the solar system. This reduction should
be greatest at high altitudes and latitudes, because low rigidity cosmic rays
are deflected toward polar regions by the earth's magnetic field, and are also
less able to penetrate the earth's atmosphere. According to Lal and Peters
(1962), the primary cosmic ray intensity at 45°N was 40% lower during the solar
maximum of 1958 than during the solar minimum of 1954, and the cosmogenic rad-
jonuclide production rate was 24% lower in 1958 than in 1954.

The 7Be concentrations at Richland and Barrow have shown the expected
correlation with the cosmic ray (neutron) flux, and anticorrelation with sun-
spot number, except at Richland from 1964 through 1967, when the 78e concen-
trations were lower than would be predicted from the neutron flux. It is pos-
sible that the low reported average 7Bé concentrations at Richland from 1964
through 1967 resulted from experimental error, since 7Be was measured at
Richland using NaI(T1) counters before 1968. Beryllium-7 is particularly
difficult to measure with NaI(T1) counters in the presence of large amounts of
103Ru because 1) the gamma rays emitted by 7Be and 103Ru have similar energy,
2) neither 7Be nor 103Ru emit simultaneous gamma rays, 3) the half-life of
103Ru (40 d) is not much shorter than that of 7Be (83 d), so allowing the
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samples to decay a few months before counting does not increase the 7Be/103Ru

ratio rapidly enough to increase the accuracy of the 7Be measurements very
much, and 4) only 10.4% of the 7Be atoms emit the measured gamma ray upon
decay. One of the NaI(T1) counters used has been shown to give systematically
low values for 7Be in the presence of 103Ru, due to a tendency to drift to
lower gain. The early 7Be measurements at Barrow would be expected to be more
accurate than those at Richland because 1) measurement with Ge(Li) diodes was
begun one yedr earlier at Barrow, 2) the ratio of 103Ru to 7Be has been consid-
erably lower at Barrow than at Richland, and 3) there has been a tendency to
allow the Barrow samples to decay longer before counting.

During the period from 1968 through 1979 the minimum average annua1-7Be

concentration at Richland was 21% lower than the maximum concentration, a vari-
ation very similar to that reported by Lal Peters (1962) for 1954 through 1958
at 45°N. However, the minimum average annual concentration at Barrow was 47%
lower than the maximum. The larger variation at Barrow might be expected since
the magnetic fields associated with solar activity have the greatest effect on
low-rigidity cosmic rays, which are deflected toward high latitudes by the
earth's magnetic field. Of course, the measured concentration variations are
not necessarily due entirely to variations in the production rate. Variations
in meteorological conditions from year to year (possibly even caused by the
variations in the solar activity) may cause variations in the ground-level

7Be concentrations.

Pacific Northwest Laboratory also measured vertical profiles of 7Be and
the shorter-lived cosmogenic radionuclide, 24Na (15 hr), from 1967 through
1969 (Young et al. 1970). The average yearly concentrations of 7Be and 24Na
at an altitude of 18.3 km from 40 to 46°N decreased from 1967 through 1969, as

would be predicted from the decrease in the neutron flux.

Sodium-22 - Sodium-22 is produced by cosmic rays, but it is also produced
by nuclear weapons tests by the reaction 23Na(n, 2n)22Na. Large amounts of
22Na were released into the atmosphere by Russian thermonuclear tests in
which sodium apparently was added to the nuclear device to provide a measure

27




of the neutren flux. Sodium-22 is also produced when sodium in c%ustal mate-
rial is ingested into the fireball of a ground-level test.

The 22Na concentrations at Richland reached a maximum in 1963 and then

decreased rapidly until 1967, when they averaged 5.3% of the 1963 concentra-
tions (Figure 10). The concentrations at Barrow also decreased ripidly from
1964 through 1966. Between 1963 and 1966 the decay corrected concentrations
of nuclear weapons-produced 22Na at Richland decreased with a half-time of
11.8 months (in making this calculation it was assumed that the 22Na concen-
trations in 1979 represented the concentration due to cosmogenic 2zNa, S0
this concentration was subtracted from the measured concentrations to obtain
the concentrations due to nuclear weapons).

