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Analysis of the 1957-1958
Soviet Nuclear Accident

John R. Trabalka, L. Dean Eyman, Stanley 1. Auerbach

An extensive and comprehensive set
of reports and speculations about a pos-
sible Soviet nuclear accident in the Urals
has recently been published by Z. A.
Medvedev (I, 2), an exiled geneticist
now living in London. He concluded that

studies, which he believed were con-
ducted near the site of the catastrophe,
Medvedev suggested that the contam-
ination zone contained 107 to 10° curies
(Ci, a unit equal to 3.7 X 10 dis-
integrations per second) of strontium-90

Summary. The presence of an extensive environmental contamination zone in
Cheliabinsk Province of the Soviet Union, associated with an accident in the winter of
1957 to 1958 involving the atmospheric release of fission wastes, appears to have
been confirmed, primarily by an analysis of the Soviet radioecology literature. The
contamination zone is estimated to contain 105 to 108 curies of strontium-90 (refer-
ence radionuclide); a relatively small fraction of the total may have been dispersed as
an aerosol. A plausible explanation for the incident is the use of now-obsolete tech-
niques for waste storage and cesium-137 isotope separation. However, the source of
the contamination was not unequivocally attributable to a single event, and its exact
nature must await release of more information by the Soviet Union. Radioactive con-
tamination appears to have resulted in resettlement of the human population from a
significant area (100 to 1000 square kilometers). It therefore seems imperative to
obtain a complete explanation of the cause (or causes) and consequences of the
accident; Soviet experience gained in the application of corrective measures would be
invaluable to the world nuclear community.

a radioactive contamination zone [also
reported by Tumerman (3)] in Che-
liabinsk Province was created in the win-
ter of 1957 to 1958. He alleged that it re-
sulted from a massive explosion at a mili-
tary site [east of the city of Kyshtym and
south of the-city of Kasli near the Techa
River )], where long-lived, high-level
fission wastes had been improperly bur-
ied for many years, and produced hun-
dreds of civilian casualties. On the basis
of information from Soviet radioecology
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and extended over ‘‘several thousand
square miles’’ (/, 2).

We have conducted an independent
analysis of the Soviet literature on radio-
ecology and nuclear technology to re-
solve our doubts about the nature and
consequences, indeed even the occur-
rence, of the incident (5-7) reported by
Medvedev. After analyzing the evidence
from ex-Soviet citizens (/-3), the Central
Intelligence Agency (4), and radioecolo-
gy publications, we have concluded that
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a major airborne release involving mod-
erate- to long-lived fission products (but,
inexplicably, with most of the cesium-
137 removed) occurred near the city of
Kasli (50-kilometer radius) in Che-
liabinsk Province of the U.S.S.R. in the
winter of 1957 to 1958. Our analysis in-
dicates that an extensive area (= 25 to
100 square kilometers) was contami-
nated with high levels of radioactivity—
about 1 mCi of %Sr (chosen as the refer-
ence radionuclide) per square meter. The
total area contaminated at levels signifi-
cantly above fallout background could
exceed 1000 km?.

It was not possible for us to determine
whether the contaminated zone was
created by a single event, several events
(permutations and combinations of acci-
dents and nonaccidents), or complex re-
leases associated with a single accident.
However, it appears that the incident in-
volved the release of 10° to 10° Ci of Sr
(reference). In addition, extensive ice
and snow cover may have delayed the
transfer of some of the radionuclides in-
to soil and surface waters for up to §
months (8). The data suggest a minimum
airborne contribution to the contam-
ination zone on the order of (0.3 to
1) X 10°> Ci of °Sr. The critical missing
information is the history of the drainage
of one large water body and the time se-
quence of radionuclide inputs (and loss-
es) between 1948 and 1975.

The available evidence indicates that
the most likely cause of the airborne con-
tamination was the chemical explosion
of high-level radioactive wastes associat-
ed with a Soviet military plutonium pro-
duction site. An absolute determination
of the cause is limited both by the frag-
mentary nature of the available informa-
tion and by the potential censorship of
isotopic content and concentration data
in Soviet open literature publications.

John R. Trabalka is a research staff member in the
Environmental Sciences Division, Oak Ridge Na-
tional Laboratory, Oak Ridge, Tennessee 37830; L.
Dean Eyman was a staff member in the same divi-
sion and is now a consultant on environmental ef-
fects of energy technologies at 5 Longview Knoll,
Iowa City, Iowa 52240; and Stanley 1. Auerbach is
director of the Environmental Sciences Division.
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Radioecology Studies in the

Contamination Zone

We have surveyed an extensive set of
contemporary Soviet radioecology arti-
cles devoted to field studies in an area
that may have been accidentally contam-
inated, such as the Kasli area (KA) (9-
57); locations of contaminated study
sites are never provided directly by So-
viet authors. A pervasive characteristic
of these studies is the statement that the
radioisotopes, moderate- to long-lived
fission products (primarily *°Sr, but also
144Ce, 137Cs, 1%6Ru, and %Zr), were exper-
imentally applied once as nitrate solu-
tions (12-16, 33, 41, 46) to soil or water
surfaces, in quantities sufficient for accu-
rate radiological analyses. The level of
application was typically between 0.3
and 3.4 mCi/m2—except for *’Cs (4 to 8
nCi/m?) in association with °°Sr (0.6 to
3.4 mCi/m?) in terrestrial studies—over
land and water areas which are often in-
credibly large for experimental studies.

