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FOREWORD 

In June 1958, the Atomic Energy Commission requested the Com­
mittee on Oceanography of the National Academy of Sciences -National 
Research Council to consider the problem of disposal of radioactive 
wastes from nuclear-powered ships. The Committee on Oceanography 
asked the Academy's Committee on the Biological Effects of Atomic 
Radiation on Oceanography and Fisheries to undertake this study. As 
chairman of the latter Committee, I appointed a special working group 
under the leadership of Donald Pritchard. 

Following the first meeting of the working group in September 
1958, drafts of sections of this report were written by individual mem­
bers. In December, at the second meeting, the drafts were reviewed. 
Professor Pritchard then consolidated these contributions into a single 
document. The report was discussed in detail and approved for publi­
cation by the Committee on the Biological Effects of Atomic Radiation 
on Oceanography and Fisheries in March 1959. 

The report gives a series of detailed and specific recommenda­
tions concerning the amounts of different types of radioactive wastes 
that can be released safely into the sea by nuclear-powered ships. 
Separate rules are given for each zone of the marine environment. 
These rules are most restrictive for the innermost zone of harbors, 
estuaries and coastal waters, and least restrictive for the open sea out­
side of fishing areas, more than twelve miles from shore, and where 
the bottom depth is greater than ZOO fathoms. 

The working group has attempted to make its recommendations as 
precise as possible within the limits of our present knowledge of the 
physics, chemistry, and biology of the oceans. Where uncertainties exist 
because of inadequate knowledge, a conservative position has been 
chosen - that is, the calculations underlying the recommendations may 
err on the side of safety. Each assumption and each step in the calcula­
tiona is fully described, however, so that the reader may make an inde­
pendent evaluation of the degree of conservatism of the recommended 
rules. It is sometimes said that biologists and oceanographers, when 
considering the introduction of artificial radioactive materials into the 
sea, tend to pile safety factors upon safety factors to arrive at a quite 
unrealistic result. I am convinced that any careful reader will conclude 
this is not true of the present report. 

One of the most important conclusions of the report concerns the 
necessity for monitoring and maintaining records of the amount and lo­
cation of radioactive waste disposal by nuclear ships. This will involve 
not only action by each maritime country, but also international agree­
ment and collaboration. 

~ 
Roger Revelle 
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SUMMARY AND RECOMMENDATIONS 

This report is an evaluation of: 

( 1) The nature and amount of radioactive waste materials which would 
conceivably be introduced into the sea through normal operations of 
nuclear-powered ships. No conclusions are reached concerning the 
safety of operating nuclear -powered ships in tideless, fresh water 
bodies. 

(2) The routes by which such introduced activity would return to man 
from the sea. 

(3) The portion of the maximum permissible dose to man, allotted to the 
peaceful uses of nuclear energy, which should be permitted to orig­
inate from waste disposal operations from nuclear-powered ships. 

(4) The concentration by marine organisms of the various significant 
isotopes in the wastes. 

(5) The processes of dispersion of the wastes within the various sub­
divisions of the marine environment. 

(6) The permissible rate of introduction of the subject waste materials 
into the various subdivisions of the marine environment. 

This report deals specifically with the wastes which would origi­
nate from a water cooled reactor. Other types of reactors will undoubt­
edly be used in future nuclear-powered ships; the character and amount 
of wastes which might be introduced to the marine environment from 
such future designs cannot now be stated accurately. It is believed, how­
ever, that the general conclusions of this working panel can be utilized 
in formulating design criteria and operating doctrine, with respect to 
waste disposal into the marine environment, for such future types of 
marine reactors. 

In the present report it is assumed that the bulk of the fission prod­
ucts remain contained in the spent fuel elements and are removed from 
the ship with these elements at time of refueling. The two principal 
types of radioactive waste which could enter the marine environment 
through the normal operation of nuclear-powered ships are: (a) a low 
level liquid effluent originating, for the most part, in the primary coolant 
system; and (b) spent ion exchange resins, used in the by-pass clean-up 
system for the primary coolant. Other possible sources include 

ix 
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contaminated expendable tools, glassware, etc., which would be packaged 
before discharge. The liquid effiuent will contain low concentrations of 
radioactive corrosion products together with very much lower concentra­
tions of fission products. The ion exchange resins will contain consid­
erably higher activities of these same materials. 

The following subdivisions of the marine environment are con­
sidered: 

{1) harbors, estuaries, and coastal waters out to two miles from 
the shoreline; 

{Z) the coastal area between Z miles and lZ miles from the coastline; 

{3) the outer continental shelf, extending from lZ miles offshore 
outward to the ZOO fathom depth contour; 

{4) the open sea, here considered to comprise those ocean areas 
more than lZ miles from shore having depths greater than ZOO fathoms. 

For the last two categories, a further distinction is made between 
fishing areas and areas which do not contribute materially or directly 
to the commercial harvest of sea food. 

On the basis of reports dealing with the U.S. S. NAUTILUS and the 
proposed N. S. SAVANNAH, a list is made of isotopes with half lives 
longer than 6 hours which are likely to occur in significant quantities 
in the primary coolant and the ion exchange resins of marine pressur­
ized water reactors. For each of these isotopes the partial permissible 
concentrations {ppc•s) in seafood and in the marine environment are de­
termined for each of the above listed subdivisions of the environment. 
Assuming that the relative proportions of the various significant isotopes 
in the wastes do not vary greatly, a weighted mean ppc value for the va­
rious subdivisions of the marine environment, for each type of waste, is 
determined. The relative compositions of the wastes predicted for the 
SAVANNAH and observed for the NAUTILUS differ somewhat, and hence 
a different weighted mean ppc value is determined for the primary cool­
ant and for the ion exchange resins, for each of these two types of ship. 

The predicted nature and quantity of the potential wastes from the 
SAVANNAH, and the observed nature and quantity of the wastes from the 
NAUTILUS, are utilized in arriving at the conclusions and recommend&­
tions presented here. A similar evaluation can be made for any potential 
waste of known relative composition, by use of the appropriate weighted 
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mean partial permissible concentration (ppc) values for that waste. If 
Mi represents the activity in the waste resulting from a given jsotope, h 
and (ppc}i represents the partial permissible concentration for the sub­
ject env1ronment for that isotope, then the weighted mean ppc value for 
the environment, for that waste, is given by 

The weighted mean ppc value is utilized with the gross activity result­
ing from the isotope mix. It has the advantage of providing a convenient 
means of including the additive effect of the various isotopes contained 
in the wastes. 

The maximum number of discharges, N, which may be made into 
a representative segment of each of the subdivisions of the marine en­
vironment during any one month period is determined as a function of 
(a) the total activity in a single such discharge and (b) the environmental 
ppc value. These determinations are based on an evaluation of the rates 
of dispersion and exchange in the marine environment. The limitations 
to our present knowledge of these phenomena require us to use conserv­
ative interpretations of the results. If the permissible number of dis­
charges, for a given activity, into a representative segment of the marine 
environment is computed to be less than one per month, that environment 
is considered to be unsuitable as a receiver of that particular waste. 

Our conclusions and resulting recommendations for each of the 
environmental subdivisions are as follows: 

Harbors, estuaries, and coastal waters out to 
two miles from the shoreline (Zone 1): 

The considerable variation in the physical processes of dispersion 
within, and exchange between, segments of this marine environment, as 
well as local variations in the biological and geochemical processes of 
importance to our problem, makes it impossible to present a completely 
general conclusion regarding waste disposal into harbors, estuaries and 
other inshore areas. Since these are areas of high human activity, it is 
evident that solid wastes should not be introduced into such waters. Be­
cause of the poor dispersion characterizing tideless harbors which are 
separated from the sea by locks, it is questionable whether any radioactive 
wastes should be introduced into such waterways from nuclear-powered 
ships. 

xi 
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An evaluation is made of a .. typical" harbor of poor flushing char­
acteristics. The results are summarized in the following table, which 
gives the maximum permissible total activity for a single discharge, as 
a function of selected values of the ppc value for the environment and the 
maximum permissible number of discharges per month. 

ppc value 
fOf the 

env ironment 
(J,!c/ml) 

1 0·9 

1 0·8 

1 0·7 

Permi ss ible Activity in a Single Di scharge 
FOf 1 di scharge FOf 30 d ischarges 

per manth per manth 
(curies) (curies) 

2.5 x 1 o·2 

2.5 X JO• l  

2.5 

2.5 x 1o·3 

2.5 X 10·2 

2.5 X 1 0·1 

The weighted mean ppc value for the inshore environment com­
puted for the primary coolant of the SAVANNAH is Z x 1 o·B J.!C/ ml, and 
the predicted gross activity which would be contained in the warm-up 
expansion volume from this primary coolant is 6.8 x 10·1 curies. Hence 
this .. typical" harbor would be unsuitable as a receiver of warm-up ex­
pansion volume wastes from nuclear -powered ships having the activity 
characteristics predicted for the SAVANNAH. 

The weighted mean ppc value for this marine environment com­
puted for the primary coolant of the NAUTILUS is 4 x 10·8 J.!C/ml, and the 
observed average activity due to the significant isotopes contained in the 
normal warm-up expansion volume of 500 gal is 1.4 x 10·2 curies. Hence 
apparently this .. typical" harbor could receive a maximum of over 10 
discharges per day of warm-up expansion volume wastes from nuclear­
powered ships having the activity characteristics observed for the 
NAUTILUS. 

While relatively poor flushing characteristics were chosen for the 
harbor used in these sample computations , they do not represent the most 
restrictive conditions which might be encountered in marine harbors. 
Also, because of lack of adequate data, it was not possible to include the 
potential effect on bottom-living animals and plants, of concentration by 
the bottom sediments. For these reasons the recommendations which 
follow are somewhat more conservative than might otherwise be drawn 
from the above numerical results. 

Since the total activities on the spent ion exchange resins, as pre­
dicted for the SAVANNAH and observed on the NAUTILUS, are 100 to 
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400 curies, and lZ. S curies, respectively, it is evident that wastes from 
ion exchange beds cannot be discharged into harbors and other inshore 
waters. 

Our recommendations pertaining to harbors, estuaries, and other 
inshore environments (Zone 1) are as follows: 

Recommendation 1: No solid radioactive wastes or spent ion exchange 
resins should be discharged into harbors or estuaries, or into coastal 
waters within Z miles of the shoreline, from nuclear-powered ships. 

Recommendation Z :  Nuclear-powered surface ships should be equipped 
with tanks capable of containing any liquid wastes which accumulate dur­
ing the time such ships are in harbors, estuaries and other inshore 
waters, and such wastes should not be discharged until the ship has 
reached the open waters of the continental shelf. (Restrictions on dis­
charges in this latter environment are treated later in this summary. ) 
Other means of restricting the introduction of such wastes into the in­
shore environment would also be allowable. 

Recommendation 3: For certain special types of nuclear-powered ships, 
other than surface ships, for which Recommendation Z would result in 
significant operational disadvantages, the requirements of that recom­
mendation may be relaxed providing that: 

(a) Detailed evaluation of each specific major port of call and 
harbor base for such vessels be carried out using the general approach 
outlined in this report, such evaluation serving to establish the permis­
sible activity and frequency of discharge. Actual discharges should be 
maintained well below the maximum permissible number and activity 
until the results of detailed environmental monitoring are available, and 
in any case should be maintained as much below the maximum permis­
sible as is technically feasible. 

(b) A detailed monitoring program be maintained, on a continuing 
basis, in the vicinity of each nuclear ship base and major port of call. 
(See also Recommendation 11. )  

The coastal area, between Z miles and lZ miles 
from the shoreline (Zone Z):  

A 10 mile wide segment of this subdivision, extending from the in­
shore edge to the offshore boundary and considered as a ship traffic 
route, was employed in the sample computations for the inner continental 

xiii 
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shelf. Because of the possibility of accidental recovery, no solid wastes 
should be introduced into this environment. The results of the evaluation 
for the liquid effluent are summarized in the following table, which gives 
the maximum permissible total activity for a single discharge as a func­
tion of selected values of the ppc value for the environment and the max­
imum permissible number of discharges (N) per month. 

ppc value 
for the 

environment 
( �c/m l )  

to·9 

10'8 

to·7 

Permi ss ible  Activ i ty in a Single Di scharge 
For 1 di scharge For 30 d i scharges 

per manth per manth 
(curies) (curies) 

s.2 x to· 1 s.3 x to·2 

5.2 5.3 x to·1 

52 5.3 

The weighted mean ppc value for the coastal area, for the primary 
coolant of the SAVANNAH, is 2 x 10·8 �c/ml and the predicted gross ac­
tivity which would be contained in the warm -up expansion volume of some 
2200 gallons is 6.8 x 10·1 curies. Thus, considering that it would be un­
likely that more than30 nuclear-powered ships per month would pass,out­
bound, through any such 1 0-mile wide stretch of the coastal area, this 
environment appears suitable to receive the low level liquid wastes which 
would be stored in tanks as a result of restrictions placed on the release 
of such wastes in harbors. 

This zone does not appear suitable, however, to receive the 10 to 
400 curie amounts of activity which might be released with the spent ion 
exchange resins. 

Our recommendations pertaining to the coastal area, between 2 and 
12 miles offshore (Zone 2), follow: 

Recommendation 4: Spent ion exchange resins should not be discharged 
from nuclear-powered ships into the waters of the coastal area, between 
2 and 12 miles offshore. Except under very exceptional circumstances 
there should be no discharge of packaged solid wastes from nuclear­
powered ships into these waters, and any such exceptional discharge 
should conform to recommendations contained in the National Academy 
of Science's report "Radioactive Waste Disposal in the Atlantic and Gulf 
Coast" (NAS-NRC Pub. 65 5, 1959). 

xiv 
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Recommendation 5: Low level liquid effluent may be discharged into 
the waters of the coastal area, between Z and lZ miles from shore, pro­
viding that the total activity contained in any single discharge does not 
exceed 5 x 10-1 curies resulting from isotopes with half-lives of more 
than 6 hours. 

The outer continental shelf, from lZ miles offshore to 
the ZOO fathom depth contour (Zones 3a and 3b): 

The continental shelf off the east coast of the United States was 
employed in the sample computation for the outer continental shelf. The 
results of the evaluation for a liquid effluent or for the discharge of ion 
exchange resins are summarized in the following table, which gives the 
maximum permissible total activity for a single discharge as a function 
of selected values of the ppc value for the environment and the maximum 
permissible number of such discharges per month. 

ppc val ue 
for the 

environment 
(iJ.c/ml )  

1 o·9 

1 0·8 

1 0"7 

Permi ss ible Activity in a Single Di scharge 
For 1 di scharge For 30 d i scharges 

per manth per manth 
(curies) (curies) 

23 

2.3 X JQ2 

2.3 X 1 0  l 

2.4 

24 

2.4 X JQ2 

This region has a much greater capacity for receiving waste ma­
terials than the coastal area, and the release of low level liquid wastes 
from nuclear -powered ships into waters of the outer continental shelf 
apparently presents no serious problem. 

For fishing areas of the outer continental shelf (Zone 3a), the 
weighted mean ppc value for the spent ion exchange resins of the SA­
VANNAH is Z x 10"8 iJ.C/ml. Since as many as 30 discharges per month 
onto the continental shelf of the eastern United States could conceivably 
result from the activity of 300 nuclear-powered ships, the maximum 
permissible activity per discharge would be about 50 curies. Since the 
predicted activity on the spent ion exchange resins of the SAVANNAH 
will be 100 to 400 curies, it is evident that no release of such resins 
into fishing areas of the outer continental shelf should be allowed. 

XV 
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For this zone, the weighted mean ppc value for the wastes from 
the spent ion exchange resins of the NAUTILUS is computed to be 6 x Io-9 
IJ.C/ml. The above table then indicates that the grou activity per dis­
charge !or such wastes should not exceed about 14 curies, at the rate of 
30 discharges per month spread over the entire continental shelf of the 
eastern United States. This 14 curies is approximately equal to the ob­
served gross activity on the spent ion exchange resins of the NAUTILUS. 

For non-fishing areas of the outer continental shelf (Zone 3b), the 
ppc value !or the wastes !rom the spent ion exchange resins on the 
NAUTILUS is 3 x 1 o-8 llc/ml. Thus the gross activity per discharge !or 
such wastes introduced into this environment should not exceed about 70 
curies per discharge, !or a maximum of 30 such discharges per month 
randomly distributed over the outer continental shelf off the east coast 
of the United States. This is approximately equivalent to one discharse 
per month in any 100 mile wide slice of this shelf. 

The continental shelf region selected !or the sample calculation 
may not be the most restrictive segment of the continental shelf of the 
world ocean, !rom the standpoint of radioactive waste disposal. There­
fore the recommendations which follow are somewhat more conservative 
than would be drawn !rom a strict application of the numerical results. 

Recommendations !or the outer continental shelf, !rom IZ miles 
offshore to the ZOO fathom depth contour (Zones 3a and 3b) , follow. 

Recommendation 6: No discharge of spent ion exchange resins !rom 
nuclear -powered ships should be made into known fishing areas of the 
outer continental shelf, !rom lZ miles ofishore to the ZOO fathom con­
tour line. Except under very exceptional circumstances there should 
be no discharge of packaged solid wastes !rom nuclear-powered ships 
into these waters, and any such exceptional discharge should conform 
to recommendations contained in the National Academy of Sciences' re­
port "Radioactive Waste Disposal in the Atlantic and Gulf Coast" (NAS­
NRC Pub. 655 , 1959). 

Recommendation 7: I! denser than sea water, spent ion exchange resins 
!rom nuclear-powered ships may be discharged into non-fishing areas 
of the outer continental shelf, !rom lZ miles offshore to the ZOO fathom 
contour, provided that the activity in any single discharge shall not ex­
ceed 50 curies, and also provided that such discharges be restricted to 
ships which could not, without appreciable loss in efficiency, limit such 
discharges to waters of the open sea having depths exceeding ZOO fathoms. 
Thus ships inbound !rom an ocean passage should schedule discharges, 
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which might actually become due during transit of the continental shelf, 
while still in waters exceeding ZOO fathoms in depth. Ships outbound for 
an ocean passage should delay discharges, where practical, until after 
having passed into waters of over ZOO fathoms in depth. Discharge may 
be made only when the ship is under way and more than 3 miles from a 
neighboring vessel. 

Recommendation 8: No restriction need be placed on the discharge of 
low level liquid effluent from nuclear-powered ships into waters of the 
outer continental shelf, provided that the composition and amount of ac­
tivity in such wastes are of the same general character as that predicted 
for the primary coolant of the SAVANNAH or observed for the primary 
coolant of the NAUTILUS. 