After 1967, the 22Na concéntrations continued to decrease, but at a much

slower rate. From 1967 through 1978 the decrease may not have been signifi-
cant. However, the concentrations of cosmogenic 22Na would have been expec-
ted to increase because the cosmic-ray flux was increasing, so it is likely
that there was still some nuclear weapons 22
from Chinese tests.

Na in the atmosphere, mostly

The concentration differences between Richland and Barrow were consider-
ably smaller for 7Be and 22Na than for the nuclear weapons radionuclides.
The ratios of the Richland to the Barrow concentrations averaged 2.1 for 7Be
and 2.4 for 22Na (from 1967 on), as compared to 3.8 for the nuclear weapons
radionuclides. The differences between Richland and Barrow were probably
7Be and 2zNa because of their production in the troposphere.

The varijations in the average 7Be and 2zNa concentrations between Makah-
Quillayute, Richland, and the EML stations at Salt Lake City, Rocky Flats,
and New York City were almost identical to those of the nuclear weapons

radionuclides.

smaller for

Seasonal Variations

The average monthly concentrations of 7Be and 22Na at Richland, Barrow,

and Makah-Quillayute are given in Figures 11 and 12. Sodium-22 concentrations
measured before 1967 were not used because the seasonal variations of cosmogenic
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22 22

Na were desired, and the
22

Na concentrations before 1967 were clearly domi-
Na. The seasonal variations of 7Be and 22Na

were somewhat different from those of the nuclear weapons-produced radionu-
clides (see Figure 6). At Richland, the maximum 7Be concentration occurred
two months later than the maximum in the nuclear weapons radionuclides, but at

Barrow thne maximum 7Be concentration occurred one month earlier than the

nated by nuclear weapons

maximum in the nuclear weapons radionuclides. The concentration maximum was
also broader for 7Be than for the nuclear weapons radionuclides. The net
result was that the 7Be seasonal variations appeared to be considerably far-
ther out-of-phase between Richland and Barrow than were the nuclear weapons
radionuclides.

The seasonal variations of 22Na at Richland and Barrow appeared to be
intermediate between those of 7Be and the nuclear weapons radionuclides,
probably because the half-life of 22Na (2.6 yr) is considerably longer than
that of 7Be (53 d), so a larger fraction of the measured 22Na was of strat-
ospheric origin. Also, some of the 22
origin.

Na was probably of nuclear weapons

The seasonal variations of 7

Be at Makah-Quillayute were distinctly dif-
ferent from those at Richland or Barrow, and were also different from the sea-
sonal variations of 22Na or the nuclear weapons radionuclides at Richland,
Barrow, or Makah-Quillayute. The 7Be concentrations at Makah-Quillayute
(1968-70, 1973-74) rose to a maximum in April and May, decreased sharply from
June through August, increased again to a maximum in October, and then
decreased to a minimum .in December and January (Figure 13). The depressed

7Be concentrations in June through August at Makah-Quillayute were probably
caused by the increased stability of the lower atmosphere over the Pacific
Ocean during the summer months, which inhibits the transport of 7Be downward
from altitudes of higher concentration. When marine air moves inland from the
coast, surface heating decreases the stability and mountain ranges cause
increased vertical mixing, so it is not surprising that Richland shows no
evidence of decreased 7Be concentrations in the summer. What is surprising

is that 2243 and the nuclear weapons radionuclides did not show the same

decreased concentrations in the summer at Makah-Quillayute as did 7Be.
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The nuclear weapons radionuclides did show some evidence of decreased concen-
trations, but the decrease was very slight.