Reticence about site identification in
ecological research is most peculiar. The
interested reader will encounter later pa-
pers by authors associated with KA
studies which make this point effectively
(58-60). In two cases (58, 59), data were
obtained from an area (Kunashak dis-
trict) northeast of the site alleged to be
the source of the contamination; this
may have served as the ‘‘control’” for
KA radioecology investigations.

Research results reported by contem-
porary scientists at other locations in the
U.S.S.R. (61) show that high levels (mil-
licuries per square meter) were not re-
quired for radiological analyses. The lev-
els applied in KA studies were, in fact,
producing either genetic effects or de-
monstrable toxicity (I5-17, 29, 32-35,
3740, 54, 56, 57). This could confound
studies of radionuclide transport, the
stated object in the majority of cases.
The methods by which these large areas
were contaminated were not provided.

The exclusive use of the nitrate ap-
pears unusual, since in our country iso-
topes were typically supplied as chlo-
rides (except zirconium, as the oxalate)
for research purposes (62). Contempo-
rary Soviet scientists, working at the
Urals Scientific Center, reported appli-
cation of the isotopes exclusively as
chlorides (except zirconium, as the oxa-
late) in other, unrelated radioecology
studies (63, 64), indicating that Soviet
practice was probably not significantly
different. The nitrate form is that in
which fission products were usually held
during fuel reprocessing, radiochemical
separations, and high-level liquid waste
storage (62, 65-77).
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The reporting of data, often for the
first time, after relatively long times—
that is, 6, 10, 11, 13, or 14 years follow-
ing contamination (9-13, 15, 17, 27, 30,
41,42, 46, 47, 54, 55, 57)—is also an un-
usual characteristic. Twenty studies (/0-
17, 30, 41, 42, 4648, 51, 53-55, 57) in-
dicate a starting date between 1957 and
1961, assuming a 1-year time lag between
data collection and publication. The ma-
jority of these indicate a date of con-
tamination in 1957 to 1958 (10-12, 14-17,
30, 42, 4648, 51). There are internal in-
consistencies in one series of terrestrial
radioecology papers (I8, 20-23, 25-27,
29-32) about the date of contamination.
However, the confusion is alleviated by
information in three independent sources
(17, 30, 78). The combined information
indicates that the terrestrial study area
was first contaminated in the second half
of 1957.

Several papers (9, 42, 57) indicate that
isotopes were deposited in a single aero-
sol event, a critical revelation which sup-
ports an accident case. In one instance,
the application was to a group of 13
closed (nonflowing) lakes 2, 45, 46, 48-
53), two of which had surface areas of
4.5 and 11 km2. The radioisotopes re-
portedly deposited were *‘Ce, %°Sr, and
106Ru (activity ratios ~ 10:1:1, respec-
tively); there was no mention of *’Cs un-
til 12 to 15 years later. The initial *°Sr
concentrations were approximately 0.8
mCi/m? for the two lakes described. In
another case, *°Sr was applied to the can-
opies of two distinct forest types (30 to
60 years old) (9, 57). The implication that
these were part of planned experiments
is unrealistic [this is our conclusion, but
also see (79)].

An indication that not all the lakes in
the group of 13 were heavily contami-
nated (perhaps only two were) may be
provided by a cryptic reference (80) in a
Soviet textbook on radioecology to ‘‘the
situation in a certain region prior to the
beginning of global fallout caused by ac-
cidental contamination of a water body.
Since the ?°Sr concentration in the water
was rather low the water body was used
for a variety of purposes (water supply,
farming, etc.).”’ This refers to data from
a Soviet paper on the human food chain
81) associated with a contaminated lake,
which was to have been presented at a
1966 symposium, but which was with-
drawn. Another indication is that exten-
sive, long-term radioecology studies
have been reported on only the smaller
of the two water bodies described above
“2, 46).

Another large, ‘‘natural’’ water body
(19, 24, 28, 39, 40) with a partially open
drainage—Medvedev’s Lake X, with an

estimated surface area > 10 km? (/, 2, 5,
6)—had a %Sr concentration in 1969 to
1975 (0.2 pCi/liter in water) comparable
to that of the two lakes described above
at the time of their original con-
tamination. Unlike the other two, it had
obviously received a significant quantity
of 1¥7Cs (the activity ratio of ?°Sr to 1¥’Cs
in water reportedly varying between 8:1
and 40:1); it had also apparently re-
ceived higher inputs of airborne or liquid
activity because of proximity to the
source. If the conditions represented an
equilibrium after a single input in 1957,
then the Sr inventory of this one sys-
tem alone could have been 1 X 10¢ Ci
(); our estimate based on the most re-
cent Soviet data (28, 40, 82) is (1to 2) X
105 Ci. Since we do not have a detailed
history of this lake’s drainage, it was not
possible to determine absolutely whether
this water body received *Sr and ¥’Cs in
proportions similar to those reported in
the studies of terrestrial areas (*°Sr/'3’Cs
activity ratio = 100:1) or whether the
isotope ratio was more nearly unity—
that is, typical of unseparated fission
products (69). The latter case seems
more likely on the basis of our review of
other Soviet experiences 43, 61, 82, 83)
and the most recent information on this
lake (28, 40, 82).

