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A Geochemical Assessment of Sedimentation 
and Contaminant Distributions in the Hudson-Raritan Estuary

C. R. Olsen, I. L. Larsen, R. H. Brewster, N. H. Cutshall, 
R. F. Bopp, and H. J. Simpson

ABSTRACT. This report summarizes more than ten years of field 
research on the distribution of radionuclides and synthetic organic 
compounds in the Hudson-Raritan estuary. These data have been used to 
trace, geochemically, patterns of particle and contaminant transport 
and accumulation; to determine a first-order budget for fine-particle 
accumulation; and to estimate net sediment fluxes from riverborne, 
marine, sewage, and in situ productivity sources. In addition, this 
report reviews existing data on the distribution of sediments and 
sediment-associated contaminants in the Hudson-Raritan estuary and 
assesses this information to estimate both the total burden of 
contaminants within the estuarine system and their annual flux to the 
sediments or adjacent coastal waters.

Based on the vertical distribution of radionuclides in more than 65 
sediment cores, it appears that a large fraction of the total surface 
area (particularly wide, shallow zones) in the Hudson-Raritan estuary 
has little or no accumulation of fine particles and associated 
contaminants. It is proposed that the sediment surface in these areas 
is presently in a state of dynamic equilibrium with the current, wave, 
and flow regimes. Net sedimentation rates in these equilibrium areas 
are 1 to 3 mm/yr and appear to reflect the rate of sea level rise or 
land subsidence. Particles and associated contaminants temporarily 
deposited in these areas are continually resuspended by tidal currents 
and contaminant accumulation primarily results from physical or 
biological mixing of the sediments. Virtually the entire sediment and 
contaminant load bypasses these areas to accumulate at extremely rapid 
rates in areas which are out of equilibrium primarily as a result of 
human activities. Rates of accumulation in dredged areas of Newark Bay 
and Raritan Bay and in the Inner Harbor of New York, for example, are 
one to two orders of magnitude greater than rates in adjacent or nearby 
equilibrium areas.

Approximately 1.5 ± 0.5 x 106 metric tons of fine-grained particles 
accumulate annually in the Hudson-Raritan estuary, about 70%
(1.1 ± 0.3 x 106 metric tons/yr) derived from riverborne sources, 
about 10% (0.17 ± 0.1 x 106 metric tons/yr) from sewage solids and 
in situ productivity, and about 20% (0.35 ± 0.35 x 106 metric 
tons/yr) from marine sources. Sediment input by shore erosion is 
negligible. Of the combined sewage and in situ productivity input, 
only about 20% of the organic matter accumulates in the sediments. The 
rest is oxidized or transported out of the estuary.

Examination of core data shows that recent estuary sediments, which 
contain 137Cs, have trace metal concentrations approximately an order 
of magnitude higher, contain plutonium, and are severely contaminated
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with PCB's, organochlorine pesticides, and petroleum hydrocarbons 
relative to older sediments containing no 137Cs. Approximately 0.17 
x 106 metric tons of sewage solids, 3.8 metric tons of PCB's, 3100 
metric tons of PHC's, 525 metric tons of Zn, and 370 metric tons of Cu 
accumulate annually with fine-grained particles in the Hudson-Raritan 
estuary. The Inner Harbor serves as an effective trap for particles 
and associated contaminants. Particulate and dissolved contaminants 
released into the Arthur Kill and Raritan Bay are rapidly flushed into 
adjacent coastal waters.

1. INTRODUCTION

A wide variety of substances, with known or potential pollutant 
capacity, are transported into the marine environment from the continents via 
river discharge, ocean dumping, or eolian processes. A few of these 
substances are relatively unreactive in the marine environment, and 
consequently their transport pathways are conceptually straightforward and 
mediated by water mass movements. A much greater number of these substances, 
however, are highly reactive and have a strong affinity for association with 
fine-grained particles (Olsen et al., 1982). The movement of these reactive 
contaminants, their removal from the water, and their accumulation in the 
sediments are thus governed to a great extent by sedimentary processes.

