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As part of a large scale ecological research program, in
pro-;ress since 19611, we have examined the identity, abun-
dance, and distributions of natural, fallout, and reactor
produced radionuclides in the Hudson River estuarine
environment. The annual rates of introduction of the most
commonly detected radionuclides have been estimated for the
purpose of placing the importance of the various artificial
and natural sources in perspective, and explaining the
measured distributions in space and time.

;.adionuclides investigated include isotopes of cesium,
cobalt, and manganese. The Cs-137 content of fish is in
part related to the cumulative deposition in sediments.
}{o-*zever, cesium of recent origin appears to be more
biologically available. Co-C3 accumulates in estuarine
sedirm.cnts with limited, if any, transfer back into aquatic
food cliains..--Mn-54 deposits by sedimentation in the fresh-
water regions of the estuary, but leaches from sediments
during seasonal salt water intrusions. Sedimentary build-up
of i.'n-511 is limited by its 303 day half-life4 __The mainte-
nance of constant stable manganese concentrations by fish
during periods of highly variable aqueous manganese concen-
trations is indicative of regulated uptake and loss of this
element. Accordingly, the u-se of concentration factors to
prcdict radionuclide concentrations in fish is not strictly
appropriate for manganese. The finding that most radio-
nuclides are at least partially associated with sediments
further limits the applicability of the concentration factor
approach, particularly for cesium.

ýiooted aquatic plants concentrate all of the radionuclides
measured except tritium and are useful stationary integra-
toru; of aqueous radioactivity levels.

T'he most important radionuclides with respect to exposure of
man from reactor releases appear to be Cs-137 and Cs-1 3 4,
and the critical pathway ingestion of fish. The fraction of
maximum permissible intake during 1969 was less than-IO-4.
It appears that present regulations restricting the concen-
trations of radionuclides in cooling water effluents are
more than adequate for this aquatic environment.



.5 ' INTRODUCTIO0

The Hudron River Estuary, a major body of water draining
southwardly through New York State, has been the recipient
of radioactive fallout from nuclear weapons tests and low-
level discharges of radioactivity from a pressurized water
nuclear power plant, Indian Point Unit 1. Measurements of
t.e types and quantities of radionuclides from these manmade
sources, together with measurements of radionuclides present
naturally in the river system, have been underway since
19614. results are used to ascert'ain th' relative and
absolute importance2 of the radionuclides with respect to
human radiation exposure. Samples measured routinely have
included water, bottom sediment, and the mnre abundant
biological organisms.

The main region of the river selected for the study is
located from HRM 30 (Hudson River mileage measured north
from t.he Battery in New York Harbor) to JIM 50 and is
centered about the Indian Point location at HRM 142 where
the Indian Paint Unit 1 reactor has been in operation since
1962. In addition to Indian Point Unit 1 (615 AWt), two
reactors are under construction and two additional reactors
are in the planning stage. The total generatirng capacity
of all five reactors upon completion will be 12,984 1Wt,
only slightly less than the total of all commercial U. S.
reactors presently Jn operation.

The Hudson River has an abundant fish population and is

polluted w.,aters near New York City, mostly for anadromous
species, during the spring and summer months. The water
quality of the river has declined over the y.ea-es, but
sub;-,tantial reductions of municipal and industrial pollutant
sources will be achieved by about 1976 and should help
restore the river. Such a restoration of water quality
w:ould attract many more of the 10½ million local inhabitants
to the Hudson for fishing, swimming, boating, and enjoyment
of the river's natural scenic beauty.

i,.Asurance of the safe operation of future multiple nuclear
facilities by adherence to release standards, and mainte-
nance of well-designed monitoring programs serve to
minimize hazards to local inhabitants and,thcreby, avoid
any restrictions placed on river usage from radioactive
contamination.

Nany of the radionuclides present in weapons fallout are
also present in liquid reactor wastes. Accordingly,radio-
ecological processes observed for radionuclides from either
source can be applied in assessing the potential inmpact- of
future reactor releases. M4easurements of both past and
existing radionuclide levels provide first-hand information
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on the types, behaviors, and relative importance of those
radionuclides anticipated from nuclear power expansion.
Other approaches which can be taken to assess future reactor
releases can be based upon stable element data or experi-
mentally determined values of concentration factors.
Results from this study indicate, however, that these latter
methods are of limited value when applied to waters such as
the Hudson having highly variable conditions of salinity
and stable element composition. The use of concentration
factors is useful and strictly appropriate only when the
content of stable elements or radionuclides in biota is
proportional to a steady state content in the water. When-
-ver biologically available sedimentary deposits exist, this
condition is not necessarily fulfilled, and the use of
concentration factors alone may not produce a reasonable
estimate of roconcentration.

SOURCES OF RADIOACTIVITY IN T177 HUDSON RIVER

Radionuclides occur in the Hudson from natural. sources,
weapons fallout, and aqueous releases at nuclear facilities
along the river. Amongst the naturally occurring radio-
nuclides, K-40, Ha-226, and Ra-228 are most abundant.
Potassium, a major constituent of seaviater, accounts for
elevated K-110 levels in water from the more brackish areas
of the system nearest the Atlantic, whereas potassium
leached from terrestrial minerals contributes lesser amounts
of K-110 to the freshwater areas. In the region of highest
salinity near the mouth of the estuary, K-40 concentrations
Of a'uout 300 pCI/I av. •ypical, whilt abuuL 2 pCi/i uof K-40
are foui.d in the freshwater regions. Seasonal- fluctuations
in freshwater flows, rates of evaporation,-.and tidal
influences result in seasonally variable K 2110 concentrations
at any given location. Longitudinal salinity profiles as
measured along the length of the estuary during the summer
of 19591 indicate that 100-200 Curies of K- 110 existed in the
estuary at that time.