This lake also has four companions
which are contaminated to varying de-
grees with ?°Sr (0.002, 0.007, 0.024, and
0.1 uCi/liter) and ¥’Cs (only one value
given, 0.01 wCi/liter; %Sr/*3’Cs activity
ratio, 10:1) (28, 43). This group appears
distinct from the set of closed lakes de-
scribed earlier. One is reported to have
an uncontaminated shore and appears to
contain ¥’Cs at a level many orders of
magnitude higher than that of *°Sr (28).
One is said to be ‘‘adjoining’’ another;
“‘riverine’’ ducks have been collected in
associated radioecology studies; and in-
undation, along with deposition of con-
taminated sediment on the ‘‘riparian
belt,”” was reportedly responsible for
high contamination levels in one shore-
bird nesting area (28). The presence of
small, temporary (but uncontaminated)
water bodies, streams, and pools around
one water body (after the spring thaw)
was also noted 27, 28). These observa-
tions appear to be more consistently ex-
plained by ‘‘a waterborne release (i.e.,
involving contamination of a river sys-
tem, a series of lakes/reservoirs, and
associated floodplain/marsh areas),”
which we suggested earlier (5), than by
an aerosol event.

For our analysis, we have assumed
that this large water body and its com-
panions were contaminated by the same
event [based on cross-references in (27,
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28, 40)] that resulted in contamination of
the other areas described, but that a
large fraction of the radioactivity may
have entered in liquid rather than aerosol
form and over a longer time period. We
cannot dismiss the possibility that this
large water body was primarily contami-
nated by a totally different mechanism,
such as earlier chronic releases ¢, 5).
We are aware of at least one other case
where high concentrations of fission or
activation products, including a Sr
concentration of 0.01 wCi/liter in water,
have been maintained in a closed lake
(size and location unknown) by chronic
discharges from a Soviet reactor com-
plex that began operating before 1957
83). Thus, any judgment about the ac-
tual source of radionuclides for this one
large water body must be tempered with
caution.

The location of the radioecology study
area can be determined within reason-
able limits by combining fragments of in-
formation (on fauna, vegetation, soil,
and so on) from the literature (6). For ex-
ample, one publication @9), together
with information in one of its own cita-
tions (84), indicates that the group of 13
lakes was located in the forest-steppe
zone in the eastern Urals between the
cities of Cheliabinsk and Sverdlovsk.
The author was associated with the
Sungul Nuclear Research Institute (70),
one of two nuclear installations report-
edly located near Kasli ¢), when he pub-
lished his first work in 1961 (53). The
biota and soils reported in KA field stud-
ies are consistent with those of that area
@, 85, 86). One paper specifically places
the terrestrial study area in Cheliabinsk
Province (30) and another uses Lake
Alabuga, located just east of Kasli, as a
control for a radiobiology study (43). The
particular set of soil-vegetation types
studied are proximate near Kasli (85,
86). There are more than 100 lakes, indi-
cated on high-resolution maps (see be-
low), within a 50-km radius of Kasli;
the majority have closed drainages.

One can estimate the extent of the area
contaminated with °Sr by an aerosol at
~1 mCi/m? by several methods (6). An
estimate can be based on the inter-
connecting watershed-water area re-
quired for the three heavily contami-
nated lakes described earlier, for in-
stances where these lakes, of surface
areas 4.5, 11, and >10 km? (open drain-
age), are proximate. Another method (/,
2, 5, 6) is based on the area required to
support a reasonable harvest of 16 ani-
mals from a deer herd under the climatic
conditions of the region 8, 86). A third
method involves examination of spatial
separation between the major soil-vege-
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tation types (I1-14, 17, 26, 35, 38,41, 44,
57) subjected to long-term studies. These
methods indicate a minimum size for the
high-level contamination zone of 25 to
100 km? depending on the degree of con-
servatism associated with the estimate
(5, 6); that is, whether one assumes
patchy versus continuous plume deposi-
tion and total versus fractional removal
of animal populations in sampling.

Identification of Affected Area

Because of the population density in
this region of the industrial Urals (8) and
the reported levels of *Sr contamination
@87, 88), the incident probably resulted
in the evacuation or resettlement of the
human population from a significant
area. Comparisons of high-resolution
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(1:250,000) maps of the area between
Cheliabinsk and Sverdlovsk based on
materials produced before (1936 to 1954)
and after (1973 and 1974) the accident in-
dicated deletion of 30-odd names of
small communities (population < 2000)
from within the dashed area of Fig. 1.
None of the names shown on the earlier
editions within the 70-km-long south-
west-to-northeast arm of the dashed area
in Fig. 1 appear on the later editions. A
somewhat wider zone (10 to 15 km com-
pared to 7 km) runs in a southeasterly di-
rection toward the Sverdlovsk-Che-
liabinsk highway, generally along the
Techa River; however, names of a few
communities still remain. A number of
the communities whose names no longer
appear had evidently grown to a popu-
lation of 2000 or more by the late 1950’s
89, 90); these include Boyevka, Yugo-

= Highway

e Railroad

—~-—~.— Province boundary

Cities (<10,000 pop.)