The open sea, more than lZ miles from any shore, and 
having depths greater than ZOO fathoms (Zones 4a and 4b): 

This segment of the marine environment has a greater capacity 
for receiving radioactive wastes than any of the other subdivisions con­
sidered in this report. The area of the open sea which is employed in 
this sample computation consists of the North Atlantic trade route from 
New York to London. The results of the evaluation for this environment 
are summarized in the following table, which gives the maximum per­
missible activity for a single discharge as a function of selected values 
of the ppc for the environment and the maximum permissible number of 
such discharges per month. 

ppc va lue 
for the 

env ironment 
( IJ.c/ml) 

1 0'9 

Perm iss ible Activity in a Single Di scharge 
For 30 di scharges For 300 d i scharges 

per month per month 
(curies) (curies) 

9,5 X 10 

9.5 X 1 02 

9.5 X 1 03 

2 X 1 0  

2 X 1 02 

2 X 1 03 

For fishing areas of the open sea (Zone 4a), the weighted mean ppc 
value for the spent ion exchange resins of the NAUTILUS is 1 x lo-s IJ.C/ml, 
and for non-fishing areas (Zone 4b), 7 x 1 o-s IJ.c/ml. The corresponding 
values for the SAVANNAH are slightly higher. If 300 nuclear-powered 
ships should each discharge spent ion exchange resins 6 times a year, 
there would be on the average 150 such discharges per month. If all these 
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CONSIDERATIONS ON THE DISPOSAL OF 
RADIOACTIVE WASTES FROM NUCLEAR-POWERED SHIPS 

INTO THE MARINE ENVffiONMENT 

PURPOSE 

An unavoidable c ons equenc e of the operation of any fis sion reactor, 
whether located on land or aboard a nuclear-powered ship, is the pro­
duction of unwanted radioactive waste s .  The two general method s of 
treating the s e  wastes are: ( 1 )  containment, coupled with isolation from 
man ' s  environment; and (Z) di sper sion, so  that the probability of r eturn 
to man is extr emely small . In s ome cases  complete c ontainment and 
isolation are not technically feasibl e .  In other cases  such c ontainment 
and isolation ar e c onc eivably feasible,  but at high cost .  

The purpose  of thi s r eport i s  t o  pr ovide an evaluation of th e  po­
tential capacity of the marine environment to receive certain radioactive 
waste s  originating from normal operations  of nuclear-powered ship s .  
Basically, thi s rep ort i s  an evaluation of the potential risks involved in 
utilizing the marine environment in disper sion of the se  wastes so that 
the probability of return to any segment of the human population would 
be small . The c onclu sions of this working panel can then be employed 
in weighing the s e  risks against the c osts and the risks of alternate 
methods of waste treatment . Such a c omparative evaluation can finally 
be utilized in the formulation of de sign c riteria and operating doctrine 
for nuclear-powered ship s .  

SCOPE 

Our c onsiderations have been limited to the marine environment. 
No c onclu sions are reached c onc erning the safety of operating nuclear­
powered ship s in tideles s ,  fre sh water bodi e s .  We would as sume that 
before any nuclear-powered ship operated on such waterways,  special 
c onsideration would be given to the problems peculiar to that envi r on­
ment by s cientists c ompetent in physical, chemical ,  and biological lim­
nology . 

Separate evaluations are made for (a)  the inshore area, including 
harbor s and e stuarie s ;  (b) the c oastal area, which is here c onsidered as 
the area between Z miles  and lZ mil e s  offshor e ;  (c)  the outer c ontinental 
shelf. which is here c onsidered as the area s eaward of a line lZ miles  
from shore and extending to the ZOO fathom depth c ontour ;  and ( d) the 
open sea, here c onsidered as thos e  oc eanic areas more than lZ mile s  
from shore with depths exceeding ZOO fathoms . 
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BRIEF DESCRIPTION OF A NUCLEAR SHIP REACTOR AND ITS 
OPERATION 

In this report, c onsideration has been given primarily to current 
American pr actice in the design and operation of water-c ooled nuclear 
reactor systems . There is  to date c onsiderable actual operating experi­
enc e with systems of both the pres surized water and the boiling water 
type .  (Desc riptions of  the s e  ar e given in technical manuals covering the 
Shippingport Atomic Power Station, Shippingport, Pennsylvania, the 
Army Package Power Reactor at Fort Belvoir ,  Virginia, the Experi­
mental Boiling Water Reactor at the Argonne National Laboratory, 
Lemont, lllinois ,  and the Vallecitos Boiling Water Reactor, Vallecitos , 
California.) 

Design and operation: A nuclear reactor for ship propul sion re­
places  c onventional boilers  fired by fos sil fuel . Thermal energy re­
moved by the reactor c oolant s erves to  form steam, either directly or 
indirectly, to drive the ship1 s propulsion equipment . Most of the other 
principal and auxiliary equipment a s s ociated with the power cycle is  
very similar to that u s ed in the conventional marine power system. 

In the typical r eactor, light water serve s  as a neutron moderating 
medium, as well as the heat transfer fluid . The uranium is fabricated 
in the form of plates or pin s ,  within a cladding, and as sembled as c on­
veniently handled fuel elements to form the reactor core . At start-up 
the exc e s s  volume created by thermal expansion of water in s ome type s  
of systems is  di splac ed a s  the reactor is  brought up t o  operating tem­
perature . This volume must nec e s sarily be replac ed when the reactor 
is shut down, to as sure that the system will be compl etely filled. 

This  exc e s s  volume from the rmal expansion is  one of the types 
of waste with which thi s rep ort is c onc erned . As  later de sc ribed, thi s 
water contains relatively low c onc entration s of radioactive c orr osion 
products and may, under some circumstanc e s ,  al s o  c ontain a c ertain 
variable c onc entration of fi s s ion p r oducts . The removal of the s e  ma­
terials  is g enerally acc omplished by the u s e  of a by-pas s  purification 
system through which a portion of the primary c oolant i s  c ontinuously 
circulated. 

Additional s ourc e s  of liquid radioactive wastes include: operational 
leakag e from various c omponents of the primary and auxiliary systems ; 
s ampling and laboratory wastes ,  and tho s e  due to equipment dec ontam­
ination ; and shower and laundry waste s ass ociated with the r eactor 
plant . The effluents ar e c ollected into holding tank s for storage, decay, 
and analysis  before being either tran sferred to shore  facilitie s ,  tr eated 
aboard ship, or directly di spo s ed of through contr olled di s charge over­
board . 

Shipboard reactor s are gene rally de signed to operate c ontinuously 
for two to three year s on a s ingl e loading of fuel ranging up to several 
thousand kilogram s of uranium, depending on the degree of its enrich­
ment.  Refueling will be programmed insofar a s  p o s s ible to c oincide 
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with conventional hull and machinery inspection and maintenance 
schedules . Liquid waste s as sociated with refueling will generally in­
clude drainage from the primary system, together with effluents from 
dec ontamination of reactor components and fuel handling facilities . 

As additional experience is obtained in the operation of both land­
bas ed and shipboard reactor systems, changes  will undoubtedly be made 
in design criteria, selection of material s,  and other factors influencing 
the character and volume of waste s .  Other types of reactor s will un­
doubtedly be used in some future nuclear-powered ship de signs . Thu s  
there are now in prog r e s s  s everal feasibility studies of the use  of or­
ganic - moderated and gas - c ooled nuclear reactor s .  The character and 
amount of waste s which might be introduced to the marine environment 
from such future de signs cannot be stated accurately now. It is believed 
that the se  general conclu sions  can be  utilized in formulating de sign 
criteria and operating doctrine, with respect to waste disposal into the. 
marine environment, for such future type s  of marine reactor s .  The 
specific c onsiderations presented he re are primarily dir ected towards 
the pre s ently planned water - c ooled marine reactor s .  

DEFINITION OF THE T ERM "WASTES" 

In the normal operation of a nuclear -powered ship, as with any 
conventionally p owered ship,  liquid effluent will originate from a num­
ber of source s .  Thus considerable quantitie s  of sea water are circu­
lated through the steam condenser,  and di scharged back to the marine 
environment . Sanitary waste s and water u s ed to wash down the decks 
and for similar normal operating purposes are usually discharged over­
board. The s e  liquid effluents would not normally contain any radioac­
tivity re sulting from the operation of the nuclear power plant, though it 
is conc eivable that s ome human or mechanical failure could alter this .  

It therefore i s  de sirable,  from a practical standpoint, to state 
some criteria s erving to clarify, within the scope of this report, whether 
a particular effluent could be considered as a radioactive waste or not. 
For this purpose the following working definition is proposed: 

A liquid effluent shall be clas s ed as a radioactive waste if the 
activity of the undiluted effluent exceeds the mpc values  for drinking 
water for the general public as  given in Title 1 0, Chapter 1, Part ZO, 
Code of Federal Regulations ,  Revised 1 95 9  (propos ed) . 

S olid material s  such as trash and. garbage are normally dis­
charged overboard from ship s at sea. �uch material would not be ex­
pected to have any activity originating from the operation of the nuclear 
power plant . In order to cover any eventuality, thi s working panel sug­
gests that: 

Solid material s  dis charged to  the oc ean shall be clas s ed as radio­
active waste s if the total activity of any whole solid segment exc eeds 
the total activity which would be contained by an equal volume of water 
having mpc value s for drinking water for the occupational worker as 
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1 ,  Part 20 C ode of Federal Re ulations Re-

POTENTIAL SOURCES OF RADIOACTIVE WASTES 

Of all the unwanted radioactive byproducts ,  or  waste s ,  produc ed 
in the operation of a nuclear reactor , the fi s sion products  c ompri s e  the 
bulk . Under present and contemplated de sign, the s e  fi s s ion pr oducts 
would be c ontained largely in the spent fuel elements . Additional waste s 
result from the induced activity of c orrosion p r oducts in the primary 
c oolant, together with small amounts of fis sion products  which may be 
transfer red to the primary coolant as a re sult of minor failure s  in the 
cladding of the fuel elements . The amount of radioactive material s  in 
the primary c oolant is maintained at r elatively low level s  by u s e  of a 
bypa s s  purification system resulting in the accumulation on ion exchange 
re sins of c orrosion product activity, and a con s iderably s maller  
amount of  fi s sion pr oduct activity . 

The greater part of the fi s sion products i s  r emoved from the 
ship in the spent fuel elements  at the time of refueling . The pos s ible 
ultimate fate of such high level waste s i s  beyond the s c ope of this  r e ­
p ort . It i s ,  however,  our basic a s sumption that the s e  high l evel waste s 
do not ente r the marine environment through normal ope ration of a 
nuclear-powered ship . Only in the c a s e  of a highly improbable maxi­
mum c redible acc ident c ould any portion of the s e  material s  ente r the 
marine envi ronment . 

The potential s ourc e s  of radioactive waste s which might be dis­
charg ed to the marine environment from nucl ear-powered ship s are,  
then: ( a) the expansion volume of primary c oolant during warm-up of 
a pres surized water reactor ; (b)  operational leakag e from various  c om­
ponents of the primary and auxiliary sy stems ,  and waste s from the lab­
oratory, from sampling , from equipment dec ontamination , and shower 
and laundry waste s a s s oc iated with the r eactor plant; ( c )  ion exchange 
r e s ins  which remove c orrosion products from the primary c oolant; 
and ( d) c ontaminated s olid material s .  

AMOUNT AND COMPOSITION OF WASTES 

The amount and composition of radioactive wastes  cannot be pre­
dicted accurately for  all potential marine reactor s .  In  order  to  have 
s ome r eas onable basis  for evaluation, data for the propos ed N .S .  
SAVANNAH, obtained from the report of  the Maritime Admini stration 
entitled "Waste Disposal C onsideration s in the Nuclear - P owered 
Merchant Ship Program" ( January, 1959),  have been employed as  rep­
r e sentative of  the c ompos ition and amount of  "typical" potential radio­
active waste s from a nuclear-powered merchant ship . 

In addition, actual operating data from the nuclear-powered sub­
marine NAUTILUS have been made available in the report "Radioactive 
W aste Disposal fr om U . S .  Naval Nuclear-Power ed Ship s" ( January, 
1 959) pre sented for inclusion in the rec ord of the public hearing s on 
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indu strial radioactive waste disposal held by the Special Subc ommittee 
on Radiation of the Joint C ommittee on Atomic Energy, C ongre s s  of the 
United State s ,  2 7  January to 3 February, 1 959 . The s e  data al s o  have 
been utilized by thi s  working panel . 

The major s ourc e of potential liquid waste i s  the primary coolant. 
For the SAVANNAH, * after 5 0  day s of operation.during which a s ingle 
ion exchange bed has been utilized for by-pas s clean-up, and a s suming 
1530 gram s  of expo s ed fuel, it is e stimated that the concentration of ac­
tivity of the significant i s otope s in the primary coolant will be about 
8 x 10·2 IJ.C / ml,  of which the greatest amount will be Cr 5 1 ,  Co 60, Fe 
55, and T a  182. Strontium 90 i s  e stimated to have a c onc entration in 
the primary c oolant water of 1.4 x lQ-7 IJ.C/ml. 

The expansion volume during reactor warm-up i s  estimated to 
amount to 2 90 ft3 , or 8.2 x 1o6 ml. Thu s  during each warm-up a total 
relea s e  of about 6 .8  x lQ•l curies  would occur . Cr 5 1  would c ontribute 
about 0.4 curies ,  while C o  60 , Fe 55 and Ta 182 would contribute about 
0.1 curie each, and Sr 90 would contribute about 1 x 10-6 curies per 
warm-up to the potential liquid effluent. Leakage and other minor 
s our c e s  of liquid waste might c ontribute 100 g al s / day, or 3.8 x 105 ml, 
of liquid effluent of about the same activity as the warm-up water .  Thi s  
would b e  equivalent t o  a total activity p e r  day of 3.0 x 10·2 curie s .  

A s suming that each ves s el had an average of two warm-up s per 
month, the total potential activity in the liquid waste s from one ship 
during one year ' s  operation would be 1 6  curie s from warm-up and 1 1  
curies  from leakage and other minor s ource s .  

The ion exchange resins  u s ed in the by-pas s clean-up of the pri­
mary c oolant would c ontain far g reater activity than that present in the 
primary c oolant its elf. It i s  e stimated that in the present merchant 
ship de sign the s e  re s in s ,  after 50 days of operation, would c ontain a 
total activity of about 400 curie s ,  with C r  5 1 ,  Ta 182, C o  60, and Fe 55 
each c ontributing about 100 curie s .  As suming a change of resin every 
50  day s ,  the total activity released per ship per year from this source 
would be 2900 curie s .  

It i s  e stimated in a later section of this  report that 300 nuclear­
powered ship s of all nations will be  in s ervice by 1 975 . The se 300 ship s 
would then p otentially releas e  to the marine environment approximately 
2 5 0 0  curies  per year from expansion water,  some 3400 curies  per year 
from leakage and othe r  minor s ource s  of liquid waste s ,  and s ome 
9 x 105 curie s per year from the ion exchange beds . 

•Since completion of this report, subsequent re-evaluation of the probable character and activity 
of the primary coolant and the ion exchange resins has been issued by the Oak Ridge National 

Laboratoty (1959). While this ORNL repon includes somewhat different values for the activity 

in these potential wastes, the general conclusions arrived at here remain unchanged. 
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Acc ording to the report "Radioactive Waste Disposal from U .  S .  
Naval Nuclear-Powered Ship s ", the actual operating re sults of the 
U . S .  S .  NAUTILUS and the U . S .  S .  SKATE have produced radioactive 
waste s c onsiderably les s ,  both in intensity of activity and in amount, 
than tho s e  predicted in the Maritime Administration ' s  report for the 
SAVANNAH. The average gross  activity of the primary c oolant of the 
NAUTILUS, 1 5  minute s after s ampling,  was 5 x 10"2�JCfml. However, 
the bulk of thi s activity was as sociated with Mn 56 { 2 .5 hr half life) and 
F 18 { 1. 9 hr half life) . The gro s s  activity 120 hours after s ampling has 
averaged 3 x 10 ·3 IJ.c / ml .  The measured activity of C o  60, Fe 59 ,  and 
Ta 1 8Z has averaged 5 .7 x 1o-6, 1 .5 x 10-4, and 7 .3 x 1 0·3 IJ.C /ml re­
spectively . Fe 5 5  apparently doe s not occur in measurable quantitie s in 
the primary c oolant of the NAUTILUS . 

The expansion volume on warm-up for the NAUTILUS i s  much 
le s s  than that predicted for the SAVANNAH, averaging about 500 gal s  
{ 6 7  cubic feet) . T:'le maximum activity on the spent ion exchange resin s  
i n  the NAUTILUS, and the rate at which the s e  re sin b e d s  require re­
plac ement, are likewis e  much le s s  than the c orresponding figures  for 
the SAVANNAH. The total activity on the spent re sin beds is reported 
to be no more than 1 Z .5 curie s ,  with the bulk of the activity { some 1 0  
curies)  re sulting from C o  60 . The beds have requir ed replacement 
about once every six months . 

Durin� each warm-up involving the averag e  discharge of 67 ft3 
or 1.9 x 10 ml, the NAUTILUS then releases  approximately 9 . 5  x 10"2 
curies  {measured 15 minute s afte r  sampling) . C o  60,  Fe 59 ,  and T a  1 8Z 
would contribute 1 . 1 x 1 0·� curies ,  2 .9 x l<r4 curies ,  and 1 .4 x 10"2 
curies ,  r e spectively . As suming two warm-up s  per month, the total 
activity in the expan sion volume liquid waste s from the NAUTILUS 
during one year would be about Z .3  curie s measured 1 5  minute s after 
sampling and 0.14 curie measured 1 00 hour s afte r  sampling . 

In c omparis on with the s e  amounts ,  the activity in the fi s sion prod­
ucts c ontained in the spent fuel element s i s  quite large .  Thu s  the fi s­
sion products in  the fuel elements  from a 60 MW reactor which had 
been in s ervice for one year on a nuclear-powered ship would amount 
to over 1 07 curie s .  

It has been stated that the vast majority of the fi s sion product 
wastes  will be  stored on land, after chemical s eparation from unus ed 
fuel and us eful by-products . However,  even a small fraction of this 
activity could be significant if releas ed in c oastal areas . Release of 
activity to the c oastal environment by land bas ed nuclear installations ,  
particularly chemical proc e s sing plants ,  may be difficult t o  avoid. 
Thu s ,  under a carefully c ontrolled program de signed to limit the re­
turn of activity to man to a safe level, the Winds c ale Works in England 
is authorized to release over 1 0� curie s per year into the c oastal 
waters of the Irish Sea. The major part of the s afe capacity of these 
inshore areas should then be r e s e rved for land based operations ,  since 
nuclear-powered ship s c ould c onceivably delay dis charge of waste s 
until outs ide such area s .  
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Nuclear-powered ship s  will spend a part of their time in areas 
well r emoved from man,  where perhap s the disposal of limited amounts 
of waste s would not re sult in ready return to man through the food chain . 
The s e  ship s  will al s o  spend part of their time in region s  of high human 
activity, such as harbors and harbor approache s .  The release of even 
very small amounts of radioactive material s in the se  latter envir onments 
might re sult in the return to man, thr ough the food chain, of undesirable 
amounts of activity. For this reason even the relatively small amount of 
activity pre s ent in the primary c oolant is  c on sidered de s erving of con­
sideration. 