Both Ra-226 and Ra-228 are carried into the river as natural
constituents of suspended material, or in soluble forms from
the leaching of soils. From analy-lis of water one can
estimate that about 0.5 Curies of Ra-226 and 0.5 Curies of
Ra-228 in the form of suspended material, and from one to
five Curies of dissolved Ra-226 and Ra-228, respectively,
are introduced into the estuary each year.

The periodic testing of nuclear weapons in the atmosphere
has contributed readily detectable quantities of artificial
radionuclides to the Hudson. The intermittancy of such
tests, and the paucity of fallout deposition measurements,
together with uncertainties about the contribution of
terrestrial runoff to surface water radioactivity, complicate
estimation of the amount of radioactivity contributed to the
Hudson by fallout. However, an upper and lower bound to



such falloud ntributions can be arri• at by utilizing
' . available fallout data and assuming dep"ition either on

the river surface alone or on the entire drainage basin.
Table 1 show:s the results of such a calculation for the
fission products Sr-90, Cs-137, and Ce-1YI, and the activa-
tion product Mn-5 4 , as well as for tritium. Many other
radionuclides, most notably Zr-Nb-95, 1-131, Ce-141, Ru-103,
Ru-106, Sb-125, Ba-140, La-140, Co-60, Zn-65, and Fe-55,
have been similarly introduced into the Hudson River from
weapons fallout.

.ne only major nuclear facility discharging low-level radio-

active waste directly into the Hudson River is the Indian
Point Unit 1 reactor. Knolls Atomic Power Laboratory in
Schenectady, New York, contributes such wastes indirectly by
way of discharge into the Mohawk River, a northern tributary
of the Hudson. N.1easurements indicate, however, that in
spite of measurable radionuclide levels in the Mohawk down-
stream from K.A.P.L. , at the point of 'discharge into the
Hudson these radionuclides are not measurable above natural
and fallout radioactivity levels. 6

At Indian Point low-level releases are first diluted by a
normal condenser water flow of 300,000 gpm prior to release
into the Lud,;on. Prior to the time that individual isotope
analyses were performed, the percentages of I.PC, lo-7pci/ml,
fAr the unidentified mixture during 1962, 1S63, 1964, 1965,
uiid 1966 w.,ere 0.22, 0.26 22, 113, and 70 respectively, as

uby the USPHSA Detailed radiochemical analyses
which were initiated in mid-1966 revealed tha.• the MPC for

* the mixture released was• much larger than l0-'pCi/mnl. The
percentages of MIPC during the following years of 1967, 1968,
and 1969 were 1.6, 1.7, and 4.1 respectively,_

The average monthly composition of undiluted aqueous radio-
active wastes at Indian Point during 1969 is indicated in
Table 2.8 The relative magnitudes of the undiluted frac-
tional I.IPC's for the individual nuclides, i.e., Ci/IPCi,
indicate the relatiLve importance of each radionuclide with
respect to radiation exposure from drinking of water. The
:iur. of the entries unCer Ci x ].'PCi/ECi Is the 141I1C for the
identified mixture, 8 x 10-5 pCi/ml in 1968 and 4.6 x 1o-5
pCi/ml in 1969. The quantities of Sr-90, Cs-137, ;11n-54, Co-60,
and tritium released at Indian Point on the year of maximum
discharge are shown in Table 3.8

Overlooking differences in the manner of introduction of
natural, fallout, and reactor-released radionuclides, one
ray compare the quantities of these radionuclides which have
been introduced annually into the Hudson. It is seen from
Table 3 that fallout on the river surface contributed-a-pproxi-
mately the same quantities of Cs-137, Mn-54, and tritium
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during; the k year of 1963 as did Ini n Point Unit 1 on
the year of maximum discharge, while 400 times moUe Sr-90
fell out on the river surface in 1963 than the maximum
annual discharge at Indian Point. The leachint., 'of terr•ue-
trial fallout deposits cou'ld result in up to 200-fold greater
introduction -rates of fallout nucl2des'than surface deposi-
,...on on the ý-iver alone, as indicated in Table 3. The ratio
of the introduction rate of each nuclide to it-) MIPCw (Table
3) is proportional to the dose contributed by each nuclido
if only the drinking of %.,ater is considered.,' As seen J i
Table 3, this dose-related ratio is more than 1000-fold
higher for the natural radium isotopes than for any reactor-
proiduced nuclide, and is about 10-fold higher for radium
1:;otopic:*. than for Sr-90 falling out on the river surface.

iiii.e ",,~I.;.l Luhvvcd radioactivity levels, and aessin
1-1t1e con:;equences of future introductions of similar

Ui . ............. ...,, H'" ,K./A "[I ''"' ..