Cities (10,000-100,000 pop.)
Cities (100,00-750,000 pop.)
Cities (>750,000 pop.)
Lakes

@@@@o

Kamensk-Ural'skii

Cheliabinsk

Fig. 1. Geographic region in which a Soviet catastrophe involving nuclear wastes is reported to
have occurred. The map is based on geographic features before the accident. The dashed area
indicates a zone in which extensive changes in population centers and surface hydrologic fea-
tures appear after the accident. Redrawn from (89).
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Koneva, and Russkaya Karabolka in the
northeast arm and Metlino and Asanova
in the southeast arm of the dashed area
in Fig. 1 (97). Further, population cen-
ters in other parts of the region appear to
have developed extensively in the same
period; nowhere else in the Sverdlovsk-
Cheliabinsk area have such extensive de-
letions of community names occurred.
Collectively, this information could be
construed to indicate relocation of the
human inhabitants in a time frame con-
sistent with a contamination incident.
Modification of surface water flow pat-
terns in the Techa River drainage in or-
der to reduce the hydrologic transport of
long-lived fission products, rather than
aerosol contamination, may have played
a significant role in relocating inhabitants
from the southeast arm of the dashed
area in Fig. 1. The northeast arm (or a
segment thereof) may represent the pri-
mary area contaminated by a radioactive
plume originating near the junction of
Lake Kyzyltash and the Techa River, a
location reported to contain Soviet plu-

L. Berdenish /

10 kilometers

tonium production facilities ). The ori-
entation is that expected for a winter
event in this region: prevailing winds are
southwesterlies 84, 86, 90).

The Techa River no longer drains from
Lake Irtyash through Lake Kyzyltash
(as indicated in Fig. 1). Water that would
have entered Lake Kyzyltash from Lake
Irtyash has been diverted into a canal
(Fig. 2). The canal transfers water
around Lake Kyzyltash and two new
reservoirs [also see the map in the Ger-
man edition of Medvedev’s book (2)] to a
point downstream. A new drainage for
Lake Irtyash has also been provided,
through Lake Berdenish, into the same
canal. Former tributaries of the Techa,
which entered in the reach between Lake
Kyzyltash and the new reservoirs, now
drain into canals, and flows are similarly
diverted to a point well downstream. The
radioecological evidence cited earlier
suggests that Medvedev’s Lake X and its
companions are water bodies isolated by
the canal system (Lake Kyzyltash, new
reservoirs, and so on).

‘ City or man-made instailation

Navigable

Fig. 2. Reservoir and canal system apparently constructed to reduce hydrologic transport of
radioactive materials down the Techa River system. The map is based on features after the

accident (1973).
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The fact that these two new reservoirs
have been isolated hydrologically from
the surrounding drainage area (hardly
typical practice) strongly indicates that
they have been specifically designed to
prevent waterborne contaminants (such
as %Sr) from moving farther downstream
in the Techa River system. Combined
with Lake Kyzyltash, the total surface
area available for storage is in excess of
70 km?, perhaps indicative of the scale of
the original watershed-water surface that
was most heavily contaminated. The to-
tal surface area enclosed by the dashed
lines in Fig. 1 is less than 1000 km?; the
exact fraction contaminated is unknown.

Another significant observation is that
the northeast arm of the dashed area in
Fig. 1 contains three water bodies—
lakes Uruskul, Berdenish, and Kyzyl-
tash—of the appropriate sizes and other
characteristics to coincide with those de-
scribed in radioecology studies (79, 24,
28, 40, 48). The center line of the possible
plume deposition zone also intersects the
Sverdlovsk-Cheliabinsk highway at a
point 100 km from Sverdlovsk [Tumer-
man’s observations (3)?].

The Soviet Union has published its
fish stocking records and associated fish-
eries statistics (92) in the open literature,
as part of a fisheries improvement pro-
gram. As expected, the lakes within the
dashed area in Fig. 1 have not been
stocked, the object of the program being
food production for humans. Lakes, in-
cluding Itkul, Sinara, and companions to
the north, have been stocked virtually all
around the periphery of the dashed area
in Fig. 1 and extensively outside, but not
inside. This seems to provide additional
support for a conclusion that the total ex-
tent of the area currently affected is not
significantly larger than 1000 km?.

We recognize that one has to be cau-
tious about interpreting differences ob-
served on a sequence of maps over a pe-
riod of 20 to 40 years. However, we be-
lieve that the combined information pre-
sented supports a case involving an
accident or other unplanned environ-
mental contamination, provides further
definition of the scale, and seems to con-
tain too many coincidences with other
sources to be totally explainable by
chance.

Soviet Nuclear Development:

Potential Sources

The KA event occurred during a peri-
od of intense development and testing of
nuclear weapons and reactor tech-
nology. The intensity of development
was greater in the U.S.S.R. than in the
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United States (93) because the Soviet
Union was racing to achieve parity. At
this stage, the two technologies were
closely linked (66, 69, 93). The reactors
that produced the bulk of the fission
product inventory outside the U.S.S.R.
were graphite-moderated plutonium pro-
ducers fueled with nearly natural urani-
um, typified by those at Hanford (69).
Some heavy water-moderated produc-
tion reactors were also in existence in
1957 (94). Contemporary Soviet produc-
tion reactors were believed to be similar
70, 93).

