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ABSTRACT

Fusion and fission products as well as neutron-
induce4 radionuclides will be produced by the use of nuclear
explosives for excavation. Stable elements from the geologi-
caZ ma tr�x which are vaporized at the time of detonation will
be vented in the se form as the radionuclides and will
dilute the radionuclides to different specific activities
depending upon the yield and design of the explosive, the
neutron flux, neutron cross-sections for the stable eZe-
ment8 and the homogeneity of the rock. Radionuclides in
the cloud and fallout may be further diluted by pulverized
rock on which they pate although the chemical forms may or
'nay not be the se. This fallout material may be deposited
into th sea and will react with sea water and its contained
salts to precipitate or co-precipitate some radionuclides
and releas others as colloids or solutes where they will
be subject to further dilution by the stable eements in sea
wa te r. The radionuclides will be subjected to varying amounts
of physical and chemical dilution according to the physical
environmental parameters. In some estuarine and upweZling
areas of high biological productivity, the radionuclides and
corresponding stable eements may become incorporated into
cycles involving the biosphere, hydrosphere and bottom
sediments in which the added material will remain in the area
for longer periods of time than that expected from physical
mixing and dilution.

Health physicists have traditionally and effectively defined
hazards resulting from the ingestion of radionucl ides in water on the
basis of maximum permissible concentrations (MPC) of the contaminants
in drinking water. Radioecologists have occasionally tried to apply
MPC values for water directly to problems provided by contaminated
food organisms, usually with unsatisfactory results (Lowman, et al,
1957). Major errors result from the appi ication of MPC values to
food because the MPC values for water were calculated for conditions
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in which no allowance was made for isotope dilution in the environ-
ment or in food webs leading to man.

In 1960 another method of assessing hazards in the marine
environment was proposed by the National Academy of Sciences-National
Research Counci I, Comm ttee on Oceanog rap hy and Fi she ri es in the i r
1960 summary report. The method was based on the use of the maximum
permissible specific activity (MPSA)* for radionuclides in critical
organs and tissues of man. Values of MPSA may be derived from the
data provided by the International Committee on Radiation Protection
(ICRP). The method is based on the premise that marine organisms do
not discriminate between isotopes of most elements" and that the
specific activities in food items cannot exceed those in the environ-
ments. This relationship exists because the radionuclides derived
directly or indirectly from the environment undergo additional
isotope dilution from the corresponding stable elements in the food
organisms.

The MPSA approach relates a given radionuclide to the corres-
ponding stable element and may be used for hazards prediction by
determining: (1) the distribution of the stable elements in the
biogeochemical system, 2 physical and isotope dilution rates for
the radionuclides in the environment and 3 biological half-lives in
food organisms of man. The approach provides a method for the step-
by-step evaluation of isotope dilution of an introduced radionuclide as
it passes through the hydrosphere, geosphere and biosphere to man. The
method does not require the determination of environmental and bio-
logical compartments for each radionuclide or detailed transfer routes

and rates in food webs. Values for elemental compartments in both
the environment and the organisms vary greatly under natural conditions
and minor errors in the measurement of compartment values may introduce
serious errors in prediction.*** In most marine areas the total bio-
mass usually accounts for 10-6 or less of the total mass of the
biogeochemical system actively associated with biologically-important
e lements. Because of this, the organisms normally exert an insignifi-
cant influence upon the distribution patterns of added contaminants.
They may, however, provide transport of radionuclides to man through
his food.

MPSA used i n th i s report refers to the amount of the rad i onuc I i de n
1,Ci per gram of the corresponding stable element allowed in the critical
organ of man. The specific activity which is allowed is dependent on
the annual radiation dose levels recommended by the ICRP for the
general population in which it is possible to identify the population
group expected to receive the highest dose. Equal to 1/10 the con-
tinuous exposure allowed to occupational workers.

1 n the case of the very I ght e I ements , organ i sms usua I I y d i scri mi nate
against the heavier isotopes.

'"See next page.
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A simplified approach to predicting hazards in the marine
environment may be based on the documented premise that environ-
mental mechanisms provide the predominant controls for the distri-
bution and movement of individual radionuclides and that the organ-
isms reflect the resulting patterns. For most plants and animals the
patterns are mod ified by b i log ca I turnover t! mes which determine the
rates at which the organisms approach the specific activity of any given
radionuclide in the medium in which they live.