The reasons for the differences between the seasonal variations between
Be, 22Na and the nuclear weapons radionuclides are not clear, but they
undoubtedly result from differences in the source distributions. Bleichrodt
(1978) estimated that only 30% of the 7Be deposited on the earth's surface
at 50°N is formed in the stratosphere. Aegerter et al. (1966) concluded from
the concentration ratios of cosmogenic 32P and 7Be measured at ground level
at 47°N that the seasonal variation of 7Be was due primarily to the transport
of 7Be downward from higher altitudes in the troposphere, rather than trans-
port from the stratosphere, as is the case for nuclear weapons radionuclides.
If this is true, then the 7Be concentrations in the middle and upper tropo-
sphere might become depleted below equilibrium levels by this transport. To
test this possibility, the ratios of the 7Be and 22Na disintegration rates
measured by Pacific Northwest Laboratory from 40 to 46°N to the production
rates calculated by Bhandari et al. (1966) and Lal and Peters (1962) were
plotted versus altitude in Figure 14. At ground level the 7Be disintegra-
tion rates averaged about the same as the production rates. Since 7Be is
removed rather rapidly from the lower atmosphere by wet and dry deposition,
this indicates that 7Be was being replenisnhed rather rapidly from higher
altitudes. As the altitude increased, the ratio of the disintegration rate to
the production rate decreased until maximum depletion occurred at around
7.5 km. The ratio then increased with altitude until the disintegration rate
was only slightly below the production rate from 12 to 19 km. The ratio of
the disintegration rate to the production rate for 2
change with altitude as did 7Be, except that the 22
were significantly farther below equilibrium than were those of "Be because
of the longer half-life of 22Na. The ratios of the disintegration rate to
the production rate for 78e and %2Na at 35°N varied about the same with
altitude as those at 40 to 46°N. It thus appears that a considerable fraction
of the 7Be measured at ground level originated at higher altitudes in the
troposphere. However, a significant contribution from stratospheric 7Be

cannot be ruled out. Because of the large increase in the production rate

7

Na showed the same

Na disintegration rates
7

34



. JO11RA3UAIU0G BNy, (§) pue (SOb-16£:81 ‘SNi13L ‘9961 ‘vwey pue je7
L4epueyg wouay) a3ey vorydNpoud (V) 03 SUOLIPAIUIIUD) ®Nzz Pue 39, jo sotiey “pl JWN9I4

J1VY NOLLVHIIINISIG chw

IS3IVY NOIIVY9IIINISIQ mzNN NV umm VY NOLIINT0Yd ALVY NOIIVYOIINISIA
0005 0001 | | 10

1
| T I Cllﬁ. y vy : .
N

° p ;_ // ./. J/o »

/.A.. i \ /_mU H/\
W ~< AV NOLIPE0Nd N i / .

: ("1d3S - 11¥dvieg, LA

QY NPT 3 B

. ("4vW - 1301 o9, m\u . \ Q
> S0
& o

wy IanLILY

I
a,

.\ s o —1 2l
/./.U XU 3Ivy Wu
\ / _ NO!LONA0Y¥d
¢ g\ N, . i, VY
eN, \ . { NO11ONa0Yd
_n . orxeN i \ N
i, - — € 174 _ m. 22
] | —] 8t
q () ® 0 ( )
b d b a]

35



with altitude, the 7Be depletion shown for 12 to 19 km represents about one-

half of the 7Be represented by the depletion from ground level to 12 km.
However, the depletion shown for 22Na for 12 to 19 km represents twice the
represented by the depletion from ground level to 12 km. The 7Be depletions
calculated from these profiles are unlikely to be very accurate at high alti-
tudes where the production rates are high and the percent depletions are low,
because of errors in the measured average concentrations and the calculated
production rates. In addition, meridional transport alsc affects the 7Be

and ZZNa depletions, so the depletion may not be a very accurate indication

of vert‘.al transport.