PREDICTED NUMBER OF NUCLEAR- POWERED SlllPS 

In order to evaluate properly the capacity of the variou s  parts of 
the marine environment to receive radioactive wastes from nuclear­
p owered ship s ,  it is  nec e s sary to have a reas onably c orrect prediction 
of the number of such ship s which will be operating on the world oceans 
within the next s everal decade s .  Efforts to obtain such an evaluation 
have not re sulted in c onsistent estimate s ,  within even an order of mag­
nitude .  For this  reas on the evaluation presented herein is  based on an 
arbitrary number of 300 nuclear-powered ship s of the 60 MW clas s .  
It i s  believed that thi s figure  should safely apply to the next ten to fif­
teen year s .  Thus ,  adequate time i s  available to revise  the c onclusion s  
made here on the basis  o f  more dependable estimate s of the probable 
number of nuclear-powered ship s which will, in the foreseeable future, 
operate on the world oc eans . Undoubtedly, better information than is 
now available on the allowable exposure of man to radiation, and on the 
proc e s s e s  of dispersion, uptake, and conc entration in the marine envi­
r onment, will become available over the next ten year s,  making such a 
r e - evaluation desirable in any case . 

GENERAL APPROACH TO THE PROBLEM 

The fate of radioactive material introduced into the marine envi­
ronment is dependent upon the following considerations : 

1 .  The physical and chemical form in which the material oc cur s 
at time of introduction, together with any relatively rapid changes  in the 
physic al  and chemical character of the introduced material which occur 
when it is  brought into c ontact with s ea water . The sub s equent di spe-r ­
sion by physical proce s s e s  and re- concentration by the biota and bottom 
materials will be greatly affected by the physical and chemical form in 
which the waste s occur in s ea water .  

l .  Initial mechanical dilution of the waste s by the receiving water s ,  
which will depend upon the manner of introduction. Thus a liquid waste 
will be subject to greater initial mechanical dilution if introduc ed as  a 
strong jet into the body of the rec eiving wate r s ,  than if introduced as  a 
g ently flowing stream on the surface .  Large initial mechanical dilution 
is imp ortant in reducing the dens ity differenc e between the initial c on­
taminated volume and the sur rounding receiving water s .  Thi s reduction 
in turn favor s sub s equent turbulent diffusion .  
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3 .  Advection of the wa ste material away from the s ource region, 
and simultaneous turbulent diffusion, which lead to reduced c onc entra­
tions of the radioactive components in the water . 

4. Uptake of the activity onto suspended s ilt and bottom s ediments ,  
which removes s ome of  the radioactive material s from the water, and 
re stricts further disper sion . In deep water such removal would be fa­
vorable since material inc orp orated with the bottom sediments there 
would be unlikely to r eturn to man ' s  envir onment . In shallow c oastal 
areas c ontaining bottom living shellfish and bottom feeding c ommercial 
fin fish, c onc entration of radioactivity on the bottom may be unfavorable 
s ince the se detritus  and filter feede r s  may further c oncentrate the ac­
tivity from the bottom material .  

5 .  C onc entration of activity by various parts of the biota, includ­
ing shellfish and fin fish important to man as a s ource of food . Some 
imp ortant fis sion products and c orrosion pr oducts are c onc entrated by 
marine organi sms by factor s  of 1 00 to 1 0 , 000 over the c onc entration s 
of thes e  i s otopes in the water . 

The evaluation of the suitability of any particular marine locality 
as a receiver of nuclear waste s ideally involve s the preci s e ,  step by 
step c onsideration of all factor s affecting the poss ible return of radio­
active material to man . The general proc edure is  the same whether the 
evaluation c oncern s :  (a) the s election of suitable disposal areas for 
packaged waste s ;  (b) the s election of the position of an outfall di scharg­
ing low level liquid effluent fr om a chemical proc e s s ing pl ant; ( c )  the 
c on s ideration of the suitability of a given harbor or ha rbor appr oach to 
rec eive low level liquid waste s from nuclear powered ship s ;  or { d) the 
determination of the suitability of the mixed layer of the open ocean to 
rec eive waste s from the ion exchange re sin s  on nuclear p owered ship s .  
Under standing of many of the physical and biologic al proce s se s  involved 
i s ,  however,  far from adequate, and furthe r r e s earch is rec ommended 
to p r ovide a more adequate foundation for the determination of the ca­
pacity of any particular marine locale to rec eive nuclear waste mate­
rial s without undue ri sks to man . 

Figure 1 presents in schematic form such a step by step procedure . 
The s olid ar rows between blocks on the diagram indicate the r oute taken 
by the radioactive material in returning to man, while the dashed arrows 
indicate the reve r s e  c our s e  taken in the evaluation . The starting point 
in the evaluation is m.ildl· In order to make any evaluation of the problem 
at all,  some maximum permi s s ible rate of exposure mu st be adopted . 
The usual basis for the selection of such a maximum rate would be 
national ( or international) published statements of  the maximum p ermis ­
s ible inge stion rate for the various i s otop e s ,  for the general population . 
At the outs et it should be rec ognized that such a maximum permis sible 
rate of exposure is not the most de sirable rate . The latter,  where tech­
nical and ec onomic feasibility allow, should be as  close to zero as pos­
sible .  Thus  in  making thi s evaluation, s ome real ,  though admittedly 
extremely slight, risk to the general public is a s sumed.  
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F IGURE 1 

Schematic Presentation of the Step-by-Step Cons iderations which Should be nade In Evaluating 
the Suitabi l ity of Any Morine Locale as a Receiver of Nuc lear Wastes 
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Considerable care should be taken in any evaluation that the po­
tential additive effect of exposure to radiation from various  s ource s  
i s  given due c onsideration . The second step in the evaluation is  then a 
c onsideration of all s ourc e s  of radiation exposure to the particular seg­
ment of the population which would al so  be potentially affected by the 
waste disposal operation s .  On the basis of such c on sideration a p ortion 
of the maximum permis sible dos e  is as s igned to sea disp os al .  

The next step is  the consideration of the various route s which the 
radioactivity c an  take in reaching man from the marine environment . 
Here  an evaluation of the uses  man makes  of the marine envir onment is  
required. The pos sible danger of direct radiation, the harvest of sea­
food, p o s s ible c ontamination of fishing gear and of beach s and are s ome 
of the items which should be considered at this stage of the study . 

The determination of the maximum permis sible conc entrations of 
the various  significant isotope s in thos e  parts of the marine environ­
ment ( s eafood, bottom s ediments ,  and shore material) , which c onstitute 
the route s by which radioactivity may return to man from the s ea, then 
follows as the next step in the proce s s .  From a consideration of the 
known factor s by which the biota and the s ediment concentrate the var­
ious  radioactive isotopes  from the s ea water ,  it is then pos sible to ar­
rive at the maximum permi s s ible c oncentration of the various isotopes 
in  the sea water .  

The final step s involve evaluating the change s  in the conc entration 
and distribution of radioactivity which may be br ought about by 

( a) exchange between bottom sediment and suspended or di s s olved 
material in sea water ;  

(b) advection and turbulent diffu sion, both within a given marine 
environment and between adjac ent environments ; 

( c )  initial mechanical dilution, influenc ed by manner of di scharg e ;  
and 

{d) physical and chemical form of the waste s at time of release.  

The end re sult i s  an e stimate of the maximum rate of introduction 
of radioactive material which will not exc eed the maximum permis sible 
conc entration in sea water . 

In the pres ent problem of waste disposal from nuclear-powered 
ship s ,  some modification of thi s ideal step - wise  proc edure must be 
made since we are not dealing with a fixed region of the marine or 
coastal environment . For this reason it has been nece s s ary for thi s 
working group to take a c on s ervative ( safe) as sumption at each step of 
the evaluation . Thu s ,  for inshore and c oastal environments ,  when 
c onsidering the r eturn r oute to man of radio- i s otopes  thr ough s eafood, 
the as sumption u s ed here is that man rec eive s all hi s pr otein require­
ment from seafood, and that the highe st known c oncentration factor for 
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the particular isotope to the edible marine biota is  applicable . Any 
specific evaluation of a particular marine locale, such as a harbor in 
which nuclear ship te sting and servicing are carried out, or which s erves 
as a primary port for nuclear powered ves sel s ,  can be based on the 
study presented here, taking into account the actual utilization of that 
particular marine environment by man . 

BIOLOGICAL SIGNIFICANCE OF THE VARIOUS PARTS OF THE MARINE 
ENVIRONMENT 

With respect to the various physical and biological proc e s ses  
leading to  contamination of man 1 s food from the sea, the marine envi­
ronment may be subdivided in the following manner : 

1 .  The near shore areas , including the intertidal zone of the open 
c oast and the areas which are partially enclosed by land, i .e . ,  harbor s ,  
bay s ,  e stuarie s ,  lagoon s ,  and pas sages  separated from the open s ea by 
fringing islands . 

z .  The c ontinental shelf, and overlying water s .  The continental 
shelf is the submarine rim of a land mas s .  It extends from the beach 
s eaward and ends at a depth of about ZOO meter s  with a slope desc ending 
more or le s s  precipitously into the deep sea.  It may be only a few mile s  
wide, a s  it i s  along the c oast of California, o r  it may reach out over 1 00 
miles  into the ocean, as it doe s off the North Atlantic c oast of North 
America. 

3. The deep sea beyond the continental shelf. 

An important further subdivision of the deep sea and the outer 
continental shelf must be rec ognized for our purpose .  The upper 1 00 
meters  (more or l e s s )  from the shore outward is a layer in which the 
water is  mixed by various proc e s s e s  brought about by wind and seasonal 
change s  of temperature .  A sharp density gradient of considerable 
thickne s s  s eparate s thi s mixed layer from the water below, which is 
generally more stabl e ;  the density gradient c onstit\lte s a barrier which 
impede s exchange between the deeper water and the mixed layer . 

The near shore  environment is the habitat of c ommercially im­
portant oysters  and clam s ;  it is a principal habitat of s ome highly valued 
game fishe s ;  it is  an e s s ential nur sery ground for other commercial 
species .  Seaweed industrie s gather their raw material in this area. 
It i s  the only part of the sea that c an  be cultivated like farmland; and 
it provide s exceedingly important fishing grounds for thousands of men, 
mo st of them working with small c raft. 

Upon the c ontinental shelf live many c ommercially important in­
vertebrate s and fish, together with plants and animals of indirect eco-

. nomic value as food for the species utilized by man .  Center s  of fish 
population c oncentration shift diurnally and sea s onally .  There are few 
unpopulated areas . C ertain commercial species range freely both 
within and below the mixed layer, over the continental shelf and the 
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deep oc ean. We cannot specify any of the marine environments from 
the land out to the deeper parts of the slope s of the c ontinental shelf 
which are ab s olutely devoid of exploited or exploitable food resources,  
e specially a s  world populations and food needs c ontinue to expand . 

GENERAL CONSIDERATIONS ON CRITERIA OF ACCEPTABILITY 

The International Commission on Radiological Protection and the 
U .  S .  National C ommittee on Radiation Protection have estimated the 
maximum permis sible total body burden of various radio- isotopes and 
the c orre sponding maximum permis sible c oncentrations in drinking 
water . The s e  have been publi shed by the U .  S .  National Committee in 
Handbook SZ of the National Bureau of Standards ( 1 95 3 ) . A revision by 
the International C ommi s sion on Radiologic al Protection is under prep­
aration ; data from this forthcoming revision have been utilized by AEC 
in preparing tables  c ontained in Title 1 0, Chapter 1 ,  Part ZO , Code of 
Federal Regulations ,  Revised 1 95 9  (propos ed) . 

Permi s sible c onc entrations in the marine environment are u su­
ally calculated on the basis of the se maximum permi s sible body burdens 
or maximum permi s sible c onc entrations in drinking water by : ( 1 )  as­
suming a factor relating maximum permi s sible exposure of the general 
population to the maximum permi s sible exposure as  an occupational 
hazard (Dunster,  1 9 5 6, for example, u s ed a factor of 1 / 1 0 ;  Carritt, et 
al . , 1 958 ,  use  the mpc ' s  in Handbook 5 2 ) ;  ( Z) calculating, from reason­
abl e and c onservative as sumption s ,  the quantity of radionuclide s that 
will reach man from given quantitie s  in the environment . By further 
c on s idering the relationship between the rate of introduction of a nu­
clide and the re sulting c onc entration in the environment, there can 
finally be e stimated the maximum permi s s ible rate of dis charge into 
the environment . 

Thi s i s  a reas onable proc edure and i s  similar to the one that we 
have followed . However ,  it should not be as sumed that the maximum 
permi s sible rate of dis charge of nuclides into the environment is the 
s ole  c riterion for determining the acc eptable rate of di scharge .  The 
acceptable dis charge should be that quantity, le s s  than the maximum 
permi s s ible ,  which i s  reasonable, taking into account the cost of re­
duc ing the quantity . In  s ome cases  where the cost of alternatives is  
low and the advantage s  to  be gained by such alternatives  are great, the 
ac c eptable di s charge of radioactive wastes may be zero.  This i s  em­
phasized bec ause ,  although it ha s been repeatedly pointed out by other 
c ommittee s dealing with such problem s ,  it ha s often been ignored . 

B oth the Inte rnational C ommis sion on Radiological Protection 
( 1 950)  and the U . S .  National Committee on Radiation Protection ( 1 95 3 )  
have recommended that exposure t o  any type of radiation b e  kept t o  the 
lowe st level deemed p o s s ible or practicable . Evidenc e that the re may 
be no thre shold value for radiation damage, either s omatic or genetic,  
led the U.  N .  Scientific C ommittee on the Effects of Atomic Radiation 
( 1 958 )  to the c onclu sion that any amount of radiation, no matter how 
small , may be harmful in s ome degree . 
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On the other hand, this same U .  N.  C ommittee { 1 958)  stated that 
"the pos sibility cannot be excluded that our pres ent estimates exagger­
ate the hazards of chronic exposure to low level s of radiation" . There 
is  obviou sly need for much intensive res earch on all a spects of the 
problem. For the pre sent, it is evident that the only proper c our s e  to 
pur sue ,  in r egard to exposur e of man to radiation, i s  a cautious one . 

It should be  noted that the maximum permis sible c onc entrations 
in drinking water tabulated in Handbook 5 2 ,  and in similar publications ,  
are calculated on the a s sumption that thi s i s  the only s ource of man ' s  
intake of an isotop e .  If a man i s  inge sting quantitie s from s everal 
source s ,  the total intake should not exc eed the intake corresponding to 
the mpc for drinking water time s 2 ,2 0 0  {the daily water intake,  in mil­
liliters ,  as sumed in Handbook 52 ) . Therefore ,  in e stimating the max­
imum permi s s ible level in any particular s ource ( such a s  in food fr om 
the sea) ,  ac count must be taken of all other s ourc e s .  

On the other hand, c are must al s o  b e  taken to appr eciate the full 
significance of the terms "maximum permis sible exposur e "  and "max­
imum permi s sible c oncentration" . The s e  terms , as used here ,  ar e 
bas ed on the effects of c ontinuous exposure to a large human p opulation 
over  the average life span.  Thus l ocal ,  short term c onditions in which 
conc entrations of radionuclide s exc eed the mpc values  may be  per­
mis sible,  pr ovided that the total exposure over a relatively long period 
of time remains below the requir ed average for that period .  

PROCESSES DETERMINING THE CONCENTRATION OF NUCLIDES IN 
THE MARINE ENVIRONMENT AND IN SEA FOOD 

The phys ical,  chemical ,  and biologic al proc e s s e s  affecting the 
distribution of radio- i s otop e s  in the s e a  have been c onsidered in s ome 
detail by Revelle ,  et al . ( 1 95 7 ) ,  and the proc e s s e s  in coastal waters 
particularly have been r eviewed by Garritt, et  al . ( 1 958) . It  i s ,  how­
ever,  desirable to c on s ider s ome of the s e  matter s here ,  with particular 
referenc e to the p r oblems of di sposal of waste s from nuclear-power ed 
ship s .  

Physical effects : The oc ean s  are stratified in appr oximately a 
two layer sy stem, with an upper ,  mixed layer about 1 0 0  mete r s  thick, 
s eparated from the deeper  water s  by a r egion of rapid inc reas e in den­
sity, which acts as  a bar rier to vertical mixing . In partially enclosed 
basins {harbors and e stuarie s )  interchange between the water s  ther e of 
and the water s  of the upper mixed layer of the open sea  i s  often inhib­
ited,  so that the rate of dilution of p ollutant in the water of the basin i s  
a great deal less  than the rate of dilution due t o  eddy diffusion i n  the 
open s ea .  Where the basin has a shallow entranc e ,  there usually will 
be developed in the basin below the entrance depth a body of water which 
stagnates seas onally or permanently, and in which there  can be a con­
siderable ac cumulation of elements which fall out as  particles  from the 
upper layer . The interchange of water from partially enclosed basins 
with the open s ea depends on a number of factor s including ( 1 ) the to­
pography of the basin,  {2) the amount of fresh water runoff into the 
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basin, ( 3 )  the rate of evaporation from the surfac e,  and ( 4) the tidal 
and other currents in the water s of the basin .  The flushing time (mean 
residence time of a water particle ) is highly variable among e stuarie s ,  
from a few days t o  a year o r  mor e .  

Geochemical effects : Several thing s c an happen t o  radioactive 
materials  introduc ed into the s ea as liquid wastes . They may r emain 
in solution or be precipitated out, depending on whether or not the s olu­
bility product of the least s oluble c ompound in s e awater has been ex­
ceeded. Dis s olved sub stanc e s  may al s o  be precipitated by c oprecipi­
tation with other elements  or by sorption on organic or inorganic parti­
cle s already present in the sea.  B oth particle s  and di s solved material s  
may als o  be taken up by organisms and enter into biochemical cycle s .  