The MPSA approach is subject to errors in those cases where
diluent stable elements are not in the same chemical or physical
form as the introduced radionuclides. These errors are also of
consequence in the use of the MPC method. In the sea the transition
elements and other elements which tend. to form complexes with organic
material are mainly involved in this type of error. Thus, the uptake
of iron by diatoms is enhanced for newly-added iron in comparison with
"aged" iron (Johnston, 1964). Stable zinc is mostly chelated in sea
water while newly-added zinc is largely ionic for appreciable lengths
of time (Bernhard, M. - personal communication). Fortunately, the
errors introduced by differences in physical and chemical form may be
assessed by polarography, micropore fi Itration, dialysis, analysis of
exchange reactions and by extraction methods.

The specific activity method may be applied to feasibility studies
for a sea-level isthmian canal in Western Panama or northwestern Colombia
as follows:

1. Calculate the specific activity ir the ejecta for all
radionuclides produced in amourts greater than 1.0
millicurie per megaton of explosive yield. Assume the
radionuclides to be diluted by the vaporized and melted
material. Delete from consideration the elements whose
radionuclides occur at an initial ratio "SDecific

***Transfer coefficients for most stable elements change with the
total amounts of element available in the environment. This is
especially true for many of the trace elements. Thus, the uptake
of idine in the thyroids of animals is not drectly related to
the amounts of available iodine; "iodine block" may occur with the
presence of excessive amounts of the element in the environment.
Under these conditions the accumulation of idine-131 tracer would
be reduced in the thyroids. Simi lar relationships of transfer to
total amount of available element exist for iron, cobalt, strontium
(plus calcium) and several other elements. In areas of fallout
the specific activity of each radionuclide, at the time of depo-
sition, may be expected to be fairly constant but the amounts of
deposited radionuclides and corresponding stable element will both
vary greatly according to the fallout pattern. The transfer co-
efficient for a given radionuclide from the environment to primary
producers (or to higher trophic levels) may thus, also vary
significantly according to fal lout pattern.
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activity"Pmaximum permissible specific activity"
(SA/MPSA) of less than .O.

2. For the radionuclides ejected with SA/MPSA ratios
greater than one, determine the distribution patterns
of the corresponding stable elements in the waters,
sediments and organisms of the marine areas near the
proposed routes.

3. Measure and calculate physical dilution rates, sus-
pended sediment contents, sediment adsorption rates and
sedimentation rates in the marine areas of interest.
Use these data to calculate physical and isotope dilu-
tion and sedimentation of added radionuclides.

4. Assemble data on turnover rates in food organisms of
marine origin. Calculate biological delay in transfer
of radionuclides through food to man.

5. If estimates of dai ly intake of radionuclides are
desired for use in MPC considerations of foods from
other sources, calculate the concentration of each
radionuclide per unit weight of food by multiplying
the specific activity of the radionuclide (pCi/g) by the
weight of the corresponding stable element in the unit
weight of food. Use data for human feeding habits to
determine total daily intake.

These calculations have been done and are presented elsewhere.
(Ting, R. Y. 1969). The present discussion is concerned with the
environmental and biological factors which influence and alter the
specific activities of the radionuclides ejected from the excavations.

The specific activities of the material ejected from the nuclear
excavations are directly dependent upon the design and efficiency of
the explosives. Any reduction in the production of radionuclides will
result in proportionate decreases in the specific activities of these
nuclides in the ejecta. The estimates of radionuclide production used
in this paper are based on the "Planning Information Statement" of the
USAEC (Warner, 1957) and the report of Ng 1965) on neutron activation
of the terrestrial environment from underground explosions. Warner
provided data for the amounts of three radionuclides of geological
origin, sodium-24, phosphorus-32 and calcium-45, in the cloud and fall-
out. The amounts of phosphorus-32 and calcium-45 were 3 x 1-5 the pro-
duction values reported by Ng for the same nuclides. The latter
values were for total activation and were not corrected for neutron
shielding, scavenging during venting or special emplacement techniques.
The ratio, 3 x 1-5, was used in the present work to estimate, from
Ng, the amounts of the other radionuclides in the cloud and fallout
which would be produced from activation of the geological matrix.
Estimates for production of vaporized and melted rock are based on
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the reports of Boardman, Rabb and McArthur 1964); Johnson, Higgins
and Violet 1959); and Nordyke and Williamson 1965).