Because of the secrecy associated
with Soviet nuclear development, any
analysis of radiochemical separations
and waste storage is necessarily limited.
Ironically, our only good reference is a
1966 Soviet biomedical research paper in
which waste constituents are reported
(95). The information indicates that the
U.S.S.R. developed sodium uranyl ace-
tate precipitation (96) for fuel reprocess-
ing and may have used it into the 1960’s.
The United States originally used bis-
muth phosphate precipitation for pluto-
nium production (97), but discontinued it
in the early 1950’s in favor of solvent ex-
traction (94, 98). Fission product con-
centrations in first-cycle liquid wastes
from the acetate process would typically
have been 10 to 100 Ci/liter. Under-
ground tank storage [the U.S. practice
99)] for 3 to 5 years would have been
expected before this material could have
been reclassified as intermediate level
(< 1 Ci/liter). At that point, other stor-
age or disposal techniques might have
been considered, such as cribbing, earth-
en pit storage, or deep-well injection
(100). There is also some evidence that
the Soviet Union had developed a
solvent extraction process by 1957 or
1958 (75, 101).

Although acid storage of high-level
waste concentrates in stainless steel
tanks was reported to be typical Soviet
practice by 1962, this may have referred
only to wastes produced by newer
solvent extraction processes (/02), not
the acetate process. The alternative of
long-term storage of high-level wastes in
open, surface reservoirs of earth (both
lined and unlined) appears to have been
seriously explored (if not implemented)
by the U.S.S.R. because of economic
considerations (101, 103, 104). An in-
triguing series of related laboratory stud-
ies of the potential use of unlined, low-
flow-rate, cascaded reservoirs for deacti-
vation and disposal of wastes was pub-
lished between the late 1950’s and the
middle 1960’s (63, 105). In the one
known Soviet field test of an unlined sys-
tem, which was a failure, a gully 3 km
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long was simply dammed and wastes
were directly discharged into it for years
before leaks were discovered (/04).

The potential for accidents and chron-
ic leakage appears to be much greater
with earthen reservoir storage of liquid
high-level wastes than with controlled
tank storage. Mechanisms for dispersal
and 37Cs separation would also be more
varied because of soil interactions. How-
ever, the relationship of these phenome-
na to an analysis of hazards associated
with high-level waste technology outside
the U.S.S.R. seems peripheral (7).

One other major difference between
U.S. and Soviet technologies existed;
the U.S.S.R. was producing fission prod-
ucts for agricultural and industrial use on
a massive scale. In 1958, reported pro-
duction of *’Cs was to exceed 1 X 10°Ci
(106). Contemporary U.S. production of
long-lived fission elements was less by
orders of magnitude (107, 108).

The KA event predates serious con-
sideration of the use of nuclear explo-
sives in civil engineering (that is, for
peaceful purposes) (/09). Although the
incident occurred during a period of in-
tense atmospheric testing of large nucle-
ar weapons, extensive evidence against
this fallout as the source of the KA con-
tamination zone exists and has been pub-
lished previously (7).

One can hypothesize a case involving
accidental detonation of a small (kiloton
class) device at a facility for combined
weapons production, radiochemical sep-
arations, and high-level waste storage.
The contamination from a low-yield de-
vice could be obscured by that from a
particular part of a complex installation
and represent only the dispersal mecha-
nism. However, in the United States
components of the weapons production
process were spatially separated, and in-
stallation of a triggering mechanism or
arming of a nuclear explosive in proxim-
ity to the facilities described seems most
improbable. Nonetheless, this serves as
an example of a type of accident whose
cause (gross negligence, sabotage, ‘‘act
of God’’) is essentially unrelated to the
technology and could not be deduced
without an on-site forensic investigation.

Radioactive ‘‘Fingerprints’’

We must introduce a caveat at this
point—one that applies to some extent to
all the cases discussed. That is, we as-
sume, despite obvious evidence of cen-
sorship of information about methods,
site location, and so on, that the scien-
tific data in our Soviet references had not
been altered to mask the occurrence of a

specific type of incident, such as a reac-
tor accident. We have discounted this
possibility because supplemental evi-
dence seems to be available, but the
reader should recognize this as a poten-
tial problem (6, 7).

The catastrophic ejection of the entire
nonvolatile fission product inventory of a
production reactor after a prior release
of the more volatile *’Cs (76) does not
appear to have a very credible basis in
fact. The Windscale experience in Brit-
ain in October 1957, which Soviet au-
thors acknowledge as the largest radio-
activity release in reactor history (87),
would appear to be more typical; in that
case (/10) the principal fission products
released were **'I (2 X 10* Ci) and *'Cs
(600 Ci; *Sr/®Cs activity ratio, 0.015).
Meltdown of the fuel would seem a req-
uisite for our more extreme case. The as-
sociation of *Sr, Ru, and *‘Ce at ap-
propriately high concentrations in KA
radioecology studies is not consistent
with requirements of a %°Sr/**’Cs frac-
tionation mechanism based on dif-
ferential volatility (76) in a hypothetical
meltdown accident—that is, that both Sr
and Cs be significantly separated not on-
ly from one another but from Ce and Ru
as well. An accident of the type hypothe-
sized would also result in the release of
large quantities of Pu. We have found no

" mention of Pu in the extensive KA radio-

ecology investigations (111, 112).