Krumholz, Goldberg and Borough s ( 1 95 7 )  point out that the el e­
ments of Group s I, 11, V, VI, and Vll usually occur as  ionic forms in 
s eawater (these  include C s ,  Sr ,  B a, Zr ,  Cu, Zn, and I) while the other 
element s ,  except the rare gases ,  oc cur as solid pha s e s  ( e .  g. Y, Fe, 
Co,  and Ru) . The s e  author s  al s o  tabulate ,  from Greendale and Ballou 
( 1 954) ,  the physical state s of elements following detonation of an atomic 
bomb, which probably al s o  indicate s the phy s i c al state s r e sulting from 
waste products intr oduced into the sea .  The material is reproduc ed 
here in Table 1 .  

TABLE 1 

PHYSICAL STATES OF ELEME NTS IN SEAWATER 
(from Greendale ond Ba l lou, 1 954) 

Percentage in gi ven phys i c al state 

E lement Ion i c  Col l o idal Part i c u l ate 

Ce s ium 70 7 23 

Iod i ne 90 8 2 

Stront ium 87 3 10  
Ant imony 73 1 5  1 2  
Tel lur ium 45 43 1 2  
Mol ybdenum 30 10 60 
Ru then ium 0 5 95 

Cer ium 2 4 94 
Z ircon i um 1 3 96 
Yttr ium 0 4 96 
Niobium 0 0 100 

Gravity effects on particulate matter in the sea will tend to re­
move from the seawater radio- i s otopes  inc orporated in such particle s ,  
which eventually settle t o  the s ea bottom. In the deep sea such sedi­
mentation will remove radio- i s otopes  from the domain of harve sted 
marine organi sms . In the near shore and c ontinental shelf wate r s ,  
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however ,  it may tend to c oncentrate them in the bottom sediments from 
which they may be returned to the water or taken up by bottom-living 
food organisms . 

Biological effects : A number of elements ar e concentrated in the 
bodies of organi sms by s everal order s  of magnitude over their abun­
danc e  in natural water s .  Radio- isotopes of such elements are, there­
fore,  c onc entrated in man ' s aquatic foods . As pointed out by Ketchum 
( 1 95 7} ,  the c onc entration of certain elements by organisms,  subsequent 
migration of the s e  organi sms, and gravitational effects on their excreta 
and remains , all c ombine to produc e  a circulation of thes e  elements 
which differ s  from the circulation of the water . This is of particular 
imp ortance in inshore and e stuarine water s  where, as shown by Ketchum, 
there may r e sult an accumulation of an element greater than that in the 
source  water s .  Revelle and Schaefer ( 1 95 7) have noted also that "The 
time required for removal of radioactive materials from estuaries  
will, in  g eneral , be much greater than the flushing time of  substances  
that are  not ab s orbed by  organi sms or taken up by  bottom sediments " .  

MAXIMUM PERMISSIBLE CONCENTRATIONS IN SEA FOOD 

As we have noted above, the maximum permi s sible body burdens 
of various  radio- i sotopes  and the c orre sponding maximum permis sible 
conc entrations  in drinking water as  applicable to the general public 
(calculated under the as sumption that this is the only s ource of the in­
ge sted is otope) have been tabulated in Title 1 0, Chapter 1, Part Z O ,  
C ode of Federal Regulations ,  Revised 1 959  (propos ed) . The s e  a r e  re­
capitulated in Table Z for a number of isotope s ,  including the more im­
portant c orrosion products and fi s s ion products which may occur in 
waste s from shipborne reactor s .  

Two additional c on s ideration s  are required in ar riving at the 
maximum permi s s ible c onc entrations in seafood which would be per­
mitted to originate from waste di spo s al operations of nuclear-powered 
ships . The fir st of the s e  involve s e stimation of the amount of s eafood 
which would be ing e sted, per unit of time , by a s egment of the popula­
tion . The second involve s allocating to ship waste disposal a c ertain 
share of the maximum permi s s ible dose which man may receive from 
the utili zation of atomic energy.  As has been pointed out earlier,  food 
from the sea i s  not the only s our c e  of inge stion of radio- i s otopes ,  and 
nuclear -powered ship s are not the only potential s ource of introduction 
of radioactive material to the sea .  Ther efore,  it is nec e s s ary to de­
cide how much of the maximum permi s s ible intake shall be allocated 
to the re sults of waste disposal from nuclear - p owered ships . 

Since the maximum permi s s ible conc entration s so  determined 
apply only to that activity orig inating from nuclear ship operation, they 
ar e actually partial permi s sible c onc entrations (ppc ' s ) and are so de s ­
ignated in this  report. 

The evaluation of how much of the maximum permis sible intake 
should be allocated to the r e sult s  of waste di spos al from nuclear -

1 5  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

C o n s i d e r a t i o n s  o n  t h e  D i s p o s a l  o f  R a d i o a c t i v e  W a s t e s  F r o m  N u c l e a r - P o w e r e d  S h i p s  I n t o  t h e  M a r i n e  E n v i r o n m e n t
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 4 4

http://www.nap.edu/catalog.php?record_id=18744


TABLE 2 
DATA OM CERTAtc RADIOISOTOPES WHiat MAY IE PRISEMT 1M WASTE 

FROM NUCLEAR POWERED SHIP REACTCitS 
Maximum* 

Permi ss ible rnpc: in Parti al Perm i ss ible Concentration in Marine Food 

I sotope 

Cobal t  60 
Iron 5S 
Iron 59 
Chromium 5 1  
Copper 64 
TCWitalum l 82  
Z inc 6S 
Cesi um 1 37 
Strontium 90 
Z irconium 95 
Niobium 95 
Ruthen ium 106 
Cerium 144 
Iod i ne 131  

Half 
L i fe 

5.2 y 
2.9 y 
45 d 
27 d 

1 2.8 y 
1 12 d  
250 d 

33 y 
28 y  
6S d 
36 d  

I y 
280 d 

8 d  

Total Body Drink ing** 
Burden Water 

( uc) (uc/m l )  

10 3xJo·s 
l x l ol  8xJ0•4 

20 5xl0"5 
800 2x Jo·3 

10 2x J0·4 
7 4x Jo·5 

60 l x J0-4 
30 2x10"5 

2 1 x 1 o·7 
20 6x J0·5 
40 l x J0•4 

3 l x J0•5 
5 l x J0• 5 

7x lo·1 3x J0-6 

f01 Cases ( ... footnotes) :  
( I )  (2) (3) (4) (S) 

( uc/g} ( uc/g} ( uclg) (uc/g) ( uc/g} 

3x J o·5 6x Jo·5 3xJ o·4 l x J 0·4 7x l0"4 
Sx J0-4 2x Jo·3 8xl0"3 4xJ o·3 2xl0"2 
5xJ 0"5 l x J 0-4 5xJ0-4 2xJ0-4 l x lo·3 
2x Jo·3 4x J o·3 2x Jo·2 l x l o·2 5xJo·2 
2x J0-4 4xJ0-4 2x J 0·3 lx lo·3 5xJo·3 
4x Jo·s a. Jo·s 4x J0-4 2x Jo·4 l xJ0·3 
l x J0•4 2xJ0-4 l x lo·3 5x Jo·4 2xJo·3 
2x10"5 4x J 0"5 2x J0-4 l x lo-4 5xJ0-4 
l x 1 0"7 2x1 o·7 l xJ0-6 5x10"7 2xJ0-6 
6x i0·5 lxJ0-4 6x J0-4 3x J0-4 l x J0·3 
l x J0-4 2x Jo·4 l x J 0·3 5xJ o·4 2x Jo·3 
l x lo·S 2x Jo·5 l x 10"4 5x Jo·5 2x J 0-4 
l x J0•5 2x Jo· 5 l x J 0-4 5x 1 0"5 2x 1o·4 
3x 10"6 6x l o"' 3x J o·s 2x Jo· s 7x Jo·5 

Partial P., i u i ble Concentr ation in S.a Water 

Isotope 

Cobalt 60 
Iron 5S 
Iron 59 
Chromium 51 
Copper {oil 
TCWitalum 182 
Z inc 6S 
Ces i um 137 
Strontium 90 
Z irconium 95 
N iob ium 95 
Ruthen ium 106 
Cerium 144 
Iodi ne 1 3 1  

Concentration Factor••• S. a  Water to; 
lnvertebrat .. F i sh F i ah 

!edib le earta) !•oft earta) !skeleton) 

lo4 
J04 lol 5xl o3 
lo4 lol 5xlo3 
lol (6) 

5x l o3  lol l ol 
lol (6) 

5xl o3  l ol 3xlo4 
so 10 
10 I 200 

2x lo3 (7} 
200 1 00  

l ol  (7} 
Sx l o3 (7} 12 (8) 

100 10 

far Caaea ( ... footnotes): 
( I )  (2} (3) (4) 

!uc/ml)  !uc/ml) !uc/ml) !uc/ml) 

3xJo·' 6x l 0"9 3x J o·• l x lo·• 
a. J o·• 2x10"7 a. Jo·7 4x Jo·7 
5x10"9 l x 10"1 5x Jo·8 2x J o·• 
2xJo·6 4x Jo·' 2x J 0·5 1 x 1o·s 
4x Jo·• a. w• 4x J o·7 2x J 0·7 
4xJo·• S. J0-1 4x Jo·7 2x J0•7 
2xJ0·8 4xJo·• 2xJo·7 l x J 0·7 
4x Jo·7 8xJo·7 4x J o·' 2x J0-6 
5x Jo·9 l x lo·• Sx Jo·• 2x 10"1 
3x Jo·• 6x Jo·• 3x J0·7 l x J0•7 
5xJo·7 l x l o·6 5xJ o·6 2xJ0-6 
1 x 1o·• 2x Jo·• l x l 0"7 Sx J o·• 
l x 10"9 2xJ o·9 lxJ0·8 Sx J o·' 
3x Jo·8 6xJo·• 3xJo·7 J xJo·7 

• From Title 10, Chapter I, Part 20, Code of Federal Regu lations, Revi sed, 1959 (proposed). 

(5) 
!uc/ml)  

7x J o·• 
2x Jo·' 
l x J0•7 
5xJo·5 
l x J0·6 
l x J0-6 
5x Jo·7 
J x Jo·s 
lxlo·7 
7xJo·7 
l x ! O"s 
2x Jo·7 
2x 10"' 
7xlo·7 

•• Fram T itle 10, Chapter I, Part 20, Code of Federal Regu lations, Revi sed, 1 959 (propoaed}, f01 the g-ral publ ic. 
s-• as 1/IOth the values g iven in Handbook 52, Revi sed, 1 959 (proposed). 

••• Data from Revel l e !! 2!· ( 195n; Ketchum and Ch ipman ( 1958); except as otherwi •• noted bel ow. 

( I } Harbora, eltuoriea, and inshore -tera wi thin  12 mi les  of the coaat l ine (Zone I and Zone 2). 
(2} The outer continental shel f, beyond 12  miles from the sh e ... l ine, in known fishing areas (Zone 3a). 

(3) The outer continental shelf, beyond 12 m i les from the ahcr e l ine, in regions not des ignated as known fish ing areas 
(Zone 3b). 

(4) The open sea, in known fi sh ing areas (Zone 4a). 

(5} The open sea, in regions not designated as known fi shing areaa (Zone 4b). 

(6) No experi,..tal data. Values approximated on baa is  of experimental data on biological ly s i m i lar •I-ta. 

(7} Calcul ated from Mart in ( 1 95n. 

(8} Dunster ( 1956). 
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powered ship s can be c onsidered in two parts . The first involves an 
allocation to s e a  disposal in general . E s s entially there are thre e  en­
vir onments from which man might receive radioactivity; the s e  are the 
atmo sphere,  the land ( including food and water from the land) , and the 
s ea.  It is as sumed here that sea disposal from all potential s ourc es  
should be limited to a contribution to a selected portion of  the popula­
tion of no more than one-third of the maximum permi s sible intake for 
such a s elected portion of the population . Thi s alloc ation is not in­
tended to specify the manner of subdividing the r emaining two-thirds 
between land and atmosphere .  

The evaluation of the remaining factor s i s  s omewhat different 
for each of the maj or subdivi sions of the marine environment . In the 
following paragraphs the special considerations which apply to the in­
shore  areas,  to the c ontinental shelf, and to the open s e a  are presented. 

Special c onsiderations r elated to harbor s ,  e stuarie s and other 
inshore water s  and to the c ontinental shelf : An extremely c ons ervative 
appr oach is warranted for the s e  waters  for the following reason s .  

1 .  Most of the harve st of food from the s e a  c omes from the s e  
water s ,  including the entire harvest of s ome s edentary forms , such as  
oysters ,  scallop s ,  clams and seaweed, which c onc entrate certain ele­
ments by very large factor s .  Some larg e s egments of the world popula­
tion rec eive the bulk of their protein requirement s  from thi s part of the 
s ea .  

2 . With the c ontinuing development of atomic power,  there will 
inevitably occur a requirement for s ome introduction of radionuclide s 
into the in shore water s from land based e stablishments ; the c o st of 
avoiding this may be prohibitively high. Thus only a portion of the total 
potential rec eiving c apacity of the s e  water s i s  available for waste di s­
posal from nuclear- powered ship s .  

3 .  In the cas e of a nuclear war , one of the least c ontaminated 
s ourc e s  of food will be the s ea .  It is ,  therefore,  desirable to keep the 
radioisotope c ontamination prior to thi s as far below the maximum per­
mis s ible level a s  pos sibl e .  

Some areas of the continental shelf do not c ontribute materially 
to the commercial fi sherie s ,  and henc e some subdivision of thi s envir on­
ment might be c on sidered on the basis  of known fi shing areas . However, 
it should be r emembered that the migratory species travel thr oughout 
the water s  of the shelf, even though they may not be readily exploitable 
in s ome ar eas . Al s o  s ome s egments of the c ontinental shelf are not 
now cla s s ed as  known fi shing areas simply because ,  for one reason or 
another, they have not yet been exploited . Hence no  r egion of the shelf 
can be c on sidered as c ompletely devoid of biological s ignificanc e .  

T h e  poss ible introduction of radioactive waste s into the s ea from 
land bas ed operations will re sult, for the most part, in c ontamination 
of harbor s ,  e stuarie s ,  and coastal water s .  Henc e it may be appr opr,iate 

1 7 

Copyright © National Academy of Sciences. All rights reserved.

Considerations on the Disposal of Radioactive Wastes From Nuclear-Powered Ships Into the Marine Environment
http://www.nap.edu/catalog.php?record_id=18744

http://www.nap.edu/catalog.php?record_id=18744


to consider waters within an arbitrary twelve mil e s  from the c oastline 
in a different category from the waters of the outer c ontinental shelf .  
It must be pointed out, however ,  that this  outer c ontinental shelf will 
very likely be utilized in the disposal of packaged waste material . 
Hence nuclear-powered ship s are not the only potential s ourc e  of radio­
active material for the se  waters . 

Considerations relative to the open sea: Ocean areas more than 
l Z  mile s  from shore and in which depths exc eed Z O O  fathoms are here 
c onsidered as open sea. In the open sea there are large areas which 
do not c ontribute materially to the c ommercial fi sherie s .  There are ,  
however, othe r  large areas within which important oc eanic fi sheries  
operate, for  example the Pacific tuna fi shery . The open sea is  now 
being utilized for the disposal of packaged waste material ,  though the s e  
waste s s ink to the bottom an d  the possibility o f  any significant activity 
reaching the productive surfac e layer s  is slight . Under present doctrine 
regarding the c ontainment of high level waste s on land, it appear s that 
waste disposal from nuclear-powered ship s  will be the major s ource of 
radioactive wastes introduced into the surface layer s  of the op en s ea.  

Subdivision of the Marine Environment : On the basis of the above 
considerations the sea has been divided into six zone s ,  which differ one 
from another either in terms of p otential contribution to the food supply 
of a s elected portion of the population , or in terms of importance as a 
potential rec eiver of waste s from sources  other than nuclear-powered 
ship s ,  or in terms of the re strictions  placed on disper sal within the 
zone due to physical boundarie s .  The s e  zones ,  together with the as­
sumptions required for  c omputation of  the partial p ermi s sible conc en­
tration in seafood in each of the zone s .  resulting from the operation of 
nuclear-powered ship s ,  ar e listed below: 

Zone 1 .  Harbor s .  e stuaries ,  and inshore water s  within Z miles  of 
the c oastline . For thi s  zone the as sumption i s  made that a s elected 
portion of the population receive s all its protein requirement from s ea­
food harve sted from the s e  water s . It is  further as sumed that 30 per ­
cent of the maximum permi s s ible dose which this  population may re­
ceive as a r e sult of sea disposal may be allotted to wa ste di sposal op­
erations from nuclear ship s in the se  water s .  

Zone Z .  The c oastal ar ea, between Z and l Z  miles  from the shore­
line . For this zone the same as sumptions are made as for Zone 1 .  
Thi s zone differ s from Zone 1 in that the di spersion i s  le s s  re stricted 
by physical boundarie s .  

Zone 3a. The outer c ontinental shelf, beyond lZ miles  from 
shoreline, having depths le s s  than ZOO  fathoms.  in known fishing area s .  
For thi s zone the as sumption i s  made again that a s elected portion of 
the population receives all its protein r equirement from seafood har­
ve sted in the s e  water s .  It is further as sumed that three- fifth s of the 
maximum permi s s ible dose which this  population may r ec eive as a re­
sult of sea disposal may be allotted to waste di sposal operation s from 
nuclear -powered ship s in these  water s .  
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Zone 3b.  Those  areas of the outer continental shelf which are 
not classified as known fisheries areas . For this zone the as sumption 
is made that the se areas c ontribute, either directly or indirectly 
through migratory fish, ZO'fo of the protein requirement of a s elected 
portion of the population. It is al s o  as sumed that three-fifths of the 
maximum permissible dose which this population may receive as a re­
sult of s ea disposal may be  allotted to waste disposal operations from 
nuclear-powered ship s in thes e  waters .  

Zone 4a. The open s ea, more than l Z  miles from shore and hav­
ing depths greater than ZOO fathoms ,  in known fishing areas . For this 
zone the as sumption is  made that a s elected p ortion of the population 
receive s SO'fo of its protein requirement from seafood harve sted in 
the se water s ,  and that three-fourths of the maximum permis sible dos e 
which thi s population may rec eive as  a result of sea disposal may be 
allotted to waste disposal operations from nuclear-powered ships in 
thes e water s .  

Zone 4b . Tho s e  areas of the open sea which are not classified as 
known fishing areas . For this zone the as sumption is  made that the s e  
areas c ontribute, either directly o r  indirectly through migratory fish, 
l O'fo of the protein requirement of a selected portion of the population, 
and that three-fourths of the maximum permis sible dose which this 
population may rec eive as a re sult of sea disposal may be allotted to 
waste disposal operations from nuclear-powered ship s in these waters . 