The dynamics of fine-grained particles and particle-associated 
contaminants in estuaries are affected by numerous processes including 
alternating tidal currents, two-layer (nontidal) estuarine circulation, 
estuary morphology, variations in freshwater flow and wave actions, 
flocculation or bioagglomeration of fine particles in the water column, 
sediment mixing and resuspension by organisms or currents, human activities, 
chemical sorption and desorption, microbial activities, and multiple 
sediment-contaminant sources. Nontidal estuarine circulation can be 
characterized as a lower salinity surface layer with a net seaward flow and 
a denser, more saline bottom layer having a net landward flow (Pritchard, 
1955). Suspended matter carried downstream in the upper layer gradually 
settles into the more saline bottom layer. Sedimentary matter in the bottom 
layer can then be transported upstream under the influence of either tidal 
processes (Van Straaten and Kuenen, 1958; Postma, 1967) or nontidal 
estuarine flow (Meade, 1969). Deposition is most pronounced in areas where 
the tidal or estuarine flow is hindered or dissipated, such as in coves,
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around piers, docks, and natural points, and near the end of the salinity 
intrusion (Schubel, 1968; Olsen et al., 1978). Widespread deposition may 
also occur during slack water; however, during later tidal cycles such 
material may be resuspended, transported, and redeposited (Schubel, 1968; 
Nichols, 1972; Olsen, 1979).

Although there is a general understanding of fine-particle transport 
and accumulation processes in estuaries (Postma, 1967; Meade, 1969; Dyer, 
1972; Buller et al., 1975; Conomos and Peterson, 1976), there have been 
relatively few attempts to quantify these processes (Biggs, 1970; Bokuniewicz 
et al., 1976; Schubel and Carter, 1976; and Olsen, 1979). Direct 
measurements of net fine-particle transport over any significant area or time 
period are extremely difficult for several reasons: (1) fine-particle 
transport usually involves numerous episodes of deposition and resuspension, 
(2) intense short-term events are often more important than those that occur 
on a regular basis during normal flow, and (3) the role of chemical and 
biological processes becomes increasingly important as particle size 
decreases and as freshwater mixes with seawater in the estuarine zone. 
Numerical simulations of net transport and accumulation based on current 
velocities and suspended-particle concentrations suffer from a set of 
difficulties similar to those that limit the usefulness of direct 
measurements. Since many of the chemically reactive pollutants, such as 
pesticides, polychlorinated biphenyls (PCB's), petroleum hydrocarbons, and 
some trace metals and radionuclides, become appreciably associated with fine 
particles when introduced into turbid estuarine waters, quantitative 
knowledge of fine-particle dynamics is of fundamental importance for 
determinations of net contaminant dispersal or accumulation.

One of the tools available for elucidating the fate of fine particles 
and their associated contaminants in the estuarine environment is knowledge 
of the distribution of radionuclides or synthetic organic compounds that have 
known sources and known histories of input into the system. Such pollutants 
can serve as geochemical clocks and tracers to infer the net motion and 
accumulation of particles over extended periods of time. In this report we 
have used suspended-matter concentrations and the distribution of 239’2‘*°Pu, 
137Cs, 13l*Cs, 60Co, and PCB's in the Hudson-Raritan estuary to determine a 
first-order budget for fine-particle accumulation and to estimate net
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sediment fluxes from riverborne, marine, sewage, and in situ productivity 
sources. In addition, we have reviewed existing data on the distribution of 
sediments and sediment-associated contaminants in the Hudson-Raritan estuary 
and have used this information to assess the total burden of contaminants 
within the estuarine system and their annual flux to the sediments.