The ratio Specific Activity/Maximum Permissible Specific
Activity for Individual radionuclides in the fallout and cloud may be
used to determine which of the nuclides provide potential hazards to man.
SA/MPSA va I ues greater than I for rd I onuc I des produced by a I Mt shot
in granite are shown In Table 1, Column 3 The changes in specific
activity of the ejecta with size of detonation are shown in Figure 

From a total of 72 radionuclides produced in amounts greater than
I millicurle per megaton of explosive yeld, 23 would be ejected in
the fallout and cloud at specific activities greater than those allowed
In man. These include tritium, sodium-24, phosphorus-32, calcium-45
calcium-47, scandlum-47, scandium-48, manganese-54, manganese-56, arsenic-
76, bromine-82, rubidium-86, strontium-89, molybdenum-99, cadmium-115,
iodine-131, technetium-132, barium-140, wolfram-185, wolfram-187, gold-
198, and lead-203. Three mechanisms tend to reduce the specific activ-
Ities of the radionuclides In marine waters; physical radioactive decay,
isotope dilution by the corresponding stable element in sea-water and
co-precipitation Into or adsorption onto the bottom sediments. Although
manganese-56 would initially occur in the cloud and fallout at a
specific activity 345,000 times that allowed in the GI tract of man,
its short physical half-life of 257 hours could cause it to decay to
the specific activity allowed in man in 2 days. Scandium-47 would also
decay to MPSA in 2 days, gold-198 in 33 days, cadmium-115 in 4 days,
bromine-82 in 49 days, arsenic-76 in 7 days, wolfram-187 in 84 days,
rubidium-86 in 9 days and scandlum-48 in 97 days. Radionuclides which
would decay to MPSA in 10 to 30 days include 5odium-24 and tellurium-
132 13 days), molybdenum-99 16 days), calcium-47 23 days) and
lead-203 28 days). Eight of the 72 radionuclides would require 
weeks or longer to decay to the specific activities allowed in man, if
they were not diluted with the corresponding stable elements in the
environment. These include barium-140 77 days), iodine-131 126 days),
strontium-89 165 days), wolfram-185 167 days), phosphorus-32 196
days), calcium-45 620 days), manganese-54 754 days) and tritium
(97,000 days).

Considerable physical and isotope dilution occurs in the sea.
Tritium, in fal lout from underground nuclear detonations, would occur
mainly as tritiated water and would be diluted by normal water in marine
areas of turbulence. The water content of most marine organisms is
less than 09 grams/gram of living material, however, hydrogen from

water also may be incorporated into carbohydrates, lipids and proteins
by marine plants, including phytoplankton. Even here the hydrogen con-
tent of the organisms seldom exceeds that in an equal amount of sea water
so that the organisms normally concentrate hydrogen at factors of one or
less. alcium-45, strontium-90 and wolfram-185 from nuclear excavations

would also not be concentrated significantly by marine organisms over
the amounts in the water. In contrast, the other radionuclides
added to the sea at specific activities greater than those allowed in
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man, and for which 11 weeks or more would be required to decay toX . OL2 M W 0 . W N
M M W 4 4 4 MPSA, are accumulated by marine organisms to levels many times those in
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M 0 nation. The fission products decrease in ratio, SA/MPSA, by factors0 00 a X
r414 CD of about 25 with increase in energy yield of the explosive from 100 ktroW . . M -

W W -:O 0" � 0 M0 to 10 Mt. The same ratio for radionuclides from activated rock
4 W 4", 0 w 0� 'MD W 0� 00 0�W W 0 decrease by factors of about through the increased yield range.

0 M � . 0W 41 0 0 Neutron-activated components of the device also decrease in SA/MPSA
O ratio with larger detonations, but do not fo low consistent patterns.