The radioactive ‘‘fingerprint’’ pro-
vided by the KA field studies seems in-
stead to indicate an accident involving
radiochemical separation operations or
waste storage operations associated with
the production of weapons-grade Pu, o~
both. The five radioisotopes (**Zr, *°S-
16Ru, ¥7Cs, and **Ce) reported in thez=
investigations become dominant in high-
level liquid wastes after 1 to 2 years of
decay following removal from a react :r
(Table 1). Promethium-147, a low-energy
beta emitter, while present, would not
ordinarily be reported in environmental
studies.

Terrestrial radioecology studies report
%Sr and *’Cs activities in soil and orga-
nisms whose ratios (*°Sr : ¥’Cs) are two
or more orders of magnitude greater
(that is, = 100:1) than those in unsepa-
rated fission wastes. Although both iso-
topes are dominant in long-lived wastes
(more than 5 years after removal from a
reactor) (Table 1), the *°Sr/**?Cs activity
ratio is essentially equal to unity. The
fact that **Ce was apparently dominant
over ?Sr by an order of magnitude at the
start of soil (13, 14), terrestrial ecology
(5, 17, 57, 78), and aquatic ecology (48)
studies argues against release from a
high-level waste facility after long-term
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Table 1. Ratios of individual reactor fission product activities to the activity of *’Cs for various

decay times (67, 113).

Activity ratio

Isotope

. 200 350 500 700 1800
Initial days days days days days
Strontium-89 42.0 3.2 0.45
Strontium-90* 1.0 1.0 1.0 1.0 1.0 1.0
Yttrium-91 50.0 5.0 0.92 0.16
Zirconium-95 54.0 5.8 1.1 0.23
Niobium-95 33.0 12.0 2.5 0.54
Ruthenium-103* 59.0 0.94
Ruthenium-106* 1.6 1.1 0.84 0.64 0.44
Tellurium-129* 7.7
Todine-131 37.0
Tellurium-132 56.0
Xenon-133 85.0
Barium-140* 350.0
Cerium-141 63.0 1.9
Praseodymium-143 79.0
Cerium-144* 34.0 20.0 14.0 9.6 5.7 0.39
Neodymium-147 32.0
Promethium-147 2.3 2.0 1.8 1.6 1.4 0.62
Total activity per curie of *’Cs¥ 988.0% 53.9 23.6 14.8 9.5 3.0
Percent of initial activity 100.0 5.5 2.4 1.5 1.0 0.3

*Includes daughter activity.
mal) reactor after 100 days operating time, 7 X 10° Ci.

storage. In one series of aquatic studies
16Ru was also present at the same level
as °Sr at time zero (48), and again there
is no indication that '¥’Cs contributed
significantly to the total activity. These
isotopic activity ratios are what one
would expect in reprocessed fission
wastes (after a decay time of approxi-
mately 1 to 2 years) if and only if *’Cs
had been somehow separated (Table 1).

The data in Table 1, coupled with ob-
served variations in actual high-level
wastes (/13), indicate that an activity
ratio for '*Ce:%Sr:'%Ru:"Cs of
approximately 10:1:1:1 actually holds
true, within a factor of 2, for the period
from 200 days to 2 years. Thus, while the
activity ratios reported in KA studies
agree well with those in reprocessed
wastes for *Sr, %Ru, and **Ce, an in-
tervening '*"Cs removal mechanism is re-
quired to reduce its level to less than
1/100 that of *Sr.

Potential Dispersal Mechanisms for
High-Level Wastes

One can postulate accident cases
where a large quantity of fission products
could have been dispersed to the atmo-
sphere (5-7, 114, 115). This might have
happened, for example, as a result of a
violent conventional explosion or fire
following a nuclear criticality (super-
heating effect), ignition of highly flam-
mable solvents, deflagration or detona-
tion of certain historical nitrate wastes,
detonation of radiolytically produced hy-
drogen gas, or even steam pressure

350

tFuel irradiation time,

100 days; ’Cs inventory of a 1000-megawatt (ther-
fIncludes '¥Cs contribution.

buildup (from radiolytic decay heat) in a
storage system associated with a radio-
chemical separations plant.

Explanations for the aberrantly low
B7Cs/%Sr activity ratios are also poten-
tially quite varied (6). The possibility of
an incident associated with large-scale
radioisotope production seems enhanced
by the fact that in 1957 to 1958 the major
137Cs separation scheme was the ammo-
nium alum process (62, 65, 69, 107). This
process fulfilled all the requirements for
a production process stated by Soviet
authors (65) in their first comprehensive
paper on the subject. However, this pa-
per (65) did not provide a *’Cs produc-
tion scheme since '*’Cs had already been
separated from the material supplied; the
alum process was the only production
method referenced (62). The importance
of the alum process is that the resulting
wastes could contain significant quan-
tities of ammonium nitrate [certain hex-
one solvent extraction wastes, and po-
tentially others (74), also shared this fea-
ture (66, 69, 73)].