C omputation of ppc Values for Seafood: A human population which 
obtained all its protein food from marine sources would eat about l .Skg 
per week per person of fish or marine invertebrate s .  U this food is  
contaminated with a radioi s otope, and if this  is  the only source of in­
gestion of the isotope, we can calculate the maximum permis sible con­
c entration in food c orresponding to the maximum permi s sible c oncen­
tration in drinking water by multiplying the latter by the ratio (water 
ingested per week) I (food ingested per week) = 

2200 x 7  � 0 1500 : 1 • 

Designate this factor as Nwf . Further,  for each of the subdivisions of 
the marine environment, de signate by Np that fraction of the protein 
requir ement which a selected portion of the population receive s from 
seafood harve sted there ;  de signate by No that fraction of the maximum 
permis sible dose  for thi s population which can be allotted to waste dis­
posal into the s ea, and by  N5 that fraction of the allotment to  the s ea 
which may be utilized for nuclear-powered ship s within the particular 
marine subdivision. Then the partial permis sible c oncentration in sea­
food which can result from the operation of nuclear -powered ships,  for 
each of the subdivisions of the marine environment, is obtained by 
multiplying the maximum permis sible c onc entration for drinking water 
for the general public by the factor Nm , which is given by 
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The se factor s are,  for each of the subdivisions of the marine en­
vironment : 

( 1 ) Zone s 1 and 2. :  harbor s ,  e stuarie s ,  inshore water s ,  and c oa stal 
areas within 12. miles  of the c oastline .  

N .  = 10  X 1 X 1 / 3  X 3/ 10 = 1 

( 2. )  Z one 3a :  the outer c ontinental shelf, beyond 1 2.  miles from the 
shoreline, with depths le s s  than 2. 0 0  fathom s ,  in known fi shing areas . 

N • • 1 0  X 1 X 1/3 X 3/5 • 2 

( 3 )  Zone 3b : the outer c ontinental shelf, beyond 12.  mile s from the 
shoreline, with depth s le s s  than 2. 0 0  fathoms ,  in region s  not de signated 
as known fishing areas . 

Nm • 10 X 5 X 1/3 X 3/5 a 10  

(4) Zone 4a : the open s ea, in known fishing area s .  

N • • 1 0  X 2 X 1/3 X 3/4 • 5 

( 5 )  Zone 4b : the open sea, in regions not designated as  known fi shing 
areas . 

N • • 10 X 10 X 1/3 X 3/4 • 2 5  

The partial permi s sible c onc entration in marine foods which may 
be allowed to r e sult from the di sposal of radioactive waste s from 
nuclear-power ed ship s i s  tabulated in Table 2. for each subdivi sion of 
the marine environment . As  noted in a footnote to Table 2. ,  the se  calcu­
lations have been made on the basis  of the mpc 1 s for the general public . 
The se values  are lower by a factor of 1 0  than the oc cupational value s 
for mpc ' s  given in Handbook 5 2. ,  and they al s o  include c ertain revi sion s 
which are to appear in the forthc oming new ICRP and NCRP table s .  

RESTRICTIONS ON THE APPLICATION OF PPC VALUES IN SEAFOOD 
AND IN THE MARINE ENVIRONMENT 

In applying the s e  ppc values for s eafood in the following c ompu­
tation of the ppc ' s  for the various marine environments ,  and the 
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subsequent use  of the se  latter values in the determination of the safe 
rate of di scharge of nuclide s into the various marine environments,  the 
following cons iderations must be taken into account . The ultimate 
major s ource of dilution water for the most restrictive environm ent 
(harbor s ,  e stuaries ,  and inshore water s ) is  the next most restrictive 
environment, the water s of the continental shelf.  Likewi se,  the ability 
of the water s  of the c ontinental shelf to rec eive waste s depends,  in part, 
upon the rate of exchang e of the se water s with the water s of the open 
s ea . The se dilution water s  must have, in each case, significantly lower 
averag e c oncentrations than the ppc values  of the neighboring mor e  in­
shore environment. The environmental ppc value s c omputed below thus 
cannot be c onsidered to r epresent the averag e permis sible c oncentration 
throughout the entire volume of each of the subj ect marine environments . 
While the se  ppc values may apply to substantial areas of each environ­
ment in an ab solute s ense ,  such areas must be only a relatively small 
fraction of the entire area of the re spective marine subdivision. The 
manner in which this condition is satisfied is pres ented in a later sec­
tion of this r eport entitled "Basis  for Evaluating Safe Dis charge Rate s " .  

PARTIAL PERMISSIBLE CONCENTRATIONS IN T HE  ENVIRONMENT 

Having e stimated ppc 1 s in marine food organisms, we c an esti­
mate ppc 1 s in the environment if we know the factor by which the food 
organi sms c onc entrate the i s otope in que stion in their bodies  from their 
environment . Concentration factor s from seawater to the edible parts 
of marine invertebrate s and marine fi shes have been estimated by the 
author s noted in the footnotes  to Table 2 .  Value s are tabulated here 
for soft (edible)  parts of marine invertebrates and for the s oft parts 
and the bones of fi sh . The latter have been included because  some fish 
( e specially canned fi sh, such as  salmon, mackerel,  and sardine s) are 
often eaten bones and all . Where the fish bone s are eaten, it seems ap­
propriate to u s e  1 I 1 0 of the c onc entration factor for fish bone ( since 
that is  r oughly the ratio of bone to whole fi sh) in obtaining a weighted 
ave rage c onc entr ation factor to use in further computations .  

Based on whichever of the c oncentration factor s (that for inver­
tebrates or that for fish) is the higher for each isotope, we have calcu­
lated and tabulated the ppc in the environment according to the relation 

. ppc (food) ppc ( envuonment) = , c onc entrat1on factor 

The re sulting ppc 1 s in the various subdivision s  of the marine environ­
ment are tabulated in the last five c olumns of T able 2 .  

Some inve stigator s  have que stioned thi s method of c omputing 
ppc value s  for the marine environment since certain pertinent feature s  
o f  human body chemistry a r e  not evidently included. For th e  c a s e  of 
strontium 90,  an alternate method of c omputation i s  bas ed on the so­
called " sunshine unit" . This  computation doe s not explicitly include the 
concept of "concentration factor s "  used in the above evaluation . 
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On the basis of the allowable body burden in man of strontium 90 
and of the total amount of body calcium, it bas been shown that,  for the 
population as a whole,  the ratio of strontium 90 to total body calcium 
must not exc eed 0 .1 llC per kg, i. e .  

Sr 90 I Ca � 0 . 1 1-LC S r  9 0  I kg body Ca .  

M an  apparently disc riminate s against strontium in the uptake of calcium 
and strontium by a factor of 8 : 1 .  Therefore , if man receives his total 
protein requirements from fish, and the fish c ontain strontium 90, we 
must have in the fish : 

Sr 90 I Ca � 0 . 8  1-LC Sr 90 I kg Ca .  

As suming that fish do not di scriminate again st strontium i n  the up­
take of calcium and strontium {probably a c onservative as sumption} , 
the above limiting relation must al s o  hold for the ratio of strontium 90 
to calcium in sea water . The calcium c onc entration in s ea water of 
34 ,.• salinity is approximately 400 ppm, or 0 .40 g of calcium per kg of 
s ea water .  Therefore, ther e  must be l e s s  than 0 .8 IJ C  of strontium 90 
per Z , SOO kg of sea water . Henc e the maximum permi s s ible value for 
strontium 90 in the marine environment, as suming that man receives 
all his protein requir ement from fi sh harve sted from that environment, 
and a s suming that thi s is man ' s  only s ource of inge stion of radioactive 
material s ,  would be 3 .Z x 1 0"7 IJC / ml .  Since for the c oastal environment 
we have as signed only one-tenth the maximum permis sible  dos e  to the 
effects of waste s from nuclear-powered ship s ,  the ppc value for c oastal 
water would be 3 .Z x t crB 1.1c / ml .  

It is s een that this value differ s  from the c orresponding value 
given in Table Z by a factor of only about 6.5 .  The two methods of c om­
putation would agree if a conc entration factor of about 3, rather than Z O ,  
had been u s e d  in obtaining the ppc value for th e  marine environment, 
for strontium 90, given in Table z .  Thus ther e  i s  s ome evidenc e  that 
slightly c ons ervative value s  of the c onc entration factor s  were employed 
in c omputation of the ppc values for the marine environment given in 
the Table . 

It i s  not readily s e en how the c onc ept of the " sunshine unit" can 
be applied to all the r adioi s otop e s  with which we are c oncerned , Al s o, 
in view of the many unc ertaintie s  involved, c on s ervative e stimate s 
must b e  made at thi s time . Hence,  for our further c omputation s ,  the 
approach u s ed to obtain Table Z is employed in this report. 

The value s thus calculated for ppc ' s  in the environment are prob­
ably fairly reliable guide s where  the " environment" i s  the water and 
the food organi sms are obtaining their nutrient s  from the water .  This 
will apply where there i s  no uptake by organisms of i s otopes  from 
bottom s ediments . 
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For food organisms which obtain all or part of their food by in­
ge stion of detritus which has s ettled on to the bottom (for example the 
mullet, and s ome pelecypods and crustacea) , we should take account 
of the c oncentration factor s from bottom sediments to thes e  organisms . 
Unfortunately, there are no data on thi s .  However,  a conservative as­
sumption would s eem to be that the c oncentration factor from bottom 
s ediments to marine food organisms is the same as from water to or­
ganisms . Under this as sumption,  the maximum permi s s ible concen­
trations in the bottom s ediments ,  for e stuarine and inshore waters  
which support bottom-feeding organisms used as food for man, will be 
the same as  thos e  tabulated for "environment" in Table Z .  Since 
c ertain of the radioisotopes with which we have to deal, especially those 
which occur in  particulate form in s eawater, may be heavily conc en­
trated in the bottom s ediment s ,  this may prove restrictive on the max­
imum permi s s ible quantitie s which may be introduced into the super­
jac ent water s .  

WASTES FROM NUCLEAR- POWERED SHIPS 

The Maritime Administration' s  report ( 1 95 9) gives data on the 
expected quantitie s of variou s  nuclide s in the primary c ooling water 
and in the ion- exchanger s of N .  S. SAVANNAH* . In Tabl e 3 pertinent 
data extracted from this report are tabulated for those isotopes  in the 
primary system which present the greate st potential hazard through 
inge stion in marine food organisms . For the c orrosion product nu­
clide s ,  the report give s the c onc entration in the system. From this and 

·from the volume of the system ( 3 .9  x 1 0 7  ml) the total quantity in the 
primary coolant ha s been calculated and tabulated. For the fis sion 
products (as suming 1 , 5 3 0  grams of exposed fuel, 1 00 days operation, 
and normal purification) the report give s the total quantity of each iso­
tope in the system. The se  also are tabulated, with the corresponding 
calculated c oncentrations in the system. 

Since according to the Maritime Administration 1 s report there 
will be Z 90 ft 3 of dis charge water due to expansion at each start-up, it 
i s  pos sible to compute the re sulting total amounts of each of the im­
portant isotopes which c ould be dis.placed per start-up . The s e  values 
are tabulated in Table 3.  They may be used together with data from 
Table Z to c ompute minimum nec e s s ary dilution volumes .  With dis­
charge in an environment ( such as the open s ea) where the accumula­
tion would be negligible,  the minimum neces s ary dilution volume will 
be obtained by dividing the partial permissible c oncentration for the 
particular subdivi sion of the marine environment into the amount dis­
charged per start-up . For the discharge into a re stricted segment of 
the sea having only slow exchange with the open ocean water s ,  more 
c omplex procedure s ,  dis cu s s ed later ,  must be followed . 

•Since completion of t h i s  report, sub sequent re•e1'aluacion of the probabl e character and 
acti1'ity o f  th e prim ary cool ant and th e  ion ezch ang e resins has been i s sued by the Oak 
R idge National L aboratory ( 1959). Whi l e  th e ORNL report includes som e wh at d i fferent 
values for the activity in the s e  potent ial waste s ,  the gene ral conclus ion s arri1'ed at 
here rem a in unch anged. 
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TABLE 3 

IMPORTANT ISOTOPES IN REACTC. COOLANT WATE R, M. S. SAVANNAH 
(Maod on oatl-tea ••de In tl. Mariti- Ad•lnlatratlon'a report, 1959) 

ppc value Concentrat ion 
for coaatol in primary 

waters coo l ant 
I sotope (llc/ml)  (JJ.c/ml )  

Corrosion Products 

Co 60  3 x to·9 1 .2 x to·2 

Fe 55 8 X 10·8 1 . 1  x to·2 

Fe 59 5 x to·9 5.5 x to·4 

Ta 182 4 x 1 0·8 1 . 7  x t o·2 

Cr 51  2 X 1 0·6 4.0 x 1 o·2 

F iu ion Products**  

Sr 90  5 x t o·9 1 .4 x 1o·7 

Zr 95 3 X 1 0·8 1 .4 x 1o·6 

Ru 1 06 1 x 1 0·8 0.9 x to ·S 

c. 1 37 4 x 1 o·7 1 .5 x 1 o·4 

Nb 95 5 x t o·7 1 . 3  x t o·6 

Co 144 1 x t o·9 o. 8 x t o·6 

Weighted ppc value 
and gross act iv ity 
for above l i sted 
isotopes 2 x 10·8 8 x to·2 

* From expans ion vol ume of 290 ftl = 8.2  x 1o6 mi .  

Total amount 
in primary 

coolant 
(cur ios) 

4.6 x t o·1 

4.3 x t o· 1 

2. 1 x t o·2 

6.7 x to·1 

1 . 6  

.52 X 1 0·5 

.52 x 1o·4 

.34 x t o·3 

.56 X 10·2 

. 52 x 1 o ·4 

. 3 1  x 1o·4 

3.6 

•• After 100 days operation, 1 , 530 grams fuel exposure, with norma l purifi cation. 

2 4  

Amount 
d i splaced 

per start·up* 
(cur ios) 

9.8 x t o·2 

8.9 X 1 0"2 

4.5 x t o·3 

1 .4 x to· 1 

3.4 x to·1 

1 . 2  x 1o·6 

1 .2 x 10·5 

7.2 X to·S 

1 .2 x to·3 

1 . 1  X 10·5 

6.5 X 1 0·6 

6.8 x to· 1 
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In T able 4 ar e r e c apitul ate d  from the Maritime Admini s t r ation ' s  
r ep ort the c or r o s ion p r odu c t s  e xp e cted to b e  p r e s ent in the i on exchang e 
r e s in s  of the SAVANNAH at time of the i r  di s charg e .  If the s e  ar e di s ­
p o s ed of i n  the op en s e a  far from known fi s hing a r e a s , and i f  th e p r ob ­
ability o f  two s u c h  di s charg e s  oc c u r ring i n  the s ame vic inity within a 
p e r iod of s e v e ral day s i s  negligibl e ,  the minimum ne c e s s ar y  dilution 

TABLE 4 

IMPORTANT CORROSION ISOTOPES IH DEMIHE RALIZER 
AFTER 50 DAYS OF OPE RATION, H. S.  SAVANNAH 

ppc value 
for open sea Total activ i ty Requ ired 
(non·f i sh i ng) in re s in  d i l ut ion vol . 

Fe 59 
Fe 55 
Co 60 
To 1 82 
Cr 5 1  

Weighted ppc value 
(for open sea, non· 
fi sh i ng oreos) and 
gross  activ ity for 
above l i sted i sotopes 

(IJ.c/m l )  

1 X 1 0·7  
2 X 10 "6 
7 x 1 0·8 
1 x 1o ·6 
5 x 1Q ·S  

3 X 1 0·7 

(cur ies )  i n  m3 • 

3.8 3 .8  X 1 07 
75.0 3.8 X 107 
75.0 1 . 1  X 1 09 

1 03 1 . 0  x 1 08 
148 3.0 X 1 06 

405 

* For d isposal  in open sea, in reg ion s not des ignated as known fi sh ing area s 
(Zone 4b). 

volume s c an b e  calculat e d  by dividing th e t otal a c t i vity by th e p p c  
valu e for the op e n  s e a ,  for r e g i on s  n o t  d e s ignat e d  a s  k n own fi s hing 
a r e a s .  Thi s ha s been done for the c o r r o s ion p r oduct i s ot op e s  for whi ch 
data a r e  availabl e . 

The r ep ort "Radioactive W a s t e  Di s p o s al f r om U .  S .  Naval Nucl e a r ­
P owe r e d  Ship s "  g i v e s  inf o r m ation o n  t h e  a c tual ob s e r v e d  c o n c e nt r ation s  
o f  the v a r i ou s  r a d i oi s otop e s  in t h e  p r imary c ool ant and o n  t h e  s p e nt i on 
exchange r e s i n s  for the U .S .S . NAU T I L US . T h e s e  data a r e  r ep r oduc e d  
f o r  the s i gnific ant i s otop e s  in T abl e s  5 and 6 .  

The e valuati on of p e r m i s s ibl e r at e s  of d i s c ha r g e  of nu c l e a r  wa s t e s  
i s  c ompl i c at e d  by t h e  fa ct th at t h e  p ot e ntial effluent s f r om nucl ear - p ow­
e r e d  ship s are c omp o s ed of a mix of i s ot op e s  which may have additiv e 
effe c t s  on m an .  In o r d e r  to include thi s fe atu r e  in lat e r  c omputation s ,  
it i s  c onveni ent t o  deter min e a weight e d  m e an ppc value for the i s otop e  
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TABLE 5 

IMPORT ANT ISOTOPES IN REACTOR COOLANT WATER, U.S.S. NAUTILUS 
(overage) 

ppc valu. fOf' Concentrat ion in Amount di spl aced 
COf'rosion coastal waters primary coolant per warm·up * 
Products (IJ.clml) ( IJ.c/ml )  (cur ies) 

Co 60 3 X 10 ·9 5.7 X 10-6 1 . 1  x 10·5 
Fe 59 5 X 10•9 1 . 5  X 1 0·� 2.9 X 10·� 
Cr 5 1  2 X 10·6 1 .0 X 1 0·5 1 .9 X 10·5 
To 182 4 x 10·8 7.3 x 1o·3 1 .4 x 1o·2 
Cu 64 4 x 10·8 1 . 5  x 10·5 2.9 x 10·5 

F i ss i on 
Products 

I 1 3 1  3 X 1 0·B 1 X 1 0·5 1 .9 X 10·5 
Sr 90  5 X 1 0·9 5 X 10·8 9.5 X 10·8 
Ce 144 1 X 1 0·9 1 x 1o·7 1 .9 X 10·7 
Cs 1 37 4 X 1 0·7 1 x 10·8 1 .9 X 1 0·8 

Weighted ppc value 
and gross  act iv ity 
fOf' above l i sted 
i sotopes 4 x 1 0·8 7.5 x 1 o·3 1 .4 •x 10·2 

.. From average expans ion volume of 500 gal s = 1 .9 x 106 m i .  