4 - W
(D

OM CD Most of the calculations for environmental dilution of radio-
aa X. X nuclides in the present work are based on a I Mt detonation. Con-
.M 0

41 W W W 0 W 10 W W W W CD
H H X H X H X X X X H X X H X x siderations of other size shots require corrections for total amount
WWWWWWWW _ WWW WWW WW

0 00000000 .'D'O 0 CD 0 . 0 0 0 0 0 aM of radionuclide and the degree of initial isotope dilution. Shown in
0 41 WM �M W 8W - 0 Figure 2 are the amounts of stable elements required to dilute the

0 CD potentially hazardous radionuclides tritium, phosphorus-32, calcium-
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The interactions of tritium, phosphorus-32, calcium-45, manganese-
54, strontium-89, iodine-13t, barium-140 and wolfram-185 with the
marine waters and their dissolved salts, colloids, particles and organ-
isms are strongly dependent upon the area of introduction. Marine
estuarine and open-sea regions are present on both 1he Atlantic and
Pacific sides of the proposed canal sites In the Darien region of
eastern Panama and the northwest corner of Colombia. In addition, a
large semi-enclosed body, the Gulf of Panama, with seasonal upwelling,
a year-round counter clockwise surface current and rich fisheries for
shrimp and fish meat connects with the western terminus of Route 17,
through the estuarine Gulf of San Miguel.

The surface circulation of the Atlantic and Pacific oceans in
the vicinity of Panama and Colombia are subject to seasonal fluctuations
(Figures 3 and 4. From January to April, the Doldrums move to the south
and the dry northeast trade winds prevai I in the Isthmian region. The
dry season is a period of strong water currents in both the Pacific
and Caribbean areas and marked upwelling of nutrient-rich deep water in
the Gulf of Panama around the Pearl Islands. In late April or May the
wind system moves northward and the Gulf of Panama is then influenced
by the Doldrums and rain-bearing southwest winds. Upwelling ceases in
the Gulf of Panama, the surface currents weaken, and the rainfall
increases by a factor of 6 to 7 Smayda, 1966). The total annual
volume of fresh water entering the Gulf is 92 x 1010 m3, an amount
equal to 25 percent of the total volume of the Gulf or enough water
to form a fresh-water layer 32 eters thick over the entire water
surface. The greatest annual precipitation occurs over the San Miguel
drainage basin, the site of Route 17. The net sea water flow in the
Gulf of San Miguel results from river runoff although the Gulfs of
Panama and San Miguel are subject to diurnal tides which range from
4 to 6 meters in height. These tides cause strong tidal currents,
especial ly in the Gulf of San Miguel which resuspend and redistribute
bottom sediments twice each day. In contrast, the maximum tidal
excursion on the Caribbean oast is less than 076 m and this area
receives only small amounts of runoff from Panama; however, the Gulf of
Uraba receives large amounts of s It-laden water from the Atrato River
in Colombia.

In summary, the Gulf of San Miguel, the near-shore areas of the
Gulf of Panama and the Gulf of Uraba exhibit many characteristics typical
of estuaries. The Pacific coast of Colombia and the Caribbean coast of
Panama are "oceanic" environments. The Gulf of Panama is unique with
its characteristic dry-season upwelling-water, which moves to the north
of the Gulf before surfacing.

Estuarine areas differ from the open sea in several features
which alter the relative influence of the water, organisms and bottom
sediments upon radionuclide distribution. In the sea only limited
sedimentation occurs. In contrast, relatively high rates of sedimen-
tation are common in estuaries as a result of direct settling of
suspended sediments, chemical precipitation, co-precipitation and
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sorption of fresh-water colloids to particles. These physicochemical
reactions result mainly from the electrolytes of sea water interacting
with the material introduced by rivers. Most of the sedimentary
products are deposited on the bottom.

One of the estuarine areas which could receive significant
amounts of high specific activity tritium, phosphorus-32, calcium-45,
manganese-54, strontium-89, iodine-131, barium-140, and wolfram-185 is
the Gulf of San Miguel. The distribution patterns and transport of
these radionuclides would be determined mainly by their chemical
characteristics which govern their interactions with the suspended
sediments, the accompanying stable-element fallout and the bottom
sediments. The radionuclides may be divided into two groups: (1) trit-
ium, calcium-45, strontium-89 and iodine-131 would undergo little or no
interaction with the dsolved, suspended and bottom material and would
be subject mainly to physical dilution; and 2 phosphorus-32, mangan-
ese-54, barium-140 and wolfram-185 would be strongly sedimented by
physicochemical mechanisms.

Tritiated water in fallout would rapidly mix with the water in
the Gulf of San Miguel as a result of turbulence from tidal currents.
If the worst possible case deposited 50 percent of the fallout tritium
and other radionuclides into the Gulf, about 6 x 109 m3 of water would
be required to dilute the tritium to MPSA. The Gulf of San Miguel
contains about 4 times this amount of water. The worst possible case
assumes maximum venting of tritium from the excavation with all of the
tritium as water and equal deposition of tritium and the other radio-
nuclides in the area of allout. Under actual conditions the depo-
sition of tritium probably would be lower than that for the other radio-
nuclides and its specific activity would decrease rapidly to levels
below that allowed in man.