The explosive qualities of NH,NO;
have been well recognized; less well
known is the fact that it is a major in-
gredient in slurry explosives (116, 117).
At least five major disasters have in-
volved accidental detonation of ferti-
lizer-grade NH;NO; by apparently spon-
taneous mechanisms (//6). A chemical
explosion occurred at the Chalk River
Nuclear Research Laboratories in 1950
in a pilot plant evaporator used to con-
centrate fission products from a nitric
acid-ammonium nitrate solution (/15).
The cause was ‘‘the buildup of too large

a concentration of ammonium nitrate in
the hot evaporator concentrate.”” Thus a
precedent already exists for a radio-
active waste explosion when significant
quantities of NH,NO; are present.

The ultimate expression of the acci-
dent could have occurred, following fail-
ure of a cooling system or other safety
mechanisms on a large waste storage
container, when superheating of slurries
or solid residues left in the tank pro-
duced either a deflagration resulting from
reactions between nitrates and organic
contaminants [acetate or solvent decom-
position residues (//4)] or a detonation
of NH,NO;-containing wastes. The po-
tential energy release could be quite
large; for example, 1000- to 3000-m?3
tanks two-thirds full of 2 to 8 molar
NH4NO; could release 0.1 to 1 kiloton
equivalent of TNT (//6). Waste storage
tanks are usually arranged in groups
called farms, and a violent explosion in
one tank could breach the containment
of a companion by ground shock; thus a
simultaneous atmospheric and liquid re-
lease (from the companion) of high-level
wastes with significantly different radio-
nuclide contents could occur. An acci-
dent involving tank breach, rapid liquid
leakage, and aerosol dispersal of precipi-
tate [the third cesium separation case
discussed in (6)] could require the in-
volvement of only a single tank, but a
mechanism for aerosol dispersal of the
precipitate is not evident to us. How-
ever, these cases are by no means the
only explanation for the source of con-
tamination.

Additional Support for a
High-Level Waste Accident

Potential failures of safety mecha-
nisms (cooling systems) on storage tanks
containing high-level liquid wastes, re-
sulting in evaporation and drying, have
been recognized as a significant hazard
68, 71, 77). Soviet authors appeared par-
ticularly concerned with explosions re-
sulting from such failures in a paper (77)
delivered at a symposium in 1959.

Further evidence may be provided by
a Soviet paper (37) presented at a 1969
symposium on the handling of radiation
accidents. The purpose of that paper was
to determine criteria for evacuation of
areas accidentally contaminated by fis-
sion products (aged 200 to 350 days)
from a radiochemical separations facil-
ity. The paper reports results of an ex-
perimental contamination of field plots
for dosimetric measurements in a 3-
month study. The large size of the study
area (indicated by physical and land-use
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features such as haystacks, forest plots,
asphalt highway, water bodies, and col-
lective farms), presence of contam-
ination on clothing of farm workers,
data on human inhalation and ingestion,
and data for various seasons again sug-
gest the implausibility of a planned ex-
periment. The authors provide data for
differential contamination of terrestrial
surfaces by a radioactive cloud; methods
or references are not provided. This
dosimetric study has been reported as
the source of radioactive contamination
utilized in a series of KA terrestrial
radioecology investigations. However,
early works in the series were ongoing
(18, 29, 30) 3 to 9 years before the stated
date of contamination—an apparent in-
consistency.

Conclusions

One can postulate a credible acciden-
tal release of separated fission wastes
from high-level liquid waste storage as-
sociated with a Soviet installation in 1957
to 1958 by conventional means—that is,
without nuclear criticality. One accident
could have involved detonation of dried
high-level wastes, containing NH;NO;
and from which *’Cs had been deliber-
ately separated, following failure of a
cooling system on a waste storage tank.
Cases involving detonation of nuclear
explosives or reactor accidents (note our
previous caveat) appear to deserve little
consideration as the sole source of the
KA contamination zone. The evidence
has firmly convinced us that a major re-
lease from a KA installation did occur,
regardless of the cause.

Many different types of accidents, in
addition to those discussed, could be
postulated to explain the atmospheric or
liquid release of radioactive materials
from a Soviet military plutonium produc-
tion site in 1957 to 1958; most would not
be credible in the light of U.S. practice
or experience. We have not considered
other accidents whose causes are unre-
lated to the technology. We have not se-
riously attempted to analyze a situation
involving multiple accidents, combina-
tions of accidents and nonaccidents, or a
complex single event, because all the po-
tential causes discussed contain consid-
erable speculation already; further addi-
tions seem pointless. We have singled
out the NH,NO; waste-explosion case
because it provides a seemingly credible
dispersal mechanism and is consistent
with observations of *’Cs separation in
the terrestrial contamination zone. This
is not the only reasonable explanation
for the incident; confirmation must await
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release of information by the Soviet sci-
entific community.