1.1 The Hudson-Raritan Study Area

The Hudson-Raritan system, draining an area of approximately 42,000 km2, 
represents one of several major estuarine systems on the northeastern 
coastline of the United States. This hydrologic system encompasses the 
drainage basins of the Hudson, Mohawk, Passaic, Hackensack, and Raritan 
Rivers and several lesser rivers, as well as the interconnected waterways of 
New York Harbor including the East River, Harlem River, Upper Bay, Lower Bay, 
Raritan Bay, Sandy Hook Bay, Newark Bay, Arthur Kill, and Kill van Ku11 
(Figure 1). The tidal Hudson River is by far the largest single freshwater 
contributor to the system, providing a mean annual discharge of 550 m3/sec 
and draining an area of about 35,600 km2 (Table 1). Tidal currents generally 
reach a maximum velocity of about 100 cm/sec, but may exceed 150 cm/sec in 
the Narrows (Kastens et al., 1978). Locations in the Hudson have been 
conventionally expressed in terms of mile points (mp), which indicate the 
distance in statute miles along the river channel upstream from the southern 
tip of Manhattan (mp 0). Salt-water intrusion in the Hudson varies from mp 
60 to mp 80 during seasonal low freshwater flow (about 100 m3/sec) and 
varies from mp 10 to mp 20 during high seasonal flows of about 1200 m3/sec 
(Abood, 1974). Tidal oscillations in the Hudson, however, can extend as far 
upstream as the dam at Troy, N.Y. (mp 154). Tides entering the Hackensack 
and Passaic Rivers from Newark Bay influence the rivers for a distance of 35 
and 27 km, respectively (Suszkowski, 1978), while the tidal effect along the 
Raritan River extends for a distance of about 24 km, with a maximum 
salt-water penetration only 14.5 km above the river's mouth (Kastens et al., 
1978).

For the purpose of this report, the following terminology for different 
areas in the Hudson will be used:

(1) Tidal Hudson River is defined as extending upstream of the salinity 
intrusion to the dam at Troy (mp 154);

4



ORNL-DWG 83-12495

Figure 1. Map of the Hudson-Raritan estuary 
illustrating the location of the large-volume 
(900-liter) water and suspended-matter 
samples collected as part of this project.
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Table 1. Drainage characteristics of the Hudson-Raritan estuary

Drainage basin 
area (km2)

Mean annual freshwater 
discharge (m3/sec)

Hudson
Passaic
Hackensack
Raritan

35,600
2,400

525
2,800

550 (Simpson et al., 1975) 
41 (Suszkowski, 1978)

6 (Suszkowski, 1978)
45 (Gross, 1974)

Estimated Total 42,000 640
Treated and untreated
Waste effluent

130 (Mueller et al., 1982)
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(2) Hudson Estuary is defined as extending from the Narrows (mp -7) to 
the upstream limit of the salinity intrusion during low freshwater 
flow mp 60) and consists of the Upper Bay (mp -7 to mp 0) and 
the river estuary (mp 0 to mp 60);

(3) Inner Harbor is defined as the area in the Hudson estuary 
downstream of mp 11.

The regional geology and primary morphological features of the 
Hudson-Raritan environs have been described in detail by several authors 
including Berkey (1933), Kastens et al. (1978), Minard (1969), Nagle (1967), 
Newman et al. (1969), Schuberth (1968), and Sanders (1974). The drainage 
basins of the Hudson-Raritan estuary extend across six major morphological 
features (Sanders, 1974). Four of these features are subdivisions of the 
Appalachian Physiographic Province (Greater Valley of the Appalachians, New 
Jersey-Hudson Highlands, Newark Lowland/Palisades Sill, and the Manhattan 
Prong) and consist primarily of resistant Paleozoic and early Mesozoic rocks. 
The other two features (at the southern end of the estuary) are the Atlantic 
Coastal Plain, consisting of unconsolidated Cretaceous, Miocene, and 
Pleistocene sediments, and the Harbor Hill Terminal Moraine, representing 
glacial deposits that mark the southern limit of Continental glaciation.
Near the end of the Pleistocene glaciations, the Terminal Moraine functioned 
as a dam for the glacial melt waters that allowed large lakes to form and 
accumulate several tens of feet of varied sediments. As the glaciers began 
to retreat, melt-water streams of the ancestral Hudson, Raritan, Hackensack, 
and Passaic Rivers wound their way across the outwash plain that would become 
the floor of the Upper and Lower Bay complex. The lower valleys of the 
ancestral rivers gradually became submerged as sea level rose and saline 
estuarine conditions were established approximately 11,500 years ago (Weiss, 
1974).