Other radionuclides which would be diluted to IVIPSA by the stable ele-
ments in solution in water of the Gulf of San Miguel are calcium-45,
strontium-89, and wolfram-185. Thus, of the eight potentially hazardous
radionuclides only phosphorus-32, manganese-54, iodine-131 and barium-140
would require additional isotope dilution (Table 1).

The radionuclides phosphorus-32, manganese-54 and barium-140
would be subject to rapid sedimentation in the Gulf of San Miguel. This
estuarine area is fed by runoff from large watersheds drained by
several rivers including the Tulra, Chucunaque, Sabana, Marea, Tucuti
and Congo. During the wet season the watersheds receive large amounts
of rainfall which remove organic and inorganic materials into the
estuary, usually by channel erosion. The flooding rivers, entering
the estuary, are unable to maintain their current velocities, except
during ebb tides, and as a result d rop much of their suspended sediments
which sink at rates dependent on the mass and size of the particles.
Upon mixing of the river water with the saline water of the estuaries
the dissolved and colloidal iron, manganese, aluminum, titanium, zircon-
ium, scandium and silica precipitate into hydrous gels because of the
increased pH and electrolyte content of the water. Under these
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conditions colloidal clay particles also coacervate. Simultaneously,
with the precipitation of the colloids, magnesium and calcium from the
sea water provide limited exchange for some of the cations adsorbed to
the suspended river sediments. Not all cations, however, are released

CARIBBEAN SEA

30."

20-30

Ilk
ZO

6UL OF
URABA

PACIFIC
OCEAN

20-3o../-

Figure 3 Surface circulation during the wet
season in ocean waters off Panama.
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by ion exchange. Zinc, cobalt, copper and ruthenium often are che-
lated to sediment particles in forms that cannot be desorbed by
alkali or alkaline earth metals (Jones, 1960; Johnson, Cutshall
and Osterberg, 1967).

Hydrated oxides of iron, manganese and aluminum may be termed
"scavengers" because of their abi lity to remove ions from solution
(Goldberg, 1954). The scavenging action of these gels is due largely
to surface adsorption of ions with charges of opposite sign from that
of the scavenger. The charge on ferric hydroxide gel in sea water is
electropositive*--on hydrated oxides-of manganese it is negative. Iron
hydroxide, accordingly, should co-precipitate negatively charged ions
and manganese oxides, positively charged ions. Under natural con-
ditions, ferric hydroxide in sea water is found to concentrate multi-
valent ions of both charges. Muds, some organic particles and colloidal
materials found in waters contaminated with radioactive fallout usually
have positive surface charges and algo are capable of adsorbing nega-
tively charged ions (Amphlett, 1961; Rubentschilk et al, 1936).

Phosphorus-32, manganese-54 and barium-140, added to estuarine
regions, are rapidly co-precipitated and adsorbed to the surfaces of
suspended and bottom sediments." Approximately 90 prcent of carrier-
free barium may be removed from solution by ferric hydroxide and under
natural conditions, where the precipitates may be formed slowly, more
than 90 percent of the manganese ay be incorporated into the precipi-
tate.

Phosphorus-32 is rapidly adsorbed onto suspended organic and
inorganic detritus and to bottom sediments. Pomeroy, Odum, Johannes
and Ruffman 1967) observed that phosphorus-32, introduced into
estuarine regions, was adsorbed quickly and locally near the sites of
introduction and was not transported appreciably by water during short

According to Amphlett 1961) ferric hydroxide floc, when formed
under alkaline conditions in fresh water, is negatively charged.

"Another radionuclide, lead-203, would be potentially hazardous the
first week or two after fallout. Iron hydroxide and aluminum hy-
droxide effectively co-precipitate lead from alkaline solution
(Gibson, 1961) and El Wakeel and Riley 1961) suggested that most
of the lead sedimented from sea water is adsorbed onto ferro-
manganese minerals. According to Chow and Patterson 1962) about
99 percent of the particulate lead entering the oceans is sedimented
from the sea water in 5hal low near shore regions. Krauskopf 1956)
showed experimentally that lead was efficiently co-precipitated from
sea water by ferric hydroxide and that it was also sedimented by
adsorption onto clay minerals and organic detritus. This is in
agreement with the observation that phytoplankton are able to con-
centrate lead by factors of 40,000 over the amounts in water. Revelle
et al, 1955) suggested that hydrous manganese dioxide can co-
�_reciiipitate lead from sea water.