Our measuromenrts were designed to detcrmine t'.' Idmntlty and
spatial dlstribution of the rarilonuclides pre.;en!e in the
physical and biological components of the Hudson River eco-
system, andi to assess the resultant temporal channges
associated with variable radlonuclide inputs i:,to the river.
.ro:m 19C!1-1967, samples w,.,ere collected only between late
spring and autumn. OuLr pri/mary objective then v;as to survey
a iar"ge diversiTy o0 sampics from as large an area ol' the
river as possible (from 1HPN 20 to lHEM 100). -';xcept for the
activation products !n-54 and Co-60 in the Imrediate
vicinity of indian Point, located at Hi1 i27'T.T', 2 concentra-
tion of radionuclidces in samples of water, biota, and-
sedoiments throK"hout the rivei, was quite uniform, prompting
us to conce itrate our efforts in the following years or a
region near Indian Point, while still mafrntainnng seve.al
upstream stations for control purposes.

Gsi:na-ray spectroscopy has been the principal method of
radionuclide analysis. Spectral inforr:ation obtained with
a mult-cchannel analyzer coupled to a 4" x 4" !;ai wvell
crystal shielded by a 4" mercury incasement is processed

A by a computerized linear weig-hted least squares analysis
described elsewhere.9 A limited number of samples have
been periodically analyzed radiochemically for Sr-90 (EHPA
solvent extraction and beta counting of Y-90), 1 0 Fe-55
(solvent extraction and electroplating) 1) and tritium
(distillation electrolytic enr'tichment), 2

iAnnual average concentrotions of the gamma emitters, Cs-137,
Co-60, and 1-'n-54 , which were measured in samples of bottom
sediment, water, whole fish, and rooted aquatic plants

-5-



collected n Indian Point are shown 9Figures , 2 and 3.
Samples of fish, plants, mud, and water used in computing

the annual averages were collected at the same sites and
with approximately the same frequency in the different
years. Similar species of fish and plants were analyzed
each year. Values given for radionuclide concentrations
in water are for the dissolved fraction of grab samples.
;:ater samples varied in volume from 6 to 40 liters, and
were collected either on a biweekly or monthly basis.
Radioactivity values measured in water are a better indica-
tion of the slowly varying fallout contributions than the
lariable releases from Indian Point. Bottom sediment
radioactivities pertain to dredgings of the upper 10-12 cm
of channel and near shore areas known to have sediments of
fine textures, and for this reason probably represent
samples of higher activity than would samples collected at
random locations including sandy as well as silty-clayey
bottoms.

Available data on annual fallout deposition and reactor
releases of Cs-137, Mn-54, and Co-60 are shown in Figure 1,
2, and 3 for comparison with the rcsultant levels of these
nuclides appearing in river samples.

From iogure 1 it is seen that during a period of decreasing
deposition of Cs-137 from weapons fallout, 1964-1966, the
concentration of Cs-137 dissolved in Hudson River water
decreased approximately an order of magnitude. During this
same period of time, the concentrations of Cs-137 in bottom
sediments remained almost constant while levels in fish
aeciinea only slightly. From measurements of fish at
upstream control stations (Table 5), it appears that weapons
fallout was the source of Cs-137 at Indian 1*o1Imt during,
1964, 1965, and 1966. Since the Cs-137 content of fish did
not parallel the order of magnitude drop of Cs-137 dissolved
in water, but instead followed more closely the Cs-137
concentrations in bottom sediments, it appears that the fish
are indirectly obtaining most of their Cs-137 directly from
river sediments or from food chains dependent on the bottom
sediments. Gustafson studying freshwater lakes also came to
the conclusion that bottom sediments act as a reservoir of
Cs-137 which can be assimilated by fish. 1 3  Three-fold
higher Cs-137 concentrations were found in bottom-feeding
fish species such as carp, suckers, and catfish than in
open water feeders such as white perch, bass, and sunfish.
This supports our hypothesis that part of the Cs-137 in
river sediments is biologically available.

Recent sampling has shown the Cs-137 content of suspended
sediments (>0.45p) is greater-than for bottom sediment. eor
Anstance, in J.969 we found suspended sediments at upstream
stations contained 3900 pCi/kg dry, while bottom sediments
from similar locations averaged 2200 pCi/kg dry. This may



reflect the ffering particle size di'ibutions of
suspended and bottom sediments. In 1970 the Cs-137 content
of plankton ranged from 65-200 pCi/kg wet or 1300-2000
pCi/kg dry. Thus, a hypothetical food chain for a pelagic
feeding fish could be: resuspension of bottom sediments,
uptake of suspended materialby plankton, and subsequent
ingestion of plankton by fish. A shorter food chain such
as direct ingestion of bottom organisms or other bottom
detritus relatively high in Cs-137 might account for the
approximate three-fold higher content of Cs-137 in bottom
feeders.

During the later years of this study, 1966-1970, Cs-137
concentrations at upriver control stations declined below
detectability in water (<.02-.03 pCi/l), but remained cons-
tant in bottom sediments. As shown in Table 5, the Cs-137
content of upstream fish decreased with an approximate 2
year half-life reachirg 16 pCi/kg in 1970. Similar obser-
vations were made for Cs-137 concentrations in samples from
the vicinity of Indian Point, except during 1969 and 1970
then the Cs-137 content of fish from Indian Point was
approximately twice the Cs-137 content of upstream fish
(Table 5). This was presumably the result of a larger than
usual release of Cs-137 at Indian Point during 1969 and

* 1970.

Co-60, one of the more abundant activation products in
reactor wastes (Table 2) has been found only infrequently
in upriver control samples, presumably as a result of its
limited production in nuclear weapons tests. The concen-
trations observed in fish and water at indian Point are only
slightly above our detection limits of 4 and 0.04 pCi/ks
respectively. The ability of aquatic plantz-4-o concentrate
cobalt has been shown in various laboratory uptake experi-
ments 4 and the concentration factor according to the usual
definition was found to range from 104 to 105 for the plant
species included in our measurements, Potamogeton, Myrio-
phyllum and Vallisneria. As a result, aquatic plants
reflect Co-60 concentrations in water that could not other-
wise be easily measured.