The area encompassing the Hudson-Raritan system supports a major 
industrial, railroad, and shipping complex; it is one of the world's busiest 
seaports and contains an estimated population of 15 million, 13 million of 
which live in the New York City-New Jersey metropolitan area (Mueller et al., 
1976). The high urban population density and intense industrialization of 
this area produce tremendous waste water loads and significant urban runoff 
that contribute substantial quantities of freshwater input to the overall
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estuarine system in addition to the major rivers. Data from sewage treatment 
records indicate that about 130 m3/sec of treated and untreated effluent 
are discharged into the local waters surrounding the New York metropolitan 
area (Table 1). Gross (1974) estimated that a total of 293,000 tons of 
waterborne solids were annually input to the Hudson-Raritan estuary from 
sewer overflows, untreated sewage, and sewage plant effluent. This is 
consistent with the annual input of 250,000 tons estimated by Mueller et al. 
(1982) during 1979-1980.

1.2 Input, Measurement, and Application of Geochemical Tracers

A wide variety of contaminants, including fallout radionuclides (137Cs, 
239*240pu), reactor-released radionuclides (6°Co, 134Cs, 137Cs), and 
synthetic organic compounds (PCB's, Chlordane) rapidly become associated 
with fine particles in riverine and estuarine environments (Olsen et al., 
1982). Since these contaminants are already present in the Hudson-Raritan 
system and since their sources and input history to the system are fairly 
well established (Olsen, 1979; Bopp, 1979), they provide readily measurable 
tracers for sediment transport along the estuary axis and unequivocal 
indicators of recently deposited sediment. In addition, peak concentrations 
in the vertical distribution of these contaminants in sediment profiles can 
be correlated with the history of peak inputs and thus provide definite 
time-stratigraphic reference levels to estimate rates and patterns of 
sediment accumulation (Olsen et al., 1981a).

Global fallout from nuclear weapons testing has introduced 137Cs and 
239»240pu -jp-f-Q tbe drainage basin of the Hudson-Raritan system since 1950, 
with the major influx in precipitation occurring during the years 1962 to 
1964. Plutonium-239 has a halflife (t]/2) of about 24,400 years, and 137Cs, 
a fission product, has a t-j^ of about 30 years. In addition to global 
fallout, 137Cs has entered the Hudson through controlled releases from 
several reactors located 50 miles {^60 km) upstream from the estuary's 
mouth at the Narrows. Other radionuclides, such as 60Co (t-^2 = 5.27 years) 
and 131tCs (t-^ = 2.06 years) are produced by neutron activation during 
reactor operations, and their occurrence in the sediments of the Hudson is 
primarily a result of low-level releases from the reactor site. The major
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influx of reactor-produced 137Cs, 134Cs, and 60Co to the Hudson occurred in 
1971 as a result of leakage from the primary to the secondary cooling system 
and problems in the rad waste system (Oinks and Wrenn, 1976).

The distribution of several natural radionuclides, including 7Be (ty2 
■v53 days), 14C (t]/2 ^570 years) and 40K (t]/2 M.3 x 109 years), also 
provides information concerning particle removal rates from the water column, 
accumulation patterns, sedimentation rates, and variations in sediment 
composition. Beryllium-7 and carbon-14 are produced by cosmic-ray 
interactions with nitrogen in the earth's atmosphere. They are deposited on 
the earth's surface, by atmospheric washout, which varies with season and 
latitude. The worldwide average deposition rate of 7Be has been reported as 
0.022 atoms cm"2 s"1 or ^.008 pCi cm"2 d"1 (Lai and Peters, 1967; Young and 
Silker, 1980). This worldwide average would support a steady-state 7Be 
inventory of about 0.6 pCi cm"2. The average 7Be flux measured at Albany,
N.Y. (mp 150), during the months of January to September 1982 was 0.018 pCi 
cm"2 d"1 (M. Wahlen, personal communication). This flux would support a 
steady-state standing crop of about 1.4 pCi cm 2, which is about twice 
the worldwide average. The distribution of 7Be in the Hudson-Raritan 
system has been used to estimate the length of time a particle-reactive 
contaminant remains in the water column before it is removed to the 
sediments by settling particles (see Section 3.1). The sediment 
distribution of 7Be may also be used to identify areas of rapid particle 
accumulation or estimate rates of surface sediment mixing.