449



periods of time. The radionuclide reached equilibrium between the water
and sediments within 24 hours. In addition to being adsorbed to sedi-
ments phosphorus is almost quantitatively co-precipitated with ferric
hydroxide gel. Sedimented phosphorus-32 does not remain permanently
associated with the sediments. Pomeroy, Smith and Grant 1965) reported
that the exchange of phosphate between the water and the sediment was
controlled by two mechanisms: one an inorganic sorption reaction and
the other controlled by biological exchange, probably between adsorbed
micro-organisms and the water. In surface fractions of sediments
poisoned by formalin, the rate of inorganic exchange of phosphorus was
only 112 to 23 the rate of the inorganic plus biological exchange for
sediments containing living micro-organisms. If bacteria compete on
a like basis for other biologically important elements then they must
exert a profound effect upon these trace elements in sediments.

lodine-131 is not co-precipitated efficiently by hydrous oxide
gels. Horma and Greendale 1959) tested co-precipitation of iodine-131
by ferric hydroxide but could only carry down 13 percent of the element.
Iodine-131 was found by Gemmel 1952) to be 88 percent removed by
bacterial and algal sewage sludge, and to subject to rapid turnover by
the bacteria.

The co-precipitation of iodine by hydrated oxides of iron, mangan-
ese and aluminum would not be sufficient to reduce the specific
activity to that allowed in man. Similarly, stable iodine in the water
of the Gulf of San Miguel would supply only about 12 the amount
required to reduce the specific activity to that allowed in man.
Although iodine-131 would equilibrate rapidly with the stable iodine
in the sediments, the mechanism would be of little practical value since
it would be necessary for the radionuclide o equilibrate with the iodine
in the sediments about 20 cm thick. A nine-day exclusion period
would allow the radionuclide to decay to MPSA, however, after mixing
with the stable iodine in the water. Although phosphorus, manganese,
barium and lead would be almost quantita 'tively precipitated and sedi-
mented to the bottom, only manganese-54 and barium-140 would be diluted
to MPSA by the top centimeter of sediment shortly after time of fal lout.
Phosphorus-32 and lead-203 would requi re mixing with I I and 60 cm depth
of sediment to reach MPSA immediately after fallout. At 30 days after
detonation phosphorus-32 would require mixing with about 3 c of sedi-
ment and manganese-54 with 0.01 cm. All other radionuclides would have
been reduced to specific activities lower than those allowed in man
(Table 1).

All of the above calculations are based on a I Mt detonation in
granite. In some instances a total yield larger than I Mt may be
detonated at one time. If a total of 5, Mt detonations were fired
simultaneously and 112 of the total'fallout was deposited in the Gulf
of San Miguel, isotope dilution by the water would not be adequate to
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reduce the specific activities of tritium, phosphorus-32, manganese-54
or barium-140 to MPSA at 30 days post-shot. If tritiated water were Cl)
deposited In the fallout at the same efficiency as the other faHout
material the specific activity of tritium in the Gulf of San Miguel 30 2. 40,
days post-shot would be about 21/2 times that allowed in man. As . . I a 0 0
stated before, the deposition of tritium In the Immediate fallout may
be expected to be lower than that for other radionuclides and the o 9
specific activity In the marine waters would be lower than indicated
above. Phosphorus-32, from the detonations, would require mixing IC . CD
with only 13 cm of bottom sediment to be diluted to MPSA. Manganese- Z_ 4 � Z-'� W

V _t. Z CD MO 054 and barium-140 would be diluted to acceptable values by 0.05 and 0.15 I CD0 0 CD
cm of bottom sediments respectively. It thus appears that with the
possible exception of tritium the radionuclides from the simultaneous i IC,
firing of Mt explosives would not provide significant hazards to �(D W0 0 CD
humans In the Gulf of San Miguel after 30 days following detonation.