22y,

In Figure 14 the ratio of disintegration rate to production rate for 7Be

is also plotted versus altitude for the six months of maximum concentration at
Richland (April-September) and for the six months of minimum concentration
(October-March) to indicate the source of the seasonal variations. ODuring the
months of maximum ground-level concentration the concentrations from 7.5 km to
12 km were considerably more depleted than during the months of minimum ground-
level concentration, suggesting that the concentration maximum at ground level
results from increased transport from these altitudes. ‘/ertical mixing is
more intense in the lower atmosphere over continental areas during the spring
& i¢ summer when atmospheric stability decreases. The concentrations from 12
to 19 km were actually higher during the months of maximum ground-level con-
centration. It is possible that these higher concentrations could lead to
increasad transport of 7Be to ground level, producing increased ground-level
concentrations. The concentrations at 12 to 19 km could be maintained by
meridional transport from higher latitudes, where 7Be production rates are
higher.

The ratios of the average 7Be and 2zNa concentratibns to the average

measured concentrations of the short-lived cosmogenic radionuclide, 24Na

(15 hr), were also plotted versus altitude in Figure 14 to confirm the pattern
of 7Be and ZZNa depletion versus altitude. The half-life of 24Na is so short

that it should be nearly at equilibrium with its production rate. Therefore,

changes in the 7Be/24Na an
7

d 22Na/2%\a ratios should correspond to changes in

the "Be and ZzNa depletion. The variation of these ratios with altitude
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were very similar to those of the ratios of disintegration rate to production
rate for 7Be and 22Na, confirming that the variation in the 7Be and 22Na
depletion with altitude is real.

LEAD-210

Lead-210 is a long-lived (22 yr) daughter of radon (222Rn). Radon is a
radioactive gas which is produced by the decay of radium in crustal material.
After its formation, radon diffuses into the atmosphere whare it decays through
a chain of daughter radionuclides until stable lead is produced. The radon
daughters quickly become attached to atmospheric aerosols, and are therefore
collected on air filters. Since radon has a 3.8 day half-life, it is able
to mix upward to a certain extent in the atmosphere, but its concentrations
decrease rapidly with altitude. The concentrations of 21OPb also decreases
with altitude in the lower troposphere over continental areas, but the decrease
is less than that of radon because the long half-life of 210Pb allows for
greater upward transport.

The average monthly concentrations of 210Pb at Richland from 1975

through 1979 and Barrow from 1974 through 1979 are plotted in Figure 15. The
21on concentrations at Barrow averaged about 70% of those at Richland. The
concentrations showed pronounced seasonal variations at both Richland and Bar-
row, but the variations were out of phase with those of the nuclear weapons
and cosmogenic radionuclides, with maximums occurring in the winter and mini-
mums in the summer. The variations were fairly similar at Richland and Bar-
row, except that the concentration increases and decreases were somewhat ear-
lier in the year at Richland.

Several other investigators have measured similar concentration varia-
tions for 2lon and/or radon at continental stations (Joshi and Rangarajan
1969, Joshi et al. 1969, Peirson et al. 1966, Lockhart 1962). The seasonal
variations of radon measured by Lockhart (1962) at Wales and Kodiak, Alaska,
for examplie, are very similar to those of 2lOPb at Barrow (Figure 16). It
is believed by many investigators that a primary cause of the decrease in the
radon and radon daughters in the spring and summer is the decrease in the
stability of the lower atmosphere that occurs at this time, leading to
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increased vertical mixing, lower ground-level concentrations and increased
concentrations at higher altitudes (Gale and People 1958, Joshi et al. 1969,
Reiter 1978, Beck and Gogolak 1979). The spring increase in vertical mixing
would be expected to occur earlier at Richland than at Barrow, which would
explain the eariier concentration decrease at Richland. In Figure 17, the
average vertical profiles of radon and Zlon measured by Moore (1973) are

shown for the six months that 2lon concentrations were minimum at Richland
(March-April) and for the six months Zlon concentrations were maximum at
Richland (September-February). It can be seen that concentrations above ground
level were high when ground-level concentrations were low and vice versa, which
would support the hypothesis that the ground-level seasonal variations at Rich-
land are due primarily to variations in the rate of vertical mixing.