Carbon-14 is rapidly oxidized to 14C02 in the atmosphere, is converted 
primarily to bicarbonate in natural water systems, and is available for 
incorporation into the carbon of living organisms. The input function of 14C 
into the Hudson-Raritan system is complicated due to sewage inputs, the 
weathering of limestone (14C-free carbonate rocks), the burning of fossil 
fuels, and the detonation of nuclear weapons (Broecker and Walton, 1959, and 
Simpson et al., unpublished manuscript). In 1950, the 14C content of the 
atmosphere was 2% lower than in 1890 as a result of burning fossil fuels, and 
in 1964, it was nearly doubled as a result of nuclear weapons testing 
(Stuiver, 1978). The distribution of 14C has been used to distinguish old 
terrestrial carbon from recent sewage organics and to calculate sedimentation

9



rates in areas where sediments are accumulating slowly and where 
anthropogenic radionuclides are absent or confined to the top 5 to 10 cm of 
sediment.

Potassium-40 is a naturally occurring radionuclide, forming about 0.012% 
of the potassium in K-bearing minerals such as muscovite, illite, and 
K-feldspar. Consequently, the 40K activity of sediments primarily reflects 
sediment grain size and composition (i.e., quartz-rich sandy sediments are
characterized by low 40K activities relative to fine-grained silts and 
clays).

Activities of l37Cs, 134Cs, 60Co, 7Be, and 4°K in Hudson-Raritan estuary 
samples were measured by gamma spectrometry, using lithium-drifted germanium 
detectors and multichannel analyzer. The activity of 2 3 9,2‘*opu jn 
Hudson-Raritan sediments and suspended matter was measured by alpha 
spectrometry. Radiocarbon activities were determined with a gas proportional 
counter equipped with anticoincidence circuitry for background corrections 
using C02 as the counting gas. The analytical techniques for these methods 
are all described in Olsen (1979).

In addition to containing radionuclides, riverborne particles in the 
Hudson are severely contaminated and thus well tagged by polychlorinated 
biphenyls (PCB's). Large quantities of PCB's have been discharged into the 
Hudson River at mp 195 between the early 1950's and 1976 from two General 
Electric capacitor and transformer plants. Prior to 1971 the primary PCB 
mixture used by General Electric was Aroclor 1242, but after that time, 
purchases became almost exclusively Aroclor 1016, which is similar in 
composition to 1242. The only significant difference between them is that 
1016 contains substantially fewer biphenyls with five or more chlorine atoms 
per molecule. Average PCB (1242, 1016) concentrations in the sediments of 
the Hudson River decrease downstream from this source. Concentrations 

average about 30 ppm near Albany (mp 143), about 6 ppm in upstream areas of 
the estuary (mp 50), and about 3 ppm in the Inner-Harbor area of New York 
(Bopp et al., 1981). Since the sources and discharge history of PCB's into 

the Hudson-Raritan system are known (Bopp et al., 1982), these synthetic 

organic compounds may also serve as tracers to infer the net motion and 
accumulation of Hudson River-derived particles in Raritan Bay and adjacent 
coastal environs.
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The PCB measurements were made using a gas chromatograph with a 63Ni 