TABLE 6 
IMPOR TANT CORROSION ISOTOPES IN SPENT 

DEMINERALI ZER, U.S.S. NAU TI LUS 

ppc value 
for open sea 
(non-fi sh in g) 

� (IJ.c/ml )  

Co 60 7 x 10·8 
Co 58 
Fe 59 1 X 10·7 
Cr 51 5 x 10·5 
Mn 54  
Hf 1 75 

Weighted ppc value 
(for open sea, non· 
fi sh i ng creas) and 
gross  activ ity for 
above l i sted i sotopes 7 x 10·8 

Total activity Required 
in res in di lution vol .  
(cur ies)  in m3 * 

10  J .4  X loB 
0.5 
0.5 5.0 X 1Q6 
0.3 6.0 X 1o3 
0.2 
1 .0  

12 .5  1 .8 X 108 

• For d i sposa l  in  open sea, in regions not des ignated as known fi sh ing areas 
(Zane 4b). 
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mix in the primary coolant . This  weighted mean ppc value can then be 
compared with the gro s s  activity r e sulting from the mix of the s ignifi ­
cant isotope s  listed . In computing the weighted mean ppc value for 
coa stal wate r s , and the gro s s  activity , which are included in Table 3 
for the SAVANNAH primary coolant and in Table 5 for the NAUTILUS 
primary coolant , only the isoto pe s  listed in the se T able s have been c on­
sidered.  Very short lived isotope s are not included in the calculation .  

BASIS FOR EVALUATING SAFE DISCHARGE RATES 

The partial pe rmissible concentration s in the various subdivisions 
of the marine environment given in Table 2 ,  and utilized by this working 
panel in the computations which follow, are based on long time exposure 
of a s e le cted segment of the population . Afte r release of a given volume 
of liquid wa ste s  or of s pent ion exchange re sin to the sea water , proc e s ­
se s of diffusion will continually reduce the concentration of activity in 
the wate r .  There wil l  occur a ce rtain pe riod of  time during which the 
activity in a restricted volume of the sea wate r may po s sibly exceed the 
environmental limits which are based on long te rm expo sure . The pur ­
pose of the following deve lopment is to provide crite ria which would in­
sure that no significant volume of a given marine locale would have an 
ave rage activity exceeding the ppc value for that locale ove r a signifi ­
cant period of time . 

Let A de signate the area of a particular marine region within 
which N discharge s of radioactive mate ria l s  are made during the time 
period _! .  Furthe r , de signate by t 1;2 the time interva l  required to re ­
place 50o/o of the wate r in the area A with " new" wate r from an adjacent , 
uncontaminated area . The area A must be cho sen such that the N con ­
taminated volume s are randomly di stributed throughout the area , a s  a 
re sult both of variations in the discharge s ite and of the movement of 
the contaminated volume s by currents . The time period .I.. must be short 
compared to a man ' s  lifetime ,  but long compared to the time required 
for the maximum concentration of activity from a point source discharge 
to be reduced by proc e s se s  of dis pe rsion to le s s  than ppc value s for the 
environment . 

The concentration of activity at a given po sition and a given time 
which re sults from a single di scharge i s  de signated by !_, and the inc re­
ment of area within which the concentration varie s from s - 1 / 2  ds  to 
to s + 1 ; 2 ds during the increment of time dt is  de signated by dA .  
Furthe r , let the total ar ea within which the concentration at any time !. 
exceeds the ppc value s for the environment be de signated by � , and 
let the time required to reduce the concentrations everywhe re in the area 
to le n than ppc value s be  de signated by tppc ·  
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The double integral 

/tppc /Appc sdAdt 
0 0 

then repres ents the total activity, per unit of depth, which occurs in 
the area having c oncentrations exc eeding ppc value s ,  time s the time 
interval during which the c onc entration exceeds that critical value . 
The area of "new" water available for dilution each time period T is  
given by 

-

Hence the relation ship 

AT 
2 t 1 /2 

/tppc lAppe 
2 N t 1 12 

T2 sdAdt A X 
0 0 

then define s a mean conc entration for the total area A during the time 
period J:, re sulting from N dis charge s ,  each having the s ame amount 
of activity . This relationship serves to e stablish the criteria for eval­
uating the suitability of any particular marine area as a rec eiver of 
radioactive waste s from nuclear -powered ship s .  

If the di stribution of c ontaminated volume s within the area were 
truly random at all time s ,  and if the proc e s s e s  of biol ogical c oncen­
tration of radioi sotopes  were instantly reversible,  then a suitable cri­
terion for safe dis charge to the marine environment would be the re­
quirement that the mean conc entration defined by the above relationship 
be l e s s than the ppc value (here de signated as s c ) for that environ­
ment. Unfortunately, marine organi sms which=tWe up radioisotopes  
when in contact with sea water of a given concentration of activity, do 
not reach a new equilibrium readily when exposed to water of much 
lower activity . Al s o, it would be difficult to as sure a c ompletely uni­
form distribution of the contaminated volumes within the subj ect area .  
Finally, and pe rhap s mo st important, the condition discus sed i n  th e  
pr evious section entitled "Re strictions o n  the Application of ppc Value s 
in Seafood and in the Marine Environment" must be s ati sfied.  There­
for e,  the c riterion employed here i s  that the mean c oncentration de­
fined by the above relationship be 1 / l OOth of the ppc value for the en­
vir onment ; that i s ,  the number of releases  N in the area A during the 
time period T must sati sfy the relationship 
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( 1 ) 

AT2s 
N < ------------�p�p_e ________ ___ 

- 200 t t l /2 f " '  

0 

A p pe J sdAdt 

0 

This r elationship i s  utilized in sub s equent sections  of thi s report 
to determine the limits of activity which may be introduced into the 
various s egments of the marine environment without undue risk to man . 

EVALUATION OF HARB ORS, ESTUARIES,  AND OTHER INSHORE 
ENVIRONMENTS ( ZONE 1 )  

In this s ection th e  que stion of whether harbor s ,  e stuarie s ,  and 
other inshore environments may serve as suitable rec eiver s  of any 
radioactive waste s from nuclear-powered ship s is inve stigated . For 
the pres ent purpose,  inshore areas are tho s e  c oastal regions within 
two mile s of the shore .  

Harbor s ,  e stuarie s ,  and othe r inshore environments a r e  regions 
of high human waterborne activity . This fact,  c oupled with the normal 
relatively shallow depths in such envir onments ,  argue s for a relatively 
high p robability of ac cidental recovery of any s olid waste s introduced 
there.  It is  therefore c oncluded that no solid waste s ,  packaged or other­
wise,  should be r eleased in harbor s or other near shore environments .  
Our attention is  then c onfined t o  liquid wastes which might be discharged 
in such water s .  

The potential sour c e s  of low level liquid waste s which would 
occur under normal operation of a nuclear-powe red ship using a water 
c ooled r eactor have been de sc ribed in an earlier s ection of thi s  report. 
The fate of such wastes  introduced into the marine environment will 
depend upon the following three proc e s s e s :  

( 1 )  Initial dilution, resulting from the mechanical mixtur e  of 
the effluent with the receiving wate r s .  This initial mixing depends 
upon the manner in which the effluent i s  introduc ed into the receiving 
water s .  Thus a strong j et of effluent intr oduced below the surface of 
the rec eiving water s  would r e sult in a mechanical entrainment of the 
diluting water s  until the energy of the jet was di s s ipated. A g entle flow 
of effluent at the surface of the receiving water s would re sult in rela­
tively little initial dilution . 

(Z )  Advection of the effluent with the cur rents in the harbor or 
harbor approach and simultaneous turbulent diffusion leading to further 
r eduction in c onc entration. 

(3 )  Conc entration of activity from the water to the suspended 
silt, the bottom s ediments ,  and the biota . 
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There is no way that man can directly influence the proc e s s e s  
of advection. turbulent diffusion. and concentration in a given environ­
ment, Man can, however,  influence the degree of initial mechanical 
dilution through proper de sign of the discharge assembly. Since the 
rate of dispersion through turbulent proc e s s e s  is scale dependent, man 
can then influenc e indirectly the natural diffusion of the wastes by in­
creasing the degree of initial mechanical dilution . Al s o, initial me­
chanical dilution r educes  the density difference between effluent and 
rec eiving water s ,  and hence aids diffusion . Considering the volumes 
of liquid effluent involved (a maximum of approximately 300 ft 3) ,  the 
inc orporation of a dis charge as sembly capable of supplying an initial 
mechanical dilution of 1 00 : 1 should be no problem. 

Factor s such a s  current velocity, depth, density stratification, 
wind velocity and fetch, and density differenc e between effluent and 
rec eiving water s  all influence the proc e s s  of turbulent diffusion .  Since 
the s e  factors diffe r  s o  markedly from one harbor environment to an­
other, it i s  virtually impos sible to make any precise  general statement 
regarding the sub s equent fate of liquid wastes dis charged into harbor 
environments . The degree to which harbor s,  harbor approaches and 
other inshore environments might be utilized as receivers  of liquid 
radioactive effluent from nuclear-powered ships must ultimately be 
determined through an evaluation of each specific location involved. 

We can, however,  consider the general characteristic s of certain 
type s  of harbor s,  with the purpose of determining whether there is any 
possibility of utilization of any c on siderable fraction of the harbor en­
vironments as rec eivers  of liquid effluent from nuclear ship s .  Thus 
s ome important world harbor s are approached through locks which 
limit exchange with the open c oastal water s .  In most case s  such har­
bor s c ontain fresh water or water of very low s alinity. The abs ence 
of tidal currents limits the turbulent diffusion within such harbors,  
and the lack of free exchange with the open c oastal waters would result 
in accumulation within the harbor of any waste dispos ed therein. It 
therefore appear s unlikely that harbor s located in tideles s  basins ,  
c onnected to  the s ea by a system of locks ,  can be utilized as receivers  
of any effluent from nuclear-powered ship s .  

Another group of harbor s are located well up estuarie s of major 
rive r systems ,  and are characterized by fre sh water, though tidal cur­
rents of significant magnitude may occur . Possible re striction on the 
u s e  of such harbor s as potential receiver s of liquid effluent from nu­
clear ships is  not s o  much due to the lack of a mechanis m  ( such as 
tidal currents) to induc e appreciable turbulent diffusion within the har­
bor, but rather due to the much larger c onc entration factor s to the 
biota which occur in fre sh water as c ompar ed to sea water . 

The majority of harbors throughout the world ar e, however, lo­
cated in the lower reaches of tidal e stuarie s or in coa stal embayment& . 
The water s  of the s e  harbor s  are normally characterized by salinities 
of from one- quarter to thr ee-quarter s  that of full s ea water ; they are 
influenced to some degree by tidal cur rents and wind induced motion; 
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and the s e  harbor water s exchange, to a greater or les s er degree, with 
the adjac ent coastal water s .  

C onsider such a harbor having a volume V and an exchange c o­
efficient of Y (per day) . The exchange c oefficient i s  the fraction of the 
volume of the water in the harbor which is renewed each day by ex­
change with the adjac ent c oastal water s ,  and by inflow of land drainage .  
Y i s  thus c omparable t o  the radioactive decay coefficient, and a ' 'half­
life " for the harbor water can be defined in the same way as radioactive 
half-life . 

The t1;2 in equation 1 is  then the half-life of the area, and i s  re­
lated to y by 

0 . 693 

y 

Further, c onsider a particular dis charge of effluent into the har­
bor . Following the initial mechanical dilution, turbulent diffusion will 
lead to further dilution at approximately an exponential rate, at least 
during the early stages  of diffusion when contaminated volume is small 
c ompared to the volume of the harbor . 

A maj or part of the analysis  of the problem of disposal of nuclear 
wastes into the sea and c oastal water s  requires sufficient knowledge of 
the rate s of mixing so  that the dilution of any introduced liquid can be 
e stimated c orrectly . 

The diffusion model employed in this analysi s :  It has always 
been difficult to make such an estimate becau s e  of the lack of a satis ­
factory general theory of diffusion in th e  s ea; rate s of diffusion (the 
s o- c alled eddy diffusivity coefficients)  required by existing theory wer e  
known adequately only for certain special cas e s  where direct measure­
ments had been made . Rec ently, however,  Jos eph and Sender ( 1 958)  
have proposed a horizontal diffusion equation which seems to permit a 
useful stati stical description of the time change of concentration of a 
diffusing sub stanc e .  The following paragraphs di scu s s  the application 
of thi s diffusion equation to the problem of waste disposal from nuclear­
powered ship s .  

Joseph and Sender consider the introduction at time t =  0 of an 
amount .M. of a sub stance into a small area either of the s ea surfac e or 
at s ome deeper level . This small area is  r egarded as the "point" 
s ource for is otropic horizontal diffusion along a thin homogeneous and 
isentropic layer .  After time ! the distribution is  de s c ribed by c oncen­
tric i s opleths around the point of maximum conc entration . This point 
is  not fixed but move s down stream with the prevailing current. It is 
further postulated that the velocity of a diffusing particle i s  independent 
of distance from the origin, but that the mean dispersion inc rea s e s  in 
linear fashion with inc reasing di stanc e .  

3 1  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

C o n s i d e r a t i o n s  o n  t h e  D i s p o s a l  o f  R a d i o a c t i v e  W a s t e s  F r o m  N u c l e a r - P o w e r e d  S h i p s  I n t o  t h e  M a r i n e  E n v i r o n m e n t
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 7 4 4

http://www.nap.edu/catalog.php?record_id=18744


( 1 )  

The following diffus ion equation was derived: 

as • .!_ � [Pr 2 
as ] 

at r ar ar 

where .! is the conc entration, .!: the di stanc e from the origin, and P 
the constant mean velocity of diffusion .  Solution of this equation give s :  

( 2 )  s 
M 

• 2n(Pt ) 2 
exp 

where .! and M refer to the c oncentration and total amount of a given 
i sotope introduced .  Note that c oncentration in thi s equation has the di­
mension s  ML·2 ; in applying the equation, volume c onc entration s can be 
obtained by using an e stimated layer thickne s s  Jl a s  the third dimension . 

The diffusion velocity P of thi s  equation i s  related to the Fickian 
coefficient of eddy diffusivity A by the equation 

Pr A "' - . 
2 

Joseph and Sender examined quantitative de s c riptions of diffusion in a 
variety of situation s  in the oc ean and found P to be relatively c onstant 
with a value of about 1 em/ sec . 

Thi s equation applie s  to a r egion of unre stricted horizontal di­
mension s .  In r estricted waterways ,  or near shore,  the boundarie s 
would limit diffusion .  The principle of r eflection of the s olution ob­
tained by Joseph and Sender ,  so that the angular range within which 
diffusion can occur is limited in accordance with the exi stence of a 
boundary, can be  employed to obtain an approximate equation for use 
in harbor s and other re stricted waterways .  Thus diffusion of a sub­
stanc e relea s ed near an op en shoreline would be limited to an arc of 
1 80 ° . In such a case  the reflection of the solution given by equation 2 
would produce exactly the same equation, except that the right side 
would be multiplied by a factor of 2 .  In an elongated, restricted water­
way in which the boundari e s  re strict diffu sion to an arc of, say ,  3 0° 
in the up- channel and 3 00in the down- channel dir ection the appr oximate 
equation for the c onc entration of a diffus ing sub stance released as a 
p oint s ource would be obtained simply by multiplying the right side of 
equation 2 by the factor 3 60 ° / 2  x 3 0° = 6 .  Thu s :  

( 3 )  s ( r , t )  
6M 

2n(Pt ) 2 
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U 00  de signates the arc within which diffusion is  constrained by 
the boundarie s ,  then, letting 

( 4 )  n 

we have in general 

( 5 ) s ( r , t )  
nM e xp [- ;t ] 2nD(Pt ) 2  

wher e  s (r ,  t) i s  here conc entration per unit volume, sinc e the factor 
1 /D ha s been entered into the right side of the equation . 

The maximum c oncentration occur s at the c enter  of the diffusing 
volume,  and is given by 

( 6 )  
nM 

2nD(Pt ) 2  

At the cente r  the c onc entration decrea s e s  c ontinually with time . 

At any di stance .!. from the center ,  the conc entration fir st ri s e s  
t o  a maximum value, and the reafte r dec r eas e s  with time . Thu s ,  a s ­
suming that the introduction i s  truly a point s ource ( i .  e .  , neglecting 
initial mechanical dilution) , the re will be ,  for any finite amount of 
r adioactive waste s introduc ed, an area within which the c onc entration 
exceed s ,  for a time, the ppc value s for the envir onment . Thi s area will 
at fir st inc rease  in size to a maximum value , and thereafter will de­
c reas e in size until a time i s  reached at which the c onc entration i s  
everywhere les s th an  ppc value s .  Thi s time c an b e  obtained from 
equation 6 by s etting s0 (t) equal to the ppc value for the particular i s o­
tope in que stion . Thus  

( 7 )  

where tppc i s  the time after which the conc entration everywhere i s  
les s than the ppc c onc entration, which i s  he re designated by s ppc • 

Equation 5 can be solved for the distance,  at any time !· at which 
the concentration has just reached ppc value s ,  by setting s (r ,  t) equal 
to s pp c . Thus 

(8 ) 
nM 

= p t In  
2rtD(Pt ) 2 s p pc 
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The increment of ar ea which, during the time interval t to t + dt, 
has a concentration varying from s - 1 / Z ds to s + 1 / Z ds,  if given by: 

2nrdr 
n 

and henc e the integral which app ear s in equation 1 is  given by 

2nrdr /tppe fppc 
s --

0 0 
n 

dt • fppe rppe� e · r /Pt drdt . 
D(Pt ) 2 

0 0 

Thi s integral can be evaluated using equations 5 ,  7 ,  and 8 .  The solution 
i s  given by 

( 9 )  /t ppe fppe 
0 0 

sdAd t  
4 M 
9 D 

t p pe 
The criterion for e stabli shing the number of discharges ,  N, each 

of strength M, which may be made into a marine locale of area A during 
the time interval T is then, from equation 1 

( 1 0 )  

The time period ,I ,  which mu st b e  short c ompared to a man ' s  life 
span but long c ompar ed to the time required to reduc e the maximum 
concentration re sulting from a single release to below ppc value s ,  is  
here taken a s  3 0  day s .  

Now c onsider a harbor having relatively poor mixing character­
i stic s and a low rate of exchange with adjac ent c oastal water s .  A re­
view of available data indicates  that most marine harbor s of the United 
State s have a half life of 30 days or le s s .  Joseph and Sende r ( 1 958)  
found that for a number of phenomena of  varying scale in the open s ea 
the diffusion veloc ity P was nearly c onstant at 1 em / s ec .  A conserva­
tive e stimate of thi s paramete r  for inshore tidal waters is taken at 0.5  
e m /  sec . Further, as sume that in this "typical "  harbor the depth inter­
val within which vertical mixing occurs i s  at least 6 meter s .  The 
boundarie s of the harbor are c onsidered to constrain diffusion to within 
an arc of 30 ° ,  both up- channel and down- channel ; hence n = 6 .  