Ground level 2me concentrations, of course, are also affected by the
rate of emanation of radon from the soil and the fraction of the time the air
has spent over land surfaces during its recent history. The rate of radon ema-
nation from ocean surfaces is about 1% of that from land surfaces (Wildening
1975). However, the rate of emanation of radon from the soil around Richland
should be greatest in the summer when the saoil is driest, since soil moisture
inhibits the escape of radon from the soil. The prevalence of marine air at
Richland is also lower in the summer than in the winter, which should also
tend to increase the summer 210Pb concentrations. Therefore, the low sum-
mer Zlon concentrations at Richland indicate that the increased vertical
mixing in the summer overshadows these other effects in controlling 21OPb
concentrations.

The rate of emanation of radon from the soil around Barrow might also be
expected to increase in the spring and summer when the permafrost melts. How-
ever, snow cover offers little obstruction to the release of radon during the
winter (Hosler 1968). Also, the soil tends to remain wet in the spring and
summer, which would inhibit radon emanation. However, it is possible that the
Tow 21OPb concentrations in the summer are partly due to a decrease in the
transport of Asian air that has high radon concentrations northward to Barrow
in the summer.
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46 60 65 q 134

NUCLEAR REACTOR PRODUCED RADIONUCLIDES (" sc, ssFe, Co, ""Zn an Cs)

Average Yearly Concentrations

The concentration ratios of the various nuclear weapons-produced radionu-
clfdes have been about the same at Richland as they have at Barrow. However,
there have been five radionuclides whose concentrations at Richland have been
considerably higher than would be predicted from their concentraiions at Bar-
row, especially prior to 1971. Ouring the period from 1965 through 1970, the
concentrations of 55Fe, 6OCo, 65Zn and 13405 at Richland averaged higher by
factors of 1.5, 8.7, 26.1 and 5.3, respectively, than would be predicted if
they had been produced entirely by nuclear weapons. The concentrations of
46Sc at Richland were also higher than would be predicted from the Barrow
concentrations, but the Barrow concentrations were below detection limits, so
it was impossible to tell how much the 465c concentrations were enriched at
Richland.

The elevated concentrations of these radionuclides at Richland resulted
from the operation of eight plutonium-producing nuclear reactors on the Hanford
Reservation 20 to 30 miles north of the Richland air sampling site. These
reactors used Columbia River water as a primary coolant on a once-through
basis. During its passage through the reactors, the water became radioactive
because of the neutron activation of impurities in the water, the leaching of
corrosion products, and occasional fuel element failures. The water was held
for a few hours in ponds to allow some of the short-lived radionuclides to
decay, and then dumped back into the Columbia River. Studies have shown that
radionuclides in the water became deposited in Columbia River sediments, where
they could later be resuspended into the atmosphere during periods when the
river level was low (Perkins et al. 1966, Nelson and Haushild 1970, Robertson
and Fix 1977). The Richland sampling site is downriver from the reactors and
about half a mile from the river.

[t should be noted that even though the reactor operations resulted in
increased atmospheric concentrations of 458c, 55Fe, 6OCo, 65Zn, and 134Cs at
Richland, the concentrations of these radionuclides wera still considerably
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lTower than those of other radionuclides, so they represented only a tiny frac-
tion of the total atmospheric radionuclide concentrations. Modern electric
power-generating nuclear reactors use both a primary and a secondary coolant.
The primary coolant is not discharged into the environment, so these reactors
should not release the above radionuclides in significant quantities.