Except for a five-fold decrease in Co-60 concentrations in
aquatic plants from 19614 to 1965, the annual levels of this
radionuclide in aquatic plants from the Indian Point vicinity
has remained reasonably constant from 1965 through 1970.
This is in agreement with a fairly constant reactor release
of Co-60 dUring the same time period.

Noteworthy amongot the Co-60 measurements is the apparent
accumulation of Co-60 in bottom sediments which has taken
place through 1968. The decline of sedimentary Co-60-in
1969 may be an indication of the attainment of equilibria
between introduction and removal rates.



Weapons fal t has contributed apprecole quantities of
the activation product Mn-54 to the Hudson both during and
immediately after the period of peak thermonuclear testing,
(Table 1 and Figure 3). Releases of this nuclide from
Indian Point Unit I have contributed larger quantities to
the Hudson on a yearly basis, however, than fallout on the
river surface alone. This has accounted for Mn-54 levels
in biota and sediment at Indian Point (Figure 3) in excess
of those found at upstream locations. During 1965 and 1966,
for example, two-fold higher concentrations of Mn--54 were
found in fish (Table 5) and botto'm sedflnents near Indian
Point, as compared to upstream samples, while aquatic
plants from Indian Point showed twenty-fold higher Mn-54
concentrations. Since bottom sediments and plants were not
collected upstream in 1964, and isotopic analyses of reactor
wastes were not performed until 1966, it is not possible to
zssign the origin of the higher levels occurring in 1964 to
cipher fallout or reactor operations. Measurements of
water, bottom sediments, fish and aquatic plants on subse-
o,,e" vee. correlate fairly well with available annual

._.t•ase data at Indian Point. Owing to its 303 day
half-life, continued accumulation of Mn-54 in sediments
would not be expected after several years of reasonably
constant release, and in fact such accumulations have not
been found.

Detailed studies of the radioecology of manganese have been
reasible due to the presence of an identifiable source of
..in-54 in the Hudson at Indian Point, and measurable levels
--.- 1i-- In various phases of the Hudson near Indian Point.' 5

Of muu iriLerest to date has been a rather unusual obser-
vation relating to the effect of periodic saltwater intrusion
into a previously freshwater area on the crenri-stry of stable
manganese. We have found that unexpectedly, such saltwater
intruslons result in a pronounced elevation of manganese
concentrations dissolved in water, as shown in Figure 4 for
the summer and fall of 1969. As a result of the dissolved
manganese depression in the latter part of August when
salinity decreased due to an unusually large but transient
freshwater discharge, the concentration of stable manganese
in the aquatic plant Potamogeton fell by a factor of about

5). When seawater intrusion reached Indian P•int
eember, dissolved stable manganese concentrations

A. A previously elevated values, and the manganese
content of aquatic plants increased in like fashion,
reflecting the manganese content of the surrounding water.
Both the cdncentration,pCi/kg wet, and the specific activity,
pCi/mg Mn, of Mn-54 in these same plant samples, together
with biweekly continuous measurements of the Mn-54 concentra-
tions in reactor waste provide some insight into the-_
mechanism accounting for manganese elevation in Hudson water
during periods of salt water intrusion. From Figure 4 it is
seen that a sustained release of Mn-54 occurring at Indian
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Point throdout most of August was fsowed by a reduction

of more than an order of magnitude from late August through
mid-November. As a result, both the Mn-54 concentration and
specific activity in aquatic plants dropped from late August
through early September. However, in mid-September the
Mn-54 concentration in aquatic plants increased rapidly
without a corresponding increase in release at Indian Point
Unit 1, while the Min-54 sp~ecific activity slightly decreased.
This observation can only imply that stable manganese and
Mn-54 were both introduced from a similar source which was
not the reactor directly. Upstream control samples indicated
no fallout input of Ifn-54. We have, therefore, concluded
that the influx of seawater into a previously freshwater
area resulted in the mobilization of both stable manganese
and Mn-5 11 in bottom sediments. That manganese can be
leached from bottom sediments by seawater has previously
been shown by simulated leaching studies o2 %olumbia River
sediments.16

Mn-54 specific activities in fish at Indian Point during
1969 followed quite closely the specific activities measured
for aquatic plants and indicate that no dilution of 1n-54
specific activities by stable manganese occurs between
uptake by plants and uptake by fish. Stable manganese
concentrations remained quite constant in fish during the
observed period of rapidly changing manganese concentration
in water. This implies a manganese concentration factor for
fish that is inversely related to the stable mangLnese
concentration in water. Of course, if water is not the
direct source of manganese in fish, then the concept of
curice12tration factor nas limitea appilcaoillty.

Samples of water, sediment, fish, aquatic l,-ts, and crabs
were analyzed for Sr-90 during 1964, 1965, and 1966 (Table
Ii). The concentration of Sr-90 in water decreased two-fold
during this time period, while the fallout rate of Sr-90
decreased by a factor of about 6 during the same time period
(Table 1). The near absence of Sr-90 in reactor wastes
(Table 2 and Table 3) together with the decreasing fallout
of this nuclide and the limited remaining sedimentary
reservoir permit us to conclude that Sr-90 will not be among
thC rn-ý.: important radionuclides in this estuarine environ-

... ......the years to come.