We take for the volume and surface area of thi s "typical " small 
harbor the value s 3 x 1 0 8 m3 and 5 .4 x 1 07 m2 r e spectively . Letting 
D = 6 mete r s ,  t 11 2 = 3 0  days ,  an d  T = 3 0  days,  then for this sample 

3 4 
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c omputation in a "typical "  harbor of poor flushing characteri stic s ,  
equations 6,  7 ,  and 1 0  become 

( 1 1 )  

( 12 ) 

( 1 3 )  

t ppc  = 0 . 80 X 10 2 � � 
9 . 5 X 10 1 2 

M x t ppc s p pc 

1 . 2 X lO l l  '+)3 /2 
\ ppc 

where &ppc and s0 (t) are expre s s ed in IJ.C / ml, M in curies , !  and �pc 
in s ee s ,  and N in  discharge s  per month . --

An inspection of Tables  3 and 5 reveals that most of the signifi­
c ant isotope s in the primary coolant have ppc value s for coastal wate r 
between the values 1 0 ·7 IJ.C / ml and 1 0·9 IJ. C / ml .  T able 7 present s ,  for 
this range of ppc values ,  some sample c omputations of the time �) 
for the maximum c onc entration re sulting fr om a single di s charge of M 
curies to be reduc ed to  the ppc value for the environment, and the per­
mi s sible number of such dis charg e s ,  N, per month, for the "typical "  
harbor de sc ribed above . The mar ine loc ale i s  c onsidered unsuitable 
as a rec eiver of any di s charge for which the value of � i s  le s s  than 
1 .0 per month. Thu s ,  for thi s s ampl e  situation, it would be con sidered 
unsafe to introduce a single dis charg e in which the ratio M /  Sppc 

M/ap pc 
(cur iea/IJ,c/m l )  

104 
105 
lo' 
1 07 

108 

TABLE 7 

Sample computations for o • typlco l•  a mo l l  horbor of poor flush ing 
charact.rlatlca, g iv ing the time (tppc ) for the moximum concentra. 
tlon resulting from a s ingle discharge of M cur ies to be reduced to 
the ppc va lue for the env ironment (a P.C), and the permissi ble num· 
ber of such d i scharges per month (Hf for var ious va lue a of • ppc in 
IJ.C/ml.  

M,  in cur ies for 
tppc tppc N 

spp c sppc 
(ucs) (days) (per month) = J o-9 = J0•8 

8.0 X J o3 9.3 x 1 o·2 1 . 2  x J OS l o- s J0•4 
2.6 X 104 3.o x 1o· 1  3.7 X Jol 1o·4 •o-3 
8.0 X 104 9.3 x 1o·1  1 .2 lC 102 •o -3 Jo-2 

2 .6 x J OS 3.0 3.7 1Q•2 Jo· 1 
8.0 X J QS 9.3 1 . 2 x 10 · 1  Jo· 1 1 

35  

sppc 
= J Q-7 

1 0'3 
1 Q•2 

l Q- 1 
1 

1 0  
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( curies  per IJ.C / ml) was 1 0 8 or gr eater .  Slightly le s s  than four dis­
charges  per month c ould be  made without undue risk for thi s ratio 
equal to 1 0 7 curies per IJ. C / ml .  

The se  data are pres ented in graphical form in Figure Z. ,  from 
which the values of the ratio M/ Sppc for N equal to one per month, one 
per day, and 1 0  per day have been obtained. U s ing the s e  ratios ,  the 
maximum permi s s ible activities  which can be dis charged in any s ingle 
release in this  "typical "  harbor for the various important isotopes ,  
li sted in  T ables  3 and 5 for the primary c oolant of  the SAVANNAH and 
the NAUTILUS, have been calculated for the s e  three  rate s of dis charge .  
The re sults are pres ented in Table 8 .  

Thi s c omputation applie s to the hypothetical case  in which the 
dis charge i s  composed of only a single i s otope .  For the actual s ituation 
the additive effect of the c ombination of i s otopes pres ent must be c on­
sidered. As suming that the relative comp osition of the i sotope s in the 
primary c oolant remain s fairly c onstant (a c ondition which has been 
shown to exi st for the NAUTILUS) ,  then the weighted mean ppc value 
for the i s otope mix may be utilized in c omputing a permi s sible gro s s  
activity, which can be c ompar ed t o  the g ro s s  activity i n  the actual di s­
charge re sulting from the li sted i s otope s .  This  has been done for the 
is otope mix in the primary c oolant for both the SAVANNAH and the 
NAUTILUS . 

A c ompari s on of the permi s s ible activitie s given in T able 8 with 
the activitie s which have been predicted to exi st in the warm-up volume 
di s charge from the SAVANNAH, as given in T able 3, indicates that the 
predicted gro s s  activity due to the li sted i s otopes  exc eeds the computed 
permi s s ible activity even for only a s ingle relea s e  per month. Al s o  the 
predicted activity for Co 60 and Ta 1 8Z. both exc eed the c omputed per­
mis s ible activities  for the s e  individual isotope s .  It would thus appear 
unde sirable to have a g eneral operating doctrine which would allow 
liquid effluents of the volume and activity predicted for the warm-up 
volume of primary coolant from the SAVANNAH to be discharged into 
harbor s and e stuarie s .  It should again be pointed out that the basis  of 
this  c onclu sion involve s  the most c on s ervative ( s afe) as sumption s re­
garding the eating habits of a selected s egment of the population, and 
al so regarding biological uptake of the radiois otope s .  Such assumptions 
are not unduly c on s ervative for a c ountry such as Japan, where the bulk 
of the protein requirement i s  supplied from s eafood. The as sumptions 
may well be overly c onservative for the c oast of the United State s .  
However, rec ommendations on general operating doctrine for nuclear­
powered merchant ship s must envi sion the s e  ship s operating in ar eas 
in which the most re strictive c onditions as  to waste dis charge would 
apply . 

A comparison of the figur e s  in Table 8 with the average measured 
activitie s in the primary c oolant expansion volumes for the NAUTILUS 
as given in T able 5 sugge sts  quite a different c onclusion .  The ob s erved 
activitie s for each i s otope, as well as  the c omputed gros s activity as­
suming an is otope mix with the ob s erved activitie s  for the li sted i s otope s ,  
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M/sppc (cur ies/�c/ml )  

FIGUR E 2 

The permiss ible number (H) of discharges af pl'lmary coolant wh ich 
can be made, per month, Into a • typica l "  harbor, as a function af 
the ratio af tota l act iv ity per d ischarge, M, In curies, ta the ppc 
va lues far coasta l  waters in �c/ml.  
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TABLE 8 

Tabulation, for the cl lscharte of prl-ry coolant expansion valu-s 
Into a •typica l' herbor of low flushlnv rate (sH text for auu..cl 
conclltl-), of the permlu lble total activ ity, for each Isotope, per 
discharge, ouuminv the clischarge contains only that s lnv le Isotope, 
ancl the permiss ible vross activity for the Isotope mix In the prl-ry 
coolant of the SAVANNAH* ancl the NAUTILUS*. 

Perm iuib le Perm iu ible Perm iuible 
ppc for activ ity for activity for activity for 
coos to I 1 d i scharge 1 di scharge 10 d ischarges 
waters per month per doy per doy 

I sotope ( IJ.c/ml )  (cur ies) (cur ies) (cur ies) 

Co 60 3 x 1o·9 7.5 x 1o·2 7.5 x J Q-3 1 .6 X J Q-3 

Fe 55 8 X JQ•B 2.0 2.0 x 10· 1  4.3 X J Q-2 

Fe 59 5 x 1o·9 1 .2 x 1o·1  1 .2 X J Q-2 2 .7  X J Q-3 

Cr 51 2 X J Q-6 5.0 X ) Q  5.0 1 . 1  

T o  1 82 4 x J Q·B 1 .0 1 .0 X 10· 1  2 .2  X 1 0·2 

Cu 64 4 x J Q•B 1 .0 l .O x 1 0· 1  2.2 x 1 o·2 

Sr 90  5 X J Q·9 1 .2 x 10· 1  1 .2 X J Q-2 2.1 x 1o·3 

c. 144 1 X J Q-9 2.5 x 1o·2 2.5 X J Q-3 5 .4 X J Q-" 

Cs 1 37 4 X 10·7 J .Q X 10 1 .0 2.2 x 10· 1  

Ru 1 06 1 X J O-B 2.5 X J Q-1 2 .5  x 1o·2 5.4 X J Q-3 

I 1 3 1  3 X J Q·B 7.5 x 1o·1 7.5 x 1o·2 1 .6 x 1 o·2 

Pr imary * 2 x JQ·B 2.2 X J 0" 1 2.2 X JQ•2 4 .7 X J Q-3 
Coolant 
SAVANNAH 

Pr imary * 4 x J Q·B 
Coo lant 
NAUT I LUS 

8.8 X 10·1  8.8 X J Q•2 1 .9 x 1 o·2 

* Assum ing thot the i sotope mix in the pr imary coolant i s  composed of only the 
i sotopes l i sted in Tob ie 3 for the SAVANNAH ond Tobie 5 for the NAUT ILUS. 
Operational exper ience on the NAUT I LUS shows thot due to the presence of 
very short l ived isotopes, the measured gross activity of the pr imary coolant, 
15 minutes after sampl ing, is about 3.5 t imes the gross activ ity resu lt ing only 
from the i sotopes l i sted in  Tobie 5. 
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are  all lower than the computed maximum permi s s ible activity, even 
for ten dis charges  per day.  It therefore appear s that di s charge s  of 
liquid effluent in the quantitie s and activitie s s imilar to the warm-up 
volume of primary coolant from the NAUTILUS may be made into the 
majority of inshore areas without introducing undue risk to man .  How­
ever,  it should be pointed out that the "typic al "  harbor used in thi s eval­
uation, while repres enting an area of rather poor flu shing characte r­
i stic s ,  doe s  not repres ent the wor st inshore area from thi s standpoint . 

It i s  therefor e nec e s s ary that specific evaluation be made of any 
harbor or inshore waterway which is to be utilized as a base or a s  a 
major port of call for nuclear-powered ship s .  Such an evaluation 
should include a study of the r oute s by which activity introduc ed into 
the particular harbor or waterway may return to man ; of the principal 
marine products harve sted from the area; of the conc entration factor s 
to the se  food products both from the water and from the bottom s edi­
ment s ;  and of the physical proc e s s e s  of movement, mixing and exchange 
of the wate r s  of the particular marine local e .  

A s imilar c ompari s on of the c omputed permi s s ible activity of a 
single dis charge,  with either the predicted activity for the spent ion ex­
change re sin s  from the SAVANNAH, or the obs erved activity on the re­
s ins from the NAUTILUS, contained in Tables  4 and 6 ,  leads to the def­
inite c onclusion that spent ion exchange r e s ins should not be di scharged 
in harbor s  or other re stricted c oastal waterway s .  

EVALUATION OF THE COASTAL AREA ( ZONE Z )  

For this c oa stal area from Z t o  lZ mil e s  offshor e,  equations 1 
through 8 in the previous s ections may be utilized, setting 90 = 1 80° 
and n = Z, to take into ac count the pos sible limits plac ed on diffu sion 
by the coastline .  A c onservative mixed layer depth of 1 0  mete r s  i s  
taken for thi s c omputation . The diffusion velocity .E. i s  as sumed to be 
equal to 1 .0 em/  sec,  which is  the value found by Jo s eph and Sender 
( 1 958)  for a number of phenomena of varying s c ale in the op en sea.  

Releas es  of  waste s from nuclear-powered ship s in thi s regime 
will pr obably oc cur primarily in areas off maj or port s ,  with rather 
definite approach route s .  The size of the repres entative area, A, to be 
utilized in equation 1 i s  obtained by c onsidering a 1 0  mile  wide slic e 
extending seaward from two mile s offshor e to 1 Z  mil e s  offshor e .  A 
current parallel to the coastline of velocity le s s  than one mile per day 
would provide for e s sentially c omplete replac ement of the volume under 
c onsideration during the repre sentative time period of one month. 
The value of A i s  then 3 .8 x 1 08 m2 , and t 112 equal s 1 5 day s .  
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The pertinent equations ,  using the symbol s introduced in the last 
s ection, then are :  

( 14 )  

( 1 5 ) 

( 1 6 )  

s 0( t ) = 3 . 2 x 10 2 � 
t 2 

t .. 0 . 1 8  X 1 0 2 � p p c  
p pc 

2 . 2  X 1 0 1 4 1 . 2  X 1 0 1 3  
N � M ( .;-Y'2 s • t ppc 

p p c  p p c  

T ables  9 and 1 0  present the pertinent computations .  The proba­
bility is extremely small that there  will be, on the average ,  mor e  than 
3 0  of the potential 300  nuclear-powered ship s outbound through a single 
such harbor approach per month. Sinc e the weighted mean ppc ,  for 
c oastal wate r s ,  for the i s otope mix in the primary c oolant is appr oxi­
mately 1 0·8 , it is evident from a comparison of Table 1 0  with T able s  3 
and 5 that this  segment of the c ontinental shelf c.an safely receive the 
di scharge of warm-up expansion volume s which may have been stored 
in tanks  aboard ship, due to r e strictions  on the r elease of thi s waste 
into the in shore  environment . 

Since it i s  considered undes irable to average over a period longer 
than one month, the maximum permi s s ible amount of activity in a single 
dis charge,  even if les s than one such discharge were to be made into 
the subj ect area per month, is about 5 curie s .  An inspection of Tables  
4 and 6 then indicate s that this s egme nt of the c ontinental shelf would 
be unsuitable a s  a receiver of spent ion exchange re sins . 

EVALUATION OF THE OUTER CONTINENTAL SHELF ( ZONES 3a 
AND 3b) 

For the region of the shelf from lZ  miles  s eaward to the ZOO  
fathom line,  diffusion on a pertinent scale  would be  unre stricted by 
horizontal boundaries . Within this  area a mixing layer depth of 40 
mete r s  may be as sume d .  Though there are signific ant areas of this  
shelf region which are  not fi shed commercially, migratory fish traver s e  
the whole of the c ontinental shelf, and i t  i s  not possible to as sume that 
any s egme nt i s  biologically unimportant, though some parts of the shelf 
c ontribute significantly l e s s  to the total fisheries  than other s .  

The continental shelf off the east coast of the United States i s  uti­
lized here as the subj ect area for our c omputations of the s afe rate of 
dis charge of radioactive waste s fr om nuclear-powered ship s into this 
type of marine environment . The region of this shelf from l Z mile s  
s eaward t o  the Z OO fathom line average s  about 1 00 mil e s  in width over 
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Mlsppc 
(cur i es/j.Lc/ml )  

lo6 

1 07 

108 

109 

TABLE 9 

Sample computations for o section of the continental shelf 1 0  mi les 
long extencllng seoworcl from 2 m i les offsh- to 12 m i les offsh-, 
giving the time (tpfc) for the -xlmum concentration resu lting from 
o s ing le re lease o M curies to be reclucecl to ppc va lues for tbe en-
v iron-nt (�pc), oncl the permiss ible number of such cl ischorges 
per month ( for var ious va lues of s ppc In j.Lc/ml .  

M, in cur ies, for 

tppc tppc N sppc s ppc 
(sees) (days) (per month) = 1 0'9 = 1 o·8 

1 .8 X 1 {)4 2 . 1  x 1 o· t 1 . 2  X 1 {)4 10'2 

5.8 X 10• 6.7  X 10' t 3.7 X lo2 1 0' t 

1 .8 X 1 05 2. 1 12 

5.8 x 1 05 6.7 3.7 x 1 o· t 10 

TABL E 1 0  

Permiss ible tota l activity per clischorv• Into o section of the con­
tinental shelf 1 0  mi les long extenclint uoworcl from 2 mi les off. 
shore to 1 2  m i les offshore, os o function of the number  of such 
cl ischorges per month oncl the portlol permiss ible concentration 
for the coos ta l -ters. 

P.-mi s s i b le Permi ss ible Perm i ss ib le  
ppc for act iv ity for act iv i ty for act iv ity for 
coastal 1 di sch.arge 1 d i scharge 10 di scharges 
waters per month per day per doy 

(1-Lc/ml ) (cur ies) (curi es) (cur i es) 

1 0'9 s.2 x 1 o· t 5.3 X 1 0'2 1 .2 x 1 o·2 

1 0'8 5.2 s.3 x 1o· t 1 . 2 x 1o· t 

1 o·1 52 5.3 1 . 2 

4 1  

1o· t 

1 0  

102 

sppc 
= 10'7 

10 

102 

l ol  
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the 1 ,2.00  mile length of the Atlantic seaboard of the United States .  It 
has been e stimated that the average retention time for waters  on this 
shelf i s  about one year . Hence a c onservative e stimate of the "new' '  
water area available each month is  1 / l Oth of the total area,  or 4 x 1 0 10 
m2 . 

For unre stricted horizontal mixing , the value of .n in equations 5 
thr ough 8 is 1 .0 .  The value of the diffusion velocity is taken as l .Ocm/ 
sec, as found by Joseph and Sender ( 1 958 ) . The pertinent equations for 
the required computations then become 

( 17 )  

( 18 ) 

( 19 )  

s 0( t )  • 0 . 40 x 10

2 
_! t 2  

t ppc • 6 . 3  � 
vs;;;-

2 . 3 X 1Q l 6  
N � -----

Ill 
s p pc 

3 . 6  X lO I S  (.;-) 3/2 
ppc 

Tables  1 1  and 1 2.  present the p ertinent c omputations .  A compari­
son of the predicted activitie s  in the primary c oolant for the SAVANNAH, 
given in Table 3 ,  with permissible total activity per discharge, given in 
Table 1 1 , indicates that no undue risk to man would re sult from the 
dis charge of s everal thousand gallons of such effluent as a s ingle re­
lease into the water s  of the c ontinental shelf s eaward of a line 12. miles 
from the c oast.  In fact, if  each of the potential 3 00 nuclear-powered 
ship s were to make one such releas e per month into the waters of the 
c ontinental shelf off the east coast of the United State s ,  the permissible 
envir onmental level s  would still not be exc eeded.  