The Hanford plutonium-producing reactors began to be shut down in the late
1960's, and since 1971 the only reactor which has been in operation has been
N-reactor, which produces both electricity and plutonium. Therefore, the
atmospheric concentrations of 465c, 55Fe, 6OCo, 65Zn and 134Cs at Richland
generally decreased in the late 1960's and the 1970's, with the radionu-
clides having the shortest half-lives showing the fastest rate of decrease
(Figure 18). The 46Sc (84 d) concentrations fell below detection limits in
1971, the 652n (244 d) concentrations fell below detection limits in 1976,
and the 134Cs (2.1 yr) concentrations fell below detection limits in 1978.

The half-times for the decreases of 65Zn and l34Cs were about equal to

their half-lives for the periods 1967 through 1975 and 1970 through 1976,
respectively. The concentrations of 5sFe (2.7 yr) and 60Co (5.2 yr),

however, have remained measurable to the present time. Comparison of the

6000 concentrations at Richland and Barrow indicates that the 6OCo released by
the nuclear reactors is still the primary source of the 60Co measured at
Richland. Since there have been no measurements of 55Fe at Barrow in recent
years, it is not possible to tell from a comparison of 55Fe concentrations

at Richland and Barrow whether the 55Fe measured at Richland in the past few
years has been due primarily to nuclear weapons or to nuclear reactors.

Seasonal Variations

65 13

The seasonal variations of 465c, 55Fe, 60Co, Zn and 4Cs at Richland
have been considerably different from those of the nuclear weapons radionu-
clides, again indicating that their primary source has not been nuclear weapons
(Figure 19). However, the seasonal variations of each of these radionuclides
have also been different from those of the others, indicating that they have
become fractionated in the environment, and possibly that different processes
are responsible for introducing them into the atmosphere. In the past, 652n
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concentrations have been found to be high in gnats, and the gnats collect on
the air filters, so the measured 652n concentrations increased in the summer
when the gnats hatched. The seasonal variations of 465c were nearly identi-
cal to those of 21OPb, suggesting that the 463c concentrations were con-
trolled by the rate at which vertical mixing decreases ground-level concentra-
tions. The seasonal variations of 55Fe and 6OCo show some similarities,

but the cause of the variation has not been determined. The seasonal varia-
tions of ssFe from 1977 through 1979 have been very similar to those from

1965 through 1969, indicating that 55Fe released by the nuclear reactors is
still making a major contribution to the measured concentrations.
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SUMMARY AND CONCLUSIONS

The atmospheric concentrations of a wide spectrum of radionuclides have
been measured at Richland, Washington, since 1961; at Barrow, Alaska, since
1964; and at other stations for shorter periods of time. Following the U.S.-
U.S.S.R. test series of 1961-62 the concentrations of the longer-lived nuclear
weapons radionuclides reached a maximum at Richland in the spring of 1963, and
then decreased until 1967 when the Chinese conducted their first high-yield
atmospheric nuclear test. The concentrations then increased somewhat until
1971, but have decreased since then as the frequency of high-yield Chinese
tests has decreased. In 1979 the concentrations of 137Cs (30 yr) averaged
only 1.3% of the average 1963 concentrations. However, in October of 1979 the
Chinese conducted a 0.2 to 1 megaton atmospheric nuclear test, so the ground-
level concentrations of nuclear weapons radionuclides will increase again in
the spring of 1981.

The measurement of atmospheric radionuclides during the past several years
has produced considerable valuable information on the rates of atmospheric mix-
ing and depositon processes. Other submicron-sized particulate materials, such
as those emitted by volcanos or other poilutant sources, should have the same
mixing and deposition rates as radioactive particles, so the measurements of
radionuclides can be used to predict the behavior of those other particulates
in the atmosphere.