Sizeable quantities of tritium have been introduced annually
into the Hudson by weapons fallout and lesser amounts from
reactor releases (Table 1 and Table 3). As a result
predominantly of the fallout contribution, levels of tritium
in Hudson River waters during 1967 were 1800-1900 pCi/1,
almost, identical to tritium levels in surrounding freshwater
lakes, 1900 pCi,'l, and northern Hudson tributaries, 2_000
pCi/l. 2 Cessation of atmospheric weapons testing resulted
in a decline of noncentrations of tritium in surface waters,
and during the early months of 1970 Hudson River water
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averrged approximately 500 pCi/l, with no observable
inc.rease in water near Indian Point as compared to remote
upstreLm locations. 17

Fe--55, one of the more abundant weapons fallout activation
products having half-lives greater than about one year, has
been periodically measured in Hudson River samples as part
of a broader program to determine dietary sources of Fe-55
in man.'' During 1968 and 1969 Fe-55 specific activities
ranging from ].5 to 3.8 pCi/mg Fe were measured in Hudson
liver fish and aquatic plants.18 Exproz;sed in terms of

tian:;latL to 2000-30"0 pCi/kg for aquatic plan,;., and 200-250
pCi/kg for fish (white perch and sunfish). Thcese activities
ae ]o'.W co,,p,'0:rd to t. hoe voport(,d in PacJf.[c tuna durAing
.19tý o1' 9'.5 ,J 1l) /mr; . *L A :;izigJ analy.1.is of primary
coolant at Indian 2oint Unit 1 indicated that Fe-55 and
Mn-54 were present in an appr.oximati 1 to 6 ratio of
activities, while deposition data for fallout of recent
origin shows a.Fe-55/Mn-54 ratio of about 2 to 1.3 The
predominance of Fe-55 from fallout as compared to reactor
releases accounts for the rather uniform specific actlvitiez
observed throughout the Hudson.

Among the many other gamma-emitting radionuclides which are
present in weapons fallout, the only ones detected with
sufficient frequency to warrant mention here are the fission
products Ce-1411, Zr-Nb-95, and i.u-103. None of these radio-
nuclides have been identified in liquid reactor wastes. The
sno:rt piiysical haif-ilves of the latter two nuclides, b5
days and 40 days r-spectively, generally result in substan-
tial measurement errors for samples not prccessed soon
after collection. The lo'. energy emissions from Ce-1414
cannot be accurately quantitated in the majority of bulk
samples. However, as an tndicationof the present levels of
these three radionuclides, measurements made during 1969 are
shown in Table 6 for samples from the vicinity of Indian
Point and samples from our upstream control stations.
Interestingly, significantly higher levels of all three
nuclides occurred in samples collected upstream from Indian
Po.•.-it. This observation is possibly explained by the
dlepletion of these radionuclides from the aqueous phase
during their transport down the estuary. The higher concen-
trations of Ce- 1 44, Zr-Nb-95, and Ru-103 in aquatic plants
and bottom sediment as compared to fish and water may be
interpreted to imply that surface adsorption processes play
an important role in removing these radionuclides.from
solution, and hence from direct biological availability,

Only two radionuclides, Co-58 and Cs-134, have been
identified in samples'near Indian Point and not in upstream
control samples. Since the presence of both of these
.nuclides is attributable to reactor releases, they serve
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as the onlynique tracers of wastes charged into the
* Hudson at Indian Point. Neither of these radionuclides
are generally found in significant amounts in fallout from
nuclear weapons testing.

Long term accumulation of Co-58 is limited by its half-life,
71 days, since it reaches rapid equilibrium between release
rate and rate of physical'decay. The long lived cobalt
isotope Co-60 which has a half-life of 5.26 years, bas
undergone a gradual accumulation._in Iridian Point sediments
(Figure 2). By comparing the ratio of Co-58 to Co-60 in

~at~ei. at t.he point of" reactor release with the ratio of
Thlr ~ coiictt'ration:; in fish, aquatic plants, and bottom
lcdimcn2t (Table 7), one may conclude that the concentra-
tion of both these isotopes in biota is a reflection of
the biological availability of radio-cobalt in "fresh"
reactor releases, and of the non-:.vailability of sedimentary
radio-cobalt accumulations; i.e., if bottom sediments ..ere
an important source. of Co-58 and Co-60 in biota, then one
would expect to find a Co-5 8 /Co- 6 0 ratio in biota similar
to that found in bottom sediments.

A similar calculation of the ratio of Cs-1314 to Cs-137 in
water at the point of reactor release and in biota and
bottom sediments (Table 7) would seemingly lead to a
similar conclusion; that freshly introduced cesium isotopes
are more biologically available than the 6ame isotopes
present in bottom sediments. However, the difference
betw-een the Cs-134/Cs-i37 ratio in-biota and that in bottom

nct narly as ma d ans is the^_ _.s fer ,e'-
Co-60. Furthermore, measuremert of the Cs-134/Cs-137 ratio
in primary coolant at Indian Point Unit 1 yielded a value
of 0.60, compared to 0.38 in water of lower activity which
was sampled continuously from the condensor discharge
canal. if the Cs-134/Cs-137 ratio were 0.60 at the release
point, one could conclude that during 1969 approximately
75 per cent of the Cs-137 in fish from Indian Point was
due to recent reactor releases, and approximately 25 per
cent, or 14 pCi/k1g wet, was due to other sources, presumably
past weapons fal.out. Cs-137 con, !nt of fish collected
upstream during 1969 and 1970 amounted to 22 and 16 pCi/kg
wet (Table 5), respectively. lc would thus seem that
.".adiocesium in fish can be attributed both to reactor
releases of recent origin, as well as to residual sedimentary
deposits from weapons fallout.