electron-capture detector, following the analytical procedures described in 
Bopp (1979). The PCB data reported are expressed in terms of quantities of 
two commercial mixtures, Aroclor 1254 and Aroclor 1242 (1016), the latter of 
which was used almost exclusively by the upstream plants. Concentrations of 
1254 and 1242 components were computed on a packed-column chromatogram, by 
averaging the values for three individual peaks that correspond to PCB's with 
five and six chlorine atoms per molecule and three peaks that correspond to 
PCB's with three or four chlorine atoms per molecule, respectively (Bopp et 

al., 1982).
As part of this project, several 900-liter water samples were collected 

in the Hudson-Raritan estuary, and suspended matter was removed from them by 
continuous-flow centrifugation. These large suspensoid samples have been 
analyzed for radionuclides at Oak Ridge National Laboratory and for 
chlorinated hydrocarbons at Lamont-Doherty Geological Observatory.
Information on the location, date of collection, salinity, and 
suspended-matter concentrations for these samples is presented in Table 2.

2. SEDIMENT DISTRIBUTIONS

2.1 Sediment Grain Size

The distribution of sandy (>63 pm diameter) and muddy (<63 jam diameter) 
sediments in the Hudson-Raritan estuary is shown in Figure 2. Throughout the 
Hudson estuary, sand generally constitutes less than 15% (by weight) of the 
surface sediment, except in a few areas where the strongest currents flow, 
for example, in the natural river channel, near the estuary mouth, and at the 
mouths of tributaries and waterways entering the Hudson and Inner Harbor 
(Olsen, 1979). Within the Upper Bay, Gross (1974) described the sediments as 
fine sandy silts having median grain diameters ranging between 10 pm and 
60 pm. Consistent with this description, Panuzio's (1965) grain-size 
analyses reveal that the silt/clay fraction (<63 pm) ranges from 69% to 

99% in sediments from the Inner Harbor.
Newark Bay is generally composed of silt-sized sediments; however, the 

lower portion of the Bay extending into Kill Van Kull consists of coarser 
material from relict or reworked deposits (Suszkowski, 1978). This coarser
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Figure 2. The areal distribution of sandy and muddy 
sediments and the location of actively dredged channels in 
the Inner Harbor, Newark Bay, Raritan Bay, and associated 
waterways (modified from Kastens et al., 1978).
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material lies in a region where current scouring dominates over deposition 
(Suszkowski, 1978). The lower portion of the Hackensack River also has 

sediments with coarser mean grain diameters than the adjacent upper portion 
of Newark Bay and the mouth of the Passaic River.

Within Raritan Bay a broad swath of muddy sediments extends eastward 
from the mouth of the Raritan River to Sandy Hook Bay (Kastens et al., 1978). 

Medium-grained sand borders both the New Jersey and Staten Island shores of 
Raritan Bay. The origin of these locally derived sand deposits is attributed 
to shoreline erosion. The area east of the dredged Mainship Channel 
(Figure 2) is virtually free of muddy sediments, and the sands appear to have 

been derived from littoral drift along beaches (Jones et al., 1979). Gross 
(1974) has estimated that 1.1 x 106 metric tons of sand are annually 

transported along the Long Island-New Jersey beaches and deposited in the 
Lower Bay Area. Several pits were dredged during sand-mining operations in 
the Lower Bay just west of the Mainship Channel (Figure 2). These dredged 
pits recently have been accumulating fine-grained muds as a result of both 
natural and anthropogenic (dumping) processes (Hirschberg, personal 
communication).

2.2 Sediment Composition

The mineral composition of Hudson estuary sands consists predominantly 
of quartz (greater than 60%) with some K-feldspar, muscovite, and albite 
(approximately 30%), and a suite of heavy minerals (McCrone, 1967; Olsen et 
al., 1978). Within the silt- and clay-sized fraction, quartz particles 

compose only 45% and 15%, respectively, of the fine-grained sediments (Olsen 
et al., 1978). Illite and chlorite, occurring in a 3:2 ratio, account for 
75% of the clay fraction, with the remainder consisting of montmori1 Ionite, 
kaolinite, and mixed-layer clays (McCrone, 1967; Hairr, 1974; and Owens 

et al., 1974). Calcareous shells and organic matter are dispersed throughout 
the estuarine sediments and are occasionally concentrated in distinct layers 
of shell or peat. Olsen (1979) found the calcium-carbonate concentrations 
in the estuarine silts to be generally less than 3% by weight. The average 
organic-matter concentration for all the sediment samples analyzed from the 
Hudson estuary upstream from the George Washington Bridge (mp 11) was