Radionuclide measurements have shown that the ground-level concentrations
of radionuclides or other particulate pollutants produced by releases at dif-
ferent locations in the stratosphere will eventually begin to decrease with
approximately an ll-month half-time, with only the time delay before the begin-
ning of this decrease depending upon the release location. The decay-corrected
concentrations of radionuclides released into the middle- and high-latitude
lower stratosphere by the Chinese and the Russians, respectively, reached a
maximum at Richland the following spring, and then decreased with an ll-month
half-time, indicating that the half-residence time in the lower stratosphere
is 11 months. However, the concentrations of 2389u released at an altitude
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of about 50 km by the burn-up of the SNAP-9A nuclear generator in April of 1964
at 11°S did not reach a maximum at Richland until the spring of 1969, five
years later, indicating that this time interval was required for particulates
to be transported from the upper equatorial stratosphere to the lower strato-
sphere at mid-latitudes in the northern hemisphere, After the spring of 1969,
the SNAP-9A 238Pu concentrations at Richland decreased with a 12-month half-
time. The fact that the concentrations of 238Pu (which was released in the
southern hemisphere) decreased at about the same rate as the concentrations of
radionuclides released in the northern hemisphere indicates that the transport
of radionuclides between the hemispheres in the stratosphere is not rapid
enough to affect the rate of decrease in the ground-level concentrations very
much.

1ne ground-level concentratiuons of nuclear weapons and cosmogenic radio-
nuclides have increased to a maximum each spring. The spring maximum in the
concentrations of nuclear weapons radionuclides is primarily due to a maximum
in the rate of transfer of radionuclides from the stratosphere into the tropo-
sphere through the tropopause gap. However, increased vertical mixing in the
troposphere in the spring is probably also partially responsible for the maxi-
mum. Vertical profiles of the cosmogenic radionuclides, 7Be and 22Na, indi-
cate that the spring maximums in their concentrations may be due primarily to
increased transport down from the upper troposphere rather than the strato-
sphere, This increased vertical mixing in the spring is probably the primary

cause of the spring minimum in the concentrations of the radon daughter,
210
pb.

The seasonal variations have been different at different sampling loca-
tions. The radionuclide concentrations at Barrow, Alaska, reached a maximum
in April and then began to decrease, even though concentrations were still
increasing at Richland. Therefore, during the summer the concentrations at
Barrow were much lower than those at Richland, probably because the rate of
meridional transport of radionuclides from the mid-latitude source region to
high latitudes is lowest during the summer. Ouring the winter, when meridional
mixing is greatest, the radionuclide concentrations have been only slightly
lower at Barrow than at Richland.
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The concentrations of nuclear weapons radionuclides at Richland (46°N)
have averaged 2.7 times higher than those at Makah-Quillayute, even though the
two stations are at about the same latitude, because of the vertical mixing
caused by the Cascade Mountains between Makah-Quillayute and Richland. The
concentration difference was greatest in the spring and summer when the sta-
bility of the air over the continent is lowest. In the summer months, the
7Be concentrations at Makah-Quillayite showed a secondary minimum that pre-
sumably resulted from decreased vertical mixing over the Pacific Ocean caused
by increased stability.

' 6. 55

65 13

The concentrations of 4 Se, 3, 6OCo, Zn and 4Cs have been consid-
erably higher at Rich]and than would be predicted from the ratios of these
radionuclides to the other nuclear weapons radionuclides at Barrow, especially
prior to 1971. Their elevated concentrations at Richland have resulted from
the operation of eight plutonium-producing nuclear reactors on the Hanford Res-
ervation 20 to 30 miles north of the Richland air-sampling site. These radio-
nuclides were picked up by cooling water during its passage through the reac-
tors and were then deposited in Columbia River sediments, where they could
later be resuspended into the atmosphere. The plutonium-producing reactors
began to be shut down in the late 1960's, and since 1971 only one reactor has
been in operation, so the concentrations of these radionculides has decreased.
At the present time, measurable quantities of only 60Co and possibly 55Fe
from the reactors are observed at the Richland sampling site. It has not been
possible as yet to detect radionuclides at Richland or Barrow that have been
released from nuclear reactors operating at other locations around the world.
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