Among the radionuclides released in reactor wastes the
largest contribution to the fraction of MPC is made by
1-131 (Table 2). We have not.been able to detect this
radionuclide in any Hudson River samples. However,-our
detection limit for 1,131 in biota is higher than for most
other gamma emitters, 15 pCi/kg wet as compared to 5 pCi/kg
wet for Cs-137. The higher detection limit arises from



the neces3si of switching to a diffujr counting system
with a less favorable geometry, an 8" x I4" NaI crystal,
in order to measure large volume samples of unashed biota.

The concentration of naturally occurring K-40 (Table 8)
has consistently exceeded the concentrations of artificial
radionuclides, both of fallout and reactor origin, in all
Hudson River samples, except for aquatic plants in which
higher .Iqn-54 activities have been measured in the vicinity
of indian Point. This observation provides convincing
evidence that non-specific radioactivity measurements
such as gross-beta analysis yield little information
about existing levels of artificial radionuclides in the
Hudson River.

Relatively constant amounts of the naturally occurring
radium isotopes, Ba-226 and Ra-228, have been observed
in samples of bottom sediment and aquatic plants, while
concentrati ons in water and fish have been more variable.
Average concentrat~ons in these samples are presented
in Table 8'. Both Ra-226 and Ra-228 have been found to
be uniformly distributed spatially in the Hudson over an
80 mile length of river.

DOSl1ETRTC EVALUATION

The exposure to man resulting from radioactivity in the
Hudson River consists of a component from natural radio-
activity and a component from artificial radioactivity.
N1either dietary surveys nor bioassays of local populations
are felt to be warranted by the low levels of artificial
radionuclides in the Huason. Edible shellfish are absent
in the Hudson, and the abundant aquatic plant-s- of the
Hudson are not consumed by man. Accordingly, there is no
Opportunity for biological organisms of high concentrating
ability to enter directly into human food supplies.
Consumption of indigenous and migratory fishes caught
both recreationally and commercially in the Hudson is
apparently the most important pathway by which radionuclides
can be recycled to man via the aquatic food chain. Based
upon average concentrations of the radionuclides Cs-137,
Cs-134, Co-58, Co-60, and Mn-54 in fish at Indian Point
u'ring 1969 (Tables"51 we have calculated the yearly whole-

body and gastrointestinal doses to man to be 0.01 mrcm/
year and 0.05 mrem/year respectively, assuming an average
daily intake of 30 grams of fish taken solely from this
location. Of the estimated 0.04 mrem/year whole-body dose,
0.02 mrem/year is due to Cs-134 and 0.02 mrem/year is due
to Cs-137. Measurements of fish upstream from Indian Point
during 1969 showed Cs-137 and*Zr-Nb-95 to be the onlygamma
emitters present. The whole-body and G-I doses from
consumption of such fish are estimated as 0.01 and 0.003
mrem/year respectively. We thus conclude that during 1969
fallout Cs-137 in fish delivers a whole-body dose of 0.01



mrem/year al releases of radjoactivitpat Indian Point
result in radionuclide levels in fish that deliver about
0.03 mrera/year to the whole body.

Concentrations of Ra-226 and Ra-228 in water (Table 8)
amount to.1.6 and 0.4 per cent of permissible drinking
water concentrations!. In addition, 0.7 and 0.2 per cent
of the permissible intake.of Ra-226 and Ra-228,respect'vely,
.ould result from the consumption of 30 grams of whole fish
per day.

Levels of fallout Sr-90 which were measured in whole fish
during 1964, 1965, and 1966 would result in bone doses of
9, 20, and 7 mrem/year respectively, if 30 grams of whole
fish were consumed each day. Fe-55, the major source of
which is also fallout, as measured in Hudson River fish
during 1968 contributes about 0.06 mrem/year to the spleen
which is the critical organ, or 0.008 mrem/year to the whole
body.

In spite of the fact that the Hudson River water is
potentially potable in the freshwater areas, it is used
to only a limited extent as a municipal drinking water
supply, mainly because of inadequate treatment of intro-
duced sewage. The water in the vicinity of Indian Point
is sufficiently brackish throughout the summer, fall, and
winter months to preclude its use for drinking purposes.
The closest drinking water intake is approximately 23 miles
upstream from Indian Point at Chelsea where a reserve
pumping station for the New York City water supply is
iocated, out wnich to date has not been used. In order
for operational wastes discharged at Indian Point to be
flushed by the tides upstream to Chelsea, evaporative
losses in the Hudson have to approach freshwater discharge.
This is a Xairly common occurrence in the late summer
months. When such conditions of flow prevail, the water
salinity alone at Chelsea would prevent water use for
Adrinking. Therefore, it is not coi-ceivable that present
**cactor wastes could enter into a drinking water supply.