T able 4 shows that the total activity on the spent ion exchange 
resins of the SAVANNAH is  predicted to be about 400 curies  after 50 
days of operation .  Sinc e the ppc value for c ontinental shelf waters ,  in 
known fi shing areas ,  for the mix of i s otopes  shown in Table 4, is  about 
2. x 1 0· 8 IJ. c I ml, it is evident that not even one such dis charge per month 
into known fishing areas of the c ontinental shelf would be suitable .  
Even for those  areas of the shelf which d o  not c ontribute materially to 
fi sherie s ,  and where a weighted mean ppc value of 1 x 1 0· 7 IJ.c lml ap­
plies ,  the dis charge of 400 curies  at one time i s  not advisable.  

On the other hand, Table 6 shows that the total activity on the 
spent ion exchange re sins on the NAUTILUS amounts to about 1 2. .5 cu­
rie s .  The ppc value for fishing areas on the c ontinental shelf for the 
i s otope mix listed in T able 6 is  about 6 x 1()" 9 IJ.C I mi. Setting M equal 
to 1 2. .5 curie s and s c equal to 6 x 1 0· 9 � / ml  in equation 1 9  gives a 
maximum permissibfe number of releases per month of 3 6, or about 
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M/sppc 
(curiot/�c/ml )  

lOS 

109 

1 01 0 

10 1 1  

TABLE 1 1  

Son�plo c-putations for tho sogmont of tho continental  shelf ox­
tend lftt sooword from 12 mi les offshore to tho 200 fathom depth 
contour, g iving the timo (tppc) for tho moximum concentration from 
o single release of M curios to be reduced to ppc values for the 
onvironmont (s

ppc), ond tho perm issible number of such dlschortos 
per month (N) tor various va lues of sppc In �c/ml. 

M, in cur ies, for 

tppc tpp c N sppc 
(sees) (days) (p• month) = 1 o·9 

6.3 X 1 0"  7 . 3  x 1o·1  3.6 X lol 10 1 

2.0 X 105 2.3 1 . 1  X 1 02 

6.3 X 1 05 7.3 3.6 1 0  

2 . 0  X 1 ()6  23 1 . 1 x J o· 1 Jo2 

TABLE 12 

Permiss ib le tota l activ ity per d ischarge Into the segment of tho 
continenta l shelf extend ing seaward from 1 2  miles offshore to the 
200 fathom depth contour, os a function of tho number of such 
d ischortos per month and tho partia l permiss ible concentration 
for tho coas ta l  waters . 

Permi s s i ble  Pet"m i ss ib le  Pet"mi  s s i ble  
ppc for act iv ity for act iv ity for act iv ity for 

sppc 
= 1 o·a 

10 

lo2 

] 03 

coastal 1 d ischarge 1 d i scharge 10 di scharges 
wotet"S per month pet' day per day 

(�c/ml )  (curios)  (cur i e s) (cur ies) 

J o·9 23 2.4 5. ) X J O• l 

1o·a 2.3 X lo2 24 5. 1 

J o·7 2.3 X )03 2.4 X J 02 51  
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sppc 
= 1o·7 

10 

lo2 

lol 

1 0"  
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one per  day. In non-fi shing areas of the continental shelf, where the 
environmental we value for the isotope mix on the ion exchange re sins 
is  about 3 x 1 0" 1-Lc / ml ,  the permis sible number of releases  of ion ex­
change resin s  having the activity r eported for the NAUTILUS is c om­
puted to be about 20 per  day . 

Acc ording to the rep ort "Radioactive Waste Disposal from U .  S .  
Naval Nuclear- Powered Ship s " ,  the ion exchange resins in th e  NAUTILUS 
require  replac ement about onc e each s ix months . Thu s ,  if each of the 
potential 300 nucl ear-powered ships wer e  to di s charge their spent ion 
exchange re sin s  twic e  each year, in a random spatial distribution over 
the c ontinental shelf of the eastern United States ,  the environmental 
limits for this area would not be exc eeded, provided that the total activ­
ity on the spent ion exchange re sins for each ship would not exc eed 50  
curie s .  

EVALUATION OF THE OPEN SEA ( ZONES 4a AND 4b) 

For the purposes  of thi s report, the open s ea i s  considered to 
c onsist  of those  regions of the oc eans which are more than 12 miles  
from any land and which have depths gl·eater than 2 00 fathoms .  The 
open sea undoubtedly has greater c apacity to s afely receive radioactive 
waste s than any of the marine environments previously c onsidered. 
Since the water s of the outer c ontinental shelf ar e suitable rec eivers  of 
the low level liquid effluent from nuclear-powered ship s ,  it is  evident 
that no restriction need be placed on the discharge of low level liquid 
effluent from nuclear-powered ship s into the op en s ea. This statement 
is valid s o  l ong as the activitie s  in the liquid effluent are similar to 
tho s e  ob served on the NAUTILUS and predicted for the SAY ANNAH. 

The major s ource of p otential waste s for marine di sposal on nu� 
clear-powered ship s are the spent ion exchange resin s .  Acc ording to 
the report "Radioactive Waste Disposal from U .  S .  Naval Nuclear-Pow­
ered Ship s " ,  the s e  resin s  sink in s ea water and also  rapidly give up the 
attached active isotop e s  to the s ea water . It is a basic requirement for 
the application of the finding s of thi s study that in all cases  these re sins 
must s ink when releas ed into the sea . 

In the evaluation of the disper s al of an inoculant in the open s ea, 
using the equations develop ed by Jo s eph and Sender, a layer depth of 
1 00 meter s  is as sumed . Sinc e no boundaries  exist to restrict horizon­
tal diffusion,  at least on the scale of c onc ern here,  .n in equations 5 
thr ough 8 would be equal to unity .  The value of .£, the diffusion velocity, 
i s  taken a s  1 em / s ec .  

In determining the total area A to b e  u s ed in evaluating the c ri­
teria expre s s ed by equation 1 ,  it is c ons ervatively as sumed that all 
300 potential nuclear-powered ship s operate in the New York- London 
route . The area of this r oute is estimated at 6 x 1 0 5 km2 ( 6000 km x 
1 0 0  km) . The length of the s ignificant time period T is ,  as in the eval­
uation s for the inshore and c ontinental shelf area s ,  taken as  1 month, 
and t112 i s  taken as  15 days . 
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( 20 )  

( 21 ) 

( 22 )  

Equations 6, 7 and 1 0  then become 

M 
16 2 

t 

3 . 5 X 10 1 8 
N � ----­

M 
-s - • t ppc 

ppc 

The re sulting c omputations ar e summarized in Tables  13 and 1 4 . 
Table 3 shows that the predicted activity on the spent ion exchange r e s ­
ins for the SAVANNAH* is  about 400 curie s .  The weighted mean ppc 
value for fishing areas of the open s ea, for the i sot�e mix on the ion 
exchange res in s  of the SAVANNAH, is  about 5 x 1 0 · • Applying this 
value to the subject open sea area, equation 2 2  give s a limiting value 
of over 1 03 for the permi s s ible number of rele a s e s ,  p er month, of 400 
curie s each. This  corre sponds to about 30  such di scharg e s  per day . 
In thos e  large areas of the open s ea which do not c ontribute materially 
to the commerc ial fi shery harve st, the appropriate value for the c or re­
sponding envir onmental ppc i s  3 x 1 0·7 . The pe rmi s sible number of 
releases  into the subj ect open s ea area would for this  case  be over 
Io4 per month, or 300 per day . Thu s ,  if each of the 300 potential nu­
clear-powered ship s should di scharge spent ion exchange re sin s ,  con­
taining 400 curi e s  each, into the subj ect open sea area onc e each 2 
months ,  the permi s sible limit of radioactivity in the environment would 
not be exceeded . 

CONSERVATIVE AND NON- CONSERVATIVE ESTIMATES USED IN 
THIS REPORT 

As a re sult of the many gap s  in our basic knowledge of the per­
tinent phenomena in the s ea which enter into the problem evaluated in 
thi s report, it has been nec e s s ary for the working panel to include 
many e stimated paramete r s  in the evaluation,  B ecau s e  we are treating 
a problem which is p otentially very dang erou s  to man and to man ' s  
utilization of the natural envir onment, w e  have in general made con­
s ervative ( s afe) e stimates of the unc ertain factor s .  An additional rea­
s on for making c ons ervative approximations i s  that the nuclear ship 

•Since completion of this report ,  subsequent re•evaluation of the probable character and 

activi ty of the primary coolant and the ion exc ha nge r esins has been iss ued by the Oak 

R idge Nationa l L aboratory ( 19 59). While this ORN L report inc ludes somewhat different 
v alues for the ac tiv ity in the se potential was t es , the general conclusions arrived at here 

remain unchanged. 
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Mlsppe 
(cur ie s/j.lc/ml)  

- - - - - -- ---

TABLE 1 3  

Somple c-puhltlons for a selected traclo rouhl a rea  of th o  .,... 
sea, giving the tl- (t ppe) for tho -•1-• concentNtlon res•lt· 
lng from a s ing le roloaso of M curiH hi lie recl•cocl hi ppc values 
for tho environment (s

P.I!e ), ancl the permissible nu.a..r of s•ch 
cllschargos per month \M) for various values of sppc In j.lc/ml. 

M, in cur ios, for 
tppe tppe N sppe 

(sees) (days) (per month) = J o-9 

1 .3 X 105 1 .5 2.7 X 1 �  

4 X 105 4.6 8.8 X 1 o2 10 

J .3 X 106 1 5 2.7 X 10 1o2 

4 X 1 06 46 8.8 x 1o·1 1 ()3  

TABLE 1 4  

Permissible total activ ity pa r  cllschargo Into a Mlochlcl tNclo 
rou .. area of tho open sea, as a function of tho n•mller of such 
cllschargos per month ancl tho partial  permiss ible concontNtlon 
for tho open sea . 

Perm i s s ib le P•missiblo Pet"miu iblo 
ppc for octiv ity f or  activity for activ ity far 

sppe 
· 1o-• 

10 

1o2 

1 03 

1 �  

open seo 1 di scharge 1 di scharge 10 d i scharges 
wat«s per month per day pet' day 

(IJ.c/ml ) (cur ios) (cur ios) (cur ios) 

1o·9 9.4 X 1o2 9.5 X 10 2.0 X 10 

1o·• 9.4 X 1 ()3  9.5 X 1 o2 2.0 . 1o2 

10"7 9.4 x 1o• 9.5 X 103 2.0 X 1()3 
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is  not fixed and may travel into marine water s  which are most re stric ­
tive from the standpoint of disper sion, exchange and biological uptake, 
as  well as being heavily utilized by man. 

The following summarizes  the c on s ervative appr oximations made 
in this evaluation . 

1 .  It i s  as sumed, for coastal areas and fishing areas of the con­
tinental shelf, that a s elected s egment of the population rec eive s all 
its protein requirement from seafood harvested from the marine area 
subject to waste di sposal .  Thi s a s sumption is  not overly cautious for 
a c ountry such as Japan,  but is quite conservative for the United State s .  
This  re strictive as sumption i s  relaxed when considering thos e  areas 
of the outer continental shelf and open s ea which c ontribute little to the 
fisherie s harve st.  

z.  In c omputing the distribution of activity with time resulting 
from a given di scharge,  the radioactive decay was not included.  

3.  In c omputing the effect of discharge of spent ion exchange r e s ­
in s ,  it was as sumed that all th e  activity was immediately released by 
the resin to the s ea water .  This is a con s ervative assumption only if 
the re sins sink . 

4.  The effect of initial mechanical dilution on the distribution of 
activity after releas e to the marine environment was not included in 
the computations .  This factor would be s ignificant only during the very 
early stag e s  of disper sion,  sinc e the point source  s olution and the fi­
nite source solution to the diffusion equations converge with inc reasing 
time . The major importanc e of initial mechanical dilution would be 
the reduction of any density differenc e between the effluent and the re­
ceiving water s .  The assumption is  made that no such den sity diffe�ence 
exists ; henc e the maj or effect of initial mechanical dilution is  in fact 
indir ectly included in the evaluation . 

5 .  In the c omputations  for the outer c ontinental shelf and for the 
open sea, the possible transport of activity out of the surfac e layer by 
s ettling of particulate material was not included.  In inshore waters it 
is p o s s ible that this  proc e s s  would be detrimental, s inc e activity could 
be conc entrated onto bottoms where important shellfish and bottom 
feeding fin fish occur . 

6 .  The highest measur ed conc entration factor s for the uptake of 
a specific i s otope by the biota were employed in the calculations ,  ex­
c ept that where c onc entration in the skeleton was important, one-tenth 
of the c onc entration factor from sea water to bone was used, s ince bone 
make s up about one-tenth of the edible portion . 

Possible non- c on s ervative features of our e stimate s include the 
following . 
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1 .  The equations of Joseph and Sender ( 1 958 ) ,  which were em­
ployed in c omputing the disper sion of radioactive wastes due to turbu­
lent diffusion,  are bas ed on a statistical conc ept which pr ovide s a 
smoothed spac e and time di stribution . A time rec ord of the c oncentra­
tion at any given point, or the spatial record of the concentration at 
any given time resulting from a s ingle actual point source,  would differ 
in a random manner from the smoothed di stribution predicted by the 
equations of Jo s eph and Sender .  There would thus occur, from any 
s ingle dis charge,  periods  of time during which the concentration over 
s mall areas would be higher than that p redicted. Sinc e there would 
al so  occur c orre sponding time s and locations with c onc entrations l e s s  
than predicted, and s inc e our conc ern is ,  at least in part, with the in­
tegrated effect of a number of such releas e s  over time and spac e,  this 
departure of the actual distribution from the predicted distribution does 
not introduce s erious error in the final c omputations .  

Z. .  In the evaluation of the open sea environment, a 1 00 meter 
thick stirred layer was assumed. In s ome ocean areas this may be too 
large . In the case  of a 1 0  meter stirred layer,  the estimate s of the 
time, !Pp c , required for the conc entration to be reduced to environ­
mental ppc levels would be inc rea s ed by a factor equal to Yrn, or approx­
imately 3 .2 ;  the corre sponding value of !i, the allowable number of di s­
charge s  per month, would be decrea s ed by � ,  or appr oximately by a 
factor of 32 . Such a small value of the layer depth for the open sea 
would be very unusual ; any r eal overe stimation of  this factor i s  most 
probably compensated for by the neglect of tran sport of any activity to 
the deeper water .  

3 .  In the computations for coa stal water s ,  the possible c onc en­
tration of activity on the bottom, due to uptake by suspended silts and 
sub s equent s ettling , was not included . While thi s would be a c onserva­
tive factor for tho s e  organisms which spend most of their time swim­
ming or drifting in the water, it may well be quite detrimental to bot­
tom living forms,  particularly detritu s and filter feede r s .  Data are 
not available to evaluate adequately the significance of this phenomenon . 
It i s  primarily for this r ea s on that our final rec ommendations r elative 
to inshore water s are more c ons ervative than might otherwi s e  be war­
ranted from a strict application of our numerical re sult s .  

MONIT ORING A ND  RECORD KEEPING 

It is es s ential that a systematic monitoring program be initiated 
as s oon as pos s ible to determine the con s equenc e s  of the releas e of 
radioactive wastes from nuclear-powered ve s s el s ,  both civilian and 
military* . This  program i s  required in order to protect public health 
and property, to modify regulations in the light of new knowledge, and 
to prepar e for intellig ent action if and when nuclear di saster s occur in 
inshore envi ronments . 

•A monitoring program has also been recommended by the Comm ittee on Oceanograph y of 
the Nation al Academy of Sciences - National Rese arch Council  (in its report entitled 
•oceanograp h y  1960- 1970 •). 
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This  prog ram should be c ar ried out by a s ingle agency of the 
Federal government apart from that having regulatory authority . Since 
the work requires development of technique s for detecting low level ra­
dioactivity and for sampling a wide variety of habitats and organisms,  
and since the nature of  the p r oblem will be c ontinually changing with 
changing technologies of atomic p ower , the prog ram must have a c ore  
of exc ellent scientists capable of backing a dynamic directorate . In 
order to attract such people (which is  in its elf a difficult problem) , pro­
vision should be made to allow them wide latitude for independent re­
search related to the subject.  

The monitoring should c over all harbor s in the United States and 
its territorie s  entered by nuclear ve s s el s  to the extent required by 
such use . It should be flexible enough to encompas s ,  when circum­
stanc e s  require, all marine environments where organi sms are ex­
ploited by man. It should be directed towards the detection of the radio­
active isotopes produc ed in both c orrosion and fis sion proc e s s e s ,  dis­
tinguishing the quantitie s originating fr om fallout, from land bas ed 
reactors and from nuclear ve s s els . 

Although those engaged in the prog ram mu st be given wide lati­
tude in its execution, the panel sugge st s  that the following are sensible 
subjects for ob s ervation : c ommercially us eful organi sms ; c ertain other 
organi sms that have high c onc entration factor s for any of the radioactive 
element s ;  the water and it s susp ended s olid s ;  and the sediment s .  

In this regard it is  rec ognized that the permi s s ible c onc entrations 
rec ommended for the c oastal water s are quite small from the stand­
point of detection, and would requir e  special c ounting technique s to de­
termine . It i s ,  however,  not the c onc entration in the water pha s e  of the 
environment, but rather the activity in the marine organi s m s ,  which is  
the controlling factor . The  determination of envir onmental ppc values 
has been primarily an intermediate step to provide the nec e s sary means 
of getting from the ppc value for the edible portions of marine organ­
isms to the permi s s ible rate of introduction of radionuclide s to the en­
vironment . An inspection of Table Z shows that the ppc value s  in the 
marine organisms ar e generally s everal orders  of magnitude above 
the c or r e sp onding ppc value for c oastal water . It is thus obvious that 
the most profitable method of monitoring the effects of the intr oduction 
of nuclear wastes into the marine environment i s  through measur e­
ments on the biota . 

All nuclear-powered ve s s el s  should be required to maintain a 
record of all dis charges  of liquid waste effluent, of ion exchang e re sins ,  
or of any other material s which, by  the definitions used in  this rep ort, 
are clas s ed as radioactive wa ste s .  Such rec ords should give informa­
tion as to the location and time of each discharge ;  the c oncentration, 
total volume and total activity of each di scharge (within the ac curac ies  
of available practical technique s for  e stimating the se  quantitie s) ; as 
well as  an estimate of the i s otopic c omp osition of the di scharge,  with 
e stimate s of the amount of activity a s s ociated with each of the major 
c onstituents . Copies of such records should be transmitted at regular 
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intervals  to the appropriate national agency, which will, in turn, supply 
c ondensations of the s e  records to any international organization which 
may, by mutual agreement between governments ,  as sume re sponsibility 
on an international basis for the monitoring and registry of nuclear 
waste disposal into the ocean.  

Provision should be included for the prompt reporting and dis­
s emination of information relative to the emergency or accidental re­
lease of radioactive materials in amounts exc eeding thos e  r ecommend­
ed in thi s report. 
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