We are unable to reconcile the allega-
tions of large numbers of civilian casual-
ties (I -3) with reported concentrations of
radioactivity in radioecology studies.
Our estimated radiation dose rates,
based on a %Sr reference concentration
of 1 mCi/m? and several potential mix-
tures of 200- to 350-day-old reactor fis-
sion products (Table 1), are small frac-
tions of those delivered to inhabitants of
the Marshall Islands who were acciden-
tally exposed to fallout radiation follow-
ing a nuclear test in the Pacific [Bravo
shot, Operation Castle (//8)] in 1954. By
analogy with the effects observed in the
Marshall Islands (/18), including the ab-
sence of severe injuries or death, we
would conclude that prompt evacuation
and personnel decontamination should
have prevented the development of
acute radiation sequelae. A complete as-
sessment of the consequences for hu-
mans is seriously limited by present un-
certainty about the exact distribution of
contamination, 1957 population near the
release site, residence time in the con-
tamination zone, isotopic content and
particle size of the source material, and
actual circumstances of the event.
Again, we believe that such an assess-
ment must await the release of informa-
tion by sources in the Soviet Union.

Although we believe that the KA phe-
nomenon resulted from use of now-obso-
lete waste storage and isotope separation
techniques, it has not been our objective
to dismiss this incident as a historical
event; instead, we wish to provide a ve-
hicle whereby we can obtain more infor-
mation. It appears probable that modern
practices for handling high-level wastes
(denitrification, conversion to anhydrous
melts or solid matrices, and so on) could
have prevented all of our postulated ac-
cidents.

It seems apparent that the Soviet nu-
clear program has had to contend with
severe environmental contamination in-
volving reactor-generated fission prod-
ucts. The extensive body of publications
in the open literature indicates the seri-
ousness with which the Soviet scientific
establishment viewed the problem.
However, the reluctance to provide de-
tailed information about the nature of the
source, site, and so on, coupled with the
probable existence of more research,
documented but internal to the Soviet
Union, limits the usefulness of the expe-
riences gained by Soviet scientists. As
scientists involved in evaluating hazards
associated with radioactive releases to
the biosphere, we urge the Soviet scien-
tific community, which was engaged in

the aftermath of the KA incident, to
share all pertinent information with oth-
ers concerned with achieving the safe de-
velopment of nuclear energy. Soviet ex-
perience gained during the application of
remedial measures on an unparalleled
scale following this accident is clearly
unique and would be invaluable to the
world nuclear community.
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Teratogenic Effects of Alcohol
in Humans and Laboratory Animals
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Historically, alcohol has often been
noted to have an adverse effect on off-
spring. The Bible, Judges 13:7, says:
“‘Behold, thou shalt conceive and bear a
son: and now drink no wine or strong
drink.”” In early Carthage there was re-
ported to be a prohibition against the
bridal couple drinking on their wedding
night for fear of producing a defective
child. According to Aristotle, ‘‘Foolish,
drunken and harebrained women most
often bring forth children like unto them-
selves, morose and languid,’’ and in 1834
a report to the British House of Com-
mons said: Infants of alcoholic mothers
often have a starved, shriveled, and im-
perfect look (7).

In 1899, Sullivan (2) reported the first
empirical work on the fetal effects of ma-
ternal drinking during pregnancy. Fe-
male drunkards in the Liverpool jail had
a stillbirth and infant death rate of 56 per-
cent, more than double that of non-
alcoholic female relatives. Noting that
the outcomes of successive pregnancies
were increasingly adverse as a woman'’s
alcoholism progressed, Sullivan con-
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cluded that ‘‘maternal intoxication’’ was
the main source of damage to the fetus.

Despite these early warnings, little fur-
ther research was reported during the
next 50 years. Haggard and Jellinek (3),
reflecting the prevailing attitude in 1942,
attributed developmental problems in
children of alcoholic mothers to poor
postnatal nutrition and chaotic environ-
mental circumstances rather than to in-
trauterine exposure to alcohol. But by
1957 4), a medical thesis, filed in Paris
and apparently never published, de-
scribed quite clearly the malformations,
growth deficiency, and poor develop-
ment of foundling home children whose
mothers were alcoholic.

In this article we discuss the work of
the past 10 years that implicates alcohol
as a teratogen, describing data from
three sources: clinical studies, prospec-
tive human studies, and research with
experimental animals. Alcohol is of par-
ticular interest as a teratogen because of
its wide use, and the wide range of ef-
fects on offspring exposed in utero. Mal-
formations, intrauterine death, growth
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retardation, central nervous system ab-
normalities, and behavioral deficits have
all been demonstrated in humans and
laboratory animals exposed to alcohol in
utero. Mental retardation is the most
pronounced behavioral effect of heavy
intrauterine exposure to alcohol.

Alcohol, like other drugs with a molec-
ular weight between 600 and 1000,
passes freely across the placental barrier
(), and concentrations of alcohol in the
fetus are at least as high as in the mother
6, 7). Prior to the 1940’s it was assumed
that the uterus was virtually impervious
to harmful extrinsic factors circulating
within the mother (8). However, full re-
alization of the teratogenic potential of
environmental agents came with the tha-
lidomide tragedy, and now alcohol joins
the list of agents with demonstrated tera-
togenic effects.

Fetal Alcohol Syndrome

In 1968, in a relatively obscure French
medical journal, Lemoine and colleagues
(9) described 127 offspring of alcoholics,
emphasizing their remarkable similarity
of facial characteristics, growth defi-
ciency, and psychomotor disturbances.
Lemoine said the children resembled
each other to such a degree that the diag-
nosis of maternal alcoholism could be
made from examination of the child.
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