Based upo:i ani estimated whole-body dose of 0.03 mrem/year
fi•-Dr low--level releases at Indian Point in 1969, it is

siblQ by a simple extrapolation to estimate the dose
expected if discharges were at 100 per cent of the present
MPC (riixture). During 1969 releases amounted to 1i% of
14PC. Discharge at 100 per cent MPC would then increase
the 1969 dose estimates by about 25 times, to 0.8 mrem/
year. Furthermore, assuming proportionality between
electrical generation capacity, liquid radioactive waste
composition, and available coolant dilution flows, the-
resultant dose from future multiple nuclear reactors can
be estimated. For example, upon completion of the four
new reactors on the Hudson, two at Indian Point and two
directly downstream, the total generation capacity of



12,984 MWt uld be about 21 times the present capacity at
Indian Point Unit 1. The above assumptions then imply
that 21 times the presently maximum permissible discharge.
of radionuclides would be possible, and the approximate
dose from fish consumption would be about 21 x 0.8 mrem/
year or 17 mrem/year. We consider this estimate to be
more realistic than estimates based upon considerations
of dilution and aquatic concentration factors.

SUMMARY

Measurements of radioactivity in samples of water, bottom
sediment, and biota from the Hudson River have been per-
formed over a seven year period from 1964 to 1970. Natural
radioactivity levels generally exceed the levels of artifi-
cial radioactivity. The concentrations of most natural and
artificial radionuclides are higher in bottom sediments
than in water. These sediment-bound nuclides exist in
physical states not available for direct uptake by consumable
liudson River biota. It appears, however, that recycling
of at least one radionuclide, Cs-137, does occur from the
,ediments, a pathway not accounted for in, the "concentration-
factor" approach. Co-60, on the other hand, apparently has
accumulated in bottom sediments at the Indian Point location
on the Hudson, but. appears to be effectively removed from
biological availability by sediment sorption. Sr-90 has
been found not to be as significantly bound by sediments as
Cs-137, but the diminishing contribution of Sr-90 from
weapons fallout and its near absence in reactor waste do not

.r Eth n-c~ r1 a tabl
manganese seem to be leached from fresh-water sedimentary
deposits during seasonal perioQdi of zalt wat= Intru§±on
characteristic of the Hudson.

Aquatic plants have been found to concentrate Min-54, Co-60,
Co-58, Fe-55, Zr-95-Nb-95, Ce-1 1 14, and Ru-103, but are of
no dosimetric consequence since they are not consumed byman, and since muoh lower concentrations Qf those nuclides

are found in higher organisms of the aquatic food chain.
rThese aquatic plants do serve, however, as good stationary
integrators of radionuclide levels in the aqueous phase.

The critical nuclides with respect to human exposure from
reactor releases at Indian Point Unit 1 have been Cs-137
and Cs-134. During 1969, the year of highest radiocesium
discharges at Indian Point, a person consuming about 30 grams
of fish a day, all taken from this limited portion of the
river, would have received a whole-body dose from reactor-
produced cesium isotopes of 0.03 mrem.

A whole-body dose from fish consumption of about 0.8 mrem/
year would result from maximum permissible aqueous discharge
at Indian Point Unit 1. Further extrapolation to hypothetical
100 per cent MPC release at all five Indian Point reactors



. all'ow-, one toconclude that, the .:hole-Wdy do:e from fish
consumption would be 17 torem/year. Thus, it appears that
presents aqueous discharge standards as formulated by the
USAEC are stifficient to insure exposure below the permissible
500 mrem/year v.hole-body limit, even as applied to releases
from multiple adjacent power reactors, and to radionuclide
transfcrs into human food supplies.
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TABLE 1

Annual deposition in Curies of selected weapons fallout radionuclides on the Hudson
River drainage basin and river surface. The areas of the basin and surface were

taken to be 34,700 km2 and 155 km2 , respectively.

YEAR

1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970

90Sr 2
Sr

1 3 7Cs v 1 4 4Ce 3 54 Mn 3 3H

Basin Surf. Basin Surf. Basin Surf. Basin Surf. Basin Surf.

96
120
150
150
210
300

55
84

430
830
550
19o

84
57
46
46

0.4
0.6
0.7
0.7
1.0
1.3
0.3
0.4
1.9
3.7
2.5
0.9
0.4
0.3
0.2
0.2

140
180
230
230
310
14T0

81
124
630

1300
66o
280
120

84
67
68

0.6
0.8
1.0
1.0
1.4
2.0
0.14
0.6
2.8
5.9
3.0
1.3
0.6
0.4

:10 0 3
10o. 3

220
1600

11000
18O0O

4500
76o
140

1
7

47
78
20

3
1

200
1200
360

57

0.9

5.5
1.6
0.3

7700
97000

210000
110000

411Coo

34
430
920
510
200 -.

Cumulative
through 1969: 2860
(Decay corrected)

12.8 4190 18.7
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Table 2

Isotopic composition of liquid wastes at.Indrian Point Unit 1 durirng 1969.Averag-e of undiluted ~rrt,._ly concerntration-, Cj,, and undiluted fractional ,(,C's.

ci

x 105 OCi/ml

V PCi
x 1:05ui/.Nuclide

311

2 4Na
54;,'

58Co

60Co

89Sr

90Slt

134Cs

137Cs

1311

132i

1133,

2300

0.29

19

21

15

0.14

o.0o66

15

25

12

0.14

3.5

300

20

10

9

3

0.3

0.03

0.9

2

0.03

0.8

0.1

ci

7.6

0.015

1.9

2.3

5.0

0.147

0.22

17

13

399

0.18

34

CiEci
xC--5x uPC i
x 105 uiCi/mi

0.052

1..7

1.7

o.41

0. 00038

i 2 x 10-6

0.12

0.115

0.0031

0.0010

0.o031

'1
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Tab le I Ik

The quntities of natural, ._ l , " re -" r-? ... radand r... id ntrcd cedthe Hudson either ann'a 1 ;il or' dr!n the ,ear' of crx~h fallout or m m- reactcrrelease, e1''3. . beth az Cur-es-year and Cui/ r .