CL CD
Probably one of the most crltl�:al marine areas for fallout at CD0 - CD

least In regards to fsheries--is the Gulf of Panama. Sedimentary M D
processes would also operate In this region because of (1) the twice
dal ly resuspension of the near-shore bottom sediments by tidal currents;
(2) the finely-divided precipitates of Iron, aluminum, manganese, x W*
silica, titanium and zrconium supplied by rivers; 3 the part1cu-
late organic detritus which, at times may equal the amounts of suspended 0
sediments and 4 the stable fallout elements. In addition to sedi-
mentation, wind driven surface currents and the upwel ling of deep --------- J L ____j CD
currents In the northern part of the Gulf during the dry season, would
result I n signi ficant di lution and transport of water out of the Gu I f
into the open ocean. Dilution and transport from the Gulf of Panama

would also occur during the wet season but would not be as pronounced as 0 CD M
during the dry season.

0US DE3r
The Gulf of Panama is approximately circular in shape and has Z

an area of 28,850 Km2, the maximum dimensions being 175 Km in a north- CD la
s- i. direction and 245 Km In an east-west direction. The waters are
relatively shallow with 91.4 percent of the Gulf being less than 200 7-1 �E C�D

meters deep. The total volume of the Gulf of Panama is about 21 x M M M
1 2 m3. Z 0 0

_+

Figures 4 and 5A show the main features of the Gulf of Panama . 0
during the dry season. The Colombia Current flows north along the
Pacific Coast of Colombia at velocities of 30 to 40 cm per second
and divided into two parts In the area of the Pearl Islands with the 09 Q O�
major portion flowing west across the mouth of the Gulf of Panama and
and a smaller portion flowing counterclockwise north of the Islands. CD
As the current exits from the Gulf of Panama it joins the current coming C6
across the entrance and flows southwest into the Pacific Ocean. This 0
current pattern appears to influence the distribution patterns of 0 W
those stable elements which rapidly precipitate upon addition to sea 0 CD a

_+
water from river outflows. Just south of, and in the entrance to,
the Gulf of San Miguel, enhanced amounts of iron, scandlum and ID

0
0
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manganese occur in the bottom sediments (Figure 5C) and for 611 of these
elements, larger fractions of the total amounts may be extracted from
the sediments toward the center of the Gulf of Panama (Figure 5D).
These extractable fractions probably represent, mainly, iron, scandium
and anganese precipitated from river additives. Fallout, co-
precipitated by the hydrous oxide precipitates would also tend to be
concentrated in the sediments of the same area.

The upwelling that occurs in the Gulf of Panama during the dry
season contributes significantly to the circulation in that body of
water. The deep water currents which upwell in the northern part
of the Gulf are shown in Figure 5A and the area affected by upwelling
is shown in the surface-density diagram (Figure 56). The increased
densities indicate the areas of upwelling.

The volume flow, per second, of the currents in the Gulf of
Panama, may be calculated by multiplying the cross-sectional area of
the current by its average velocity at right angles to the cross-
section plane. The results of these calculations are as follows:

Width in Depth in Average Volum of
Current Meters Meters Velocity Flow

m/sec m3/sec

Colombia
Current 1.6 x 105 50 0.175 1.4 x 106

Entering Gulf
of Panama 4.0 x 104 20 0.125 1.0 x IO5

Leaving Gulf
of Panama 5.0 x 104 20 0.175 1.7 x 105

Only about 7 percent of the water in the Colombia Current flows
into the Gulf of Panama and an excess 7 x 104 m3/sec of water flows
out of the Gulf of Panama in excess of that flowing into it. The
source of this water is to be found in the upwelling'reported by
Smayda 1966), Forsbergh 1963) and Schaefer et al, 1958). The
area of upwelling (Figure 513) comprises about 78-of the surface
area of the Gulf of Panama and would result from an average upward
flow of deep nutrient-rich water of about 17 m/day. In the area of
upwelling the added water equals about 70 percent of the volume added
through surface flow of the Colombia Current.

Because the surface and deep currents do not travel in the same
direction a shear zone exits at their boundaries. A model of physical
(and isotope) dilution may be made using simplified assumptions as
follows:

1. All significant mixing takes place in the upper mixed layer.
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2. Vertical mixing in the mixed layer occurs in less than
24 hours.

3. Vertical mixing through the thermocline is slow and
for the purposes of the calculations may be considered
negligible.