Maximum
Weapons
Fallout
(Ci/vr)

Tenctc~r
tv~ .~,.

(CI/vr)

atf uxal
influx
( C !/1r )

Curl

Nuclide

Sr-90

Cs-137

Ce-1l4

Mn-541

H- -

Fallout P.eac t c Natural
I U t

4 (830)

6 (1300)

80 (18000)

6 (1200)

920 (210000)

0.00?

6

14x10 6 (j lnS)

3x10 (7x10 )

8x10 5 (2x10 )

6x10 3 (lxlC6 )
14 63xlO (7xiO )

9x103

3xlQ
1 4

ixl0 4

lxlO

14

1100

5Co-60

- IRa-226 -ý3 3x107
ixl0 7Ra-228

K '4 0 f, •

• Dep.osition

>>100

on river, surface.

t Deposition on entire drainage basin.



TABLE 4[-

9 0 Sr concentrations in various Hudson River Samples during
1964, 1965 and 1966.

YEAR pCi/kg Wet

Water 2.2

Bottom Sediment (pCi/kg dry) < 10

Fish 130

Aquatic Plants 300

Crabs 900

1965 Water 1.5

Bottom Seciment (pC!/kg dry) 180

Fish 320

1966 Water 1.0

Fish 100

Aquatic Plants 50
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.TABLE 5

Comparison of the concentration of gamma-emitting radionuclides
in fish collected near the Indian Point reac1;-ýr with concen-
trations in fish collected upstream above salt water boundary.

pCi/kg Wet
1 3 7 CS 54Mn 6 0Co

Indian
Year Point Upstream

321964

1965

1966

1967

1968

1969

1970

39

Indian
Point

19

30

211

Upstream

18

12

13

Indian
Point

N. D.

11

2

Upstream

N. D.

N.D.

3

112

30

20

28

56

26

-. 30

11 3

31

22

16

40

32

8

5 5

D. 11

5

N. D.N.

N. D. 3 N.D.
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TABLE 6

Concentrations of the fallout radionuclides 9 5 Zr- 9 5Nb, 144Ce,
and 1 0 3 Ru in samples of Hudson River water, bottom sediments,
aquatic plants, and fish collected during 1969 at Indian
Point and at upstream control stations. pCi/kg wet.

9 5 Zr- 9 511h

INDIAN UP-
POINT STREAM

14 4C

INDIAN UP-
POINT -STREAM

103RU
INDIAN UP-
POINT STREAM

WA A T E R 0.06 0.09 ND 0.06 ND 0.05

SEDIIMENTS

(pCi/kg dry)

AQUATIC PLANTS

160 550 430 570 150 230

110 800 70 250 5 162

FISH 7.6 8.4 ND ND ND N D



TABLE 7

Average concentrations of Co-58, Co-60 and Cs-134, Cs-137, and computed isotopic
ratios in Hudson River samples at Indian Point during 1969.

e

58Co 6 0CO 5 8 co/ 6 0co

INDIAN POINT DISCHARGE
CANAL WATER

1.9

BOTTOM SEDIMENTS 70

2.3

550

11.4

404

0.83

0.13

0.68

0.76

134Cs

0.46

350

25.6

24

1 37 Cs 134cs/ 1 3 7Cs

1.2 -0.38

1820 0.19

55.8 o0.46

57 0.42

FISH 7.8

AQUATIC PLANTS 305

.1
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TABLE 8

Average ccncentr~tions of 2 ýe naturally occurring radio-
nuclides 40 K, 2 2 ORa, and Ra in samples of water, biota,
and bottom sediments of the Hudson River

pCi/kg

WATER

BOTTOM SEDIMENTS

- 70

1 44 , 0 0 0

1,300

226Ra

810

22 8 Ra

0. 12

9 4'0

'4FISH

AQUATIC PLANTS 2,000 150 50



FIGURE 1

Average concentrations of Cs-137 measured annually in Hudson

Fiver samples collected at Indian Point, annual fallout

deposition of..Cs-137, and annual release of Cs-137 at Indian

Point Unit 1.
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FIGURE 2

Average concentrations of Co-60 measured annually in Hudson

River samples collected at Indian Point, and annual release

of C_-6O at indian Point Unit 1.



I0

Reactor
Release
Curies

I , II I I I
62 64 66

Year
68 70



,* 0 -

FIGURE 3

Average concentrations of Mn-54 measured annually in Hudson

River samples collected at Indian Point, annual fallout

deposition of Mn-5 4 , and annual release of Mn-54 at Indian

Point Unit 1.
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FIGURE lj

Concentrations of stable manganese in Hudson

River water at Indian Point during 1969 illustra-

ting the strong positive correllation with water

salinity expressed as chloride concentration.

Releases of Mn-54 at Indian Point as measured in

continuous samples from the condensor discharge

canal.
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FIGURE 5

Stable manganese and Mn-54 content of the

aquatic plant Potamogeton Perfoliatus,

expresed both on a wet weight basis and

as Min-54 specific activity. 1969 measurements

near Indian Point.
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