4. The vertical distribution of current velocity ranges
from zero at the upper edge of the thermocline to a
maximum at the surface. Analogue and digital models
of mix ng were developed and were app I ied to speci f ied
conditions of fallout in the Gulf of Panama.

In addition to physical mixing, corrections were made for
biological delay of radionuclides moving through food chains to man.
A mathematical model was developed in which it was assumed that an
initial specific activity of zero in an organism for any radionuclide
will come to equilibrium with the environment after a given period
of time, dependent upon the biological half-life and the increase of
activity in the food. Neglecting isotope effects, the specific
activity in the organism can never exceed the specific activity in
the environment. The calculation of the delay which a particular
organism experiences in coming to a maximum specific activity is thus
a calculation of the rate at which the organism achieves equilibrium
with is environment. Plankton were assumed to equilibrate with sea
water in less than 24 hours. Thus, the plankton and sea water were
considered as one unit in all calculations. The Gulf of Panama was
divided into four areas based upon commercial fisheries. Area "A"
is shown in Figure 6.

The worst possible case for the deposition of fallout from a
one Mt detonation in the Gulf of Panama would occur if the entire
fal lout pattern were deposited in the confines of the Gulf. This
would also constitute the worst possible case for the Gulf of San
Miguel. The results of the calculations for iodine-131 in the area of
heaviest fallout in the Gulf of Panama are shown in Figure 6 Although
the specific activity of the radionuclide in the water exceeded MPSA for
man, the specific activities in the molluscs, crustaceans and fish
remained below MPSA because of biological delay. Similar calculations
for tritium showed that the specific activity in the water or food
organisms of man would not exceed MPSA.

If the specific activities in food organisms are calculated as
shown above, and the amount of stable element per unit live-weight of
organisms is derived from analyses of organisms collected in the area
of interest, the amounts of the radionuclide in UCi per unit live-
weight may be calculated. Thus the.results of the analyses and cal-
culations may be app! ied in cases where the concentrations of radio-
nuclides have been calculated on a maximum permissible concentration
basis for foods from a wide variety of sources or in cases where the
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limitations on food utilization are based on the maximum permissible
specific activities allowed in the critical organs of man.
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Figure 6 The calculated specific activities of water (A and B) and
molluscs, crustaceans and fish (C) in an area of the Gulf of Panama
receiving the heaviest concentration of fallout from a one Mt
detonation.
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QUESTIONS FOR FRANK G. LOWMAN

1. From Wait Kozlowski:

Your study of the Panama Zone seems impressive indeed. In view of
all you know, do you consider a nuclear generated panama sea-level
canal feasible from a safety viewpoint to man? - to marine environ-
ment?

ANSWER:

The Panama Canal Commission should answer this, but I guess I could
give my personal opinion. With proper controls, I think that the
radioactive contamination problem would not keep the canal from being
built. There is to be control over fisheries and control over move-
ment of people, but as far as radioactivity, I don't think there is
a problem there.

2. From M. E. Wrenn:

Your estimate for production of iron-55 relative to manganese-54
appeared low to me when compared for example with amounts detected
from the weapons tests in 1962. Are your estimates of iron-55
production realistic and what is the basis of the estimate?

ANSWER:

The basis for these estimates is the Warner Report, the guideline
given to us by the AEC. I don't know if want to comment on that.
I work with the numbers that are given me. This Is all I can do in
this case. I think that they are close enough that the errors that
would occur would not greatly change the results that we came up with.

3. From J. Cohen:

How would you compare your MPSA approach with that of Fleming's MER?

ANSWER:

I think this approach is similar to one Dr. Fleming had before and
our numbers came out pretty close, although we don't agree at all
on the basis for arriving at our numbers. I have to look at this
one more closely before I can see how they do - whether they do agree
or not. If I may I would like to make a short statement on this
cesium thing. We studied cesium in the soil at the Eniewetok test
site where there are large amounts of rain and many tropical areas.
Anyway in that area, the cesium was taken up very highly compared to
strontium-90 and the reason was that there is a very short potassium
shortage in the soil and some of the plants couldn't get enough
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otasslum and so they were taking up cesium Instead. One way to prove
that there was a potassium shortage was to take a bottle of potassium
chloride solution and a paint brush and paint stripes on the leaves
of the plants as we went by and three days later there was a very
bright green strips where we painted the potassium on. There Is a
definite potassium shortage In some tropical areas.
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