14



determined to be 5.2%, while the sediments of the Inner Harbor have an 
average concentration of 7.2% (Olsen, 1979). The higher concentration in 
the Inner Harbor sediments probably reflects the additional input of organic 
sewage to this area from the New York-New Jersey metropolitan region.

Yuan (1976) has conducted an extensive study of the bottom sediments in 
Lower Bay and Raritan Bay; 416 grab samples from 135 stations were analyzed 
to determine grain size distributions, carbonate contents, and total 
organic-matter concentrations. The organic carbon content of the bay 
sediments ranges between 0.1% and 6.2%, with the higher percentages occurring 
near the head of Raritan Bay and the lower percentages being found in Lower 
Bay (Duedall et al., 1979). The dominant minerals in the 1ight-mineral suite 
are quartz, feldspars, and glauconites, with hornblendes, garnets, and 
staurolite predominating in the heavy mineral suite (Yuan, 1976). Yuan 
recognizes four mineral associations within the bay and attributes their 
distribution directly to their sources (i.e., Upper Cretaceous and younger 
formations of the coastal plain, littoral drift, and glacial drift).

3. CONTAMINANT DISTRIBUTIONS

3.1 Anthropogenic Radionuclide Distributions
3.1.1 Radionuclides in Sediments

Activities of 137Cs, 134Cs, 60Co, and 239,240Pu have been determined as 
a function of depth in the sediments for cores located throughout the 
salinity range of the Hudson-Raritan estuary (Figure 3). The vertical 
distribution of these anthropogenic radionuclides in the sediments of the 
Hudson estuary generally falls into one of three distinct types (Figure 4).

(1) In most areas of the estuary, along the navigation channel and 
subtidal banks, radiocesium, radiocobalt, and plutonium have 
relatively low activity per gram of fine-grained sediment and are 
usually found only in the upper 5-10 cm of sediments.

(2) In broad shallow areas and in protected coves along the estuary 
margins, radionuclide activities per gram of sediment were 
relatively high, and measurable quantities were usually observed 
to sediment depths of 20-40 cm, indicating higher rates of 
sedimentation in these areas.

15
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(3) In the Inner Harbor area, radionuclide activities were generally 
lower than those measured in marginal coves farther upstream, but 
the depth to which radiocesium, radiocobalt, and plutonium were 
found in the sediments was much more extensive. In several cores, 
the vertical distribution of 137Cs extends to sediment depths 
greater than 250 cm (Figure 4). Correlation of the vertical 
distribution of 137Cs, 134Cs, and 60Co in several of the harbor 
cores with the fallout and reactor-release data indicates 
sedimentation rates between 5 and 20 cm/yr.

These three types of distribution primarily reflect the various 
sedimentary processes and rates of accumulation in different estuarine areas. 
Although the data illustrated in Figure 4 are for 137Cs only, it will be
shown in this report that the areal and vertical distribution of 137Cs in the
Hudson-Raritan estuary sediments correlates with the distribution of other 
contaminants, including PCB's, pesticides, oil hydrocarbons, trace metals, 
and other radionuclides. The distributional data in Figure 4 imply that 
small localized areas in the Inner Harbor serve as fine-particle and 
contaminant traps, collecting material that has been added to or dispersed 
over considerably larger areas that are relatively uncontaminated.

Cesium-137 profiles for cores collected in Newark Bay, Arthur Kill, and 
Raritan Bay are illustrated in Figure 5. All the cores, except RB-25 and 
RB-26, were collected in areas characterized by muddy sediments (Figures 2 
and 3). Cesium-137 is either missing or confined to the top few centimeters
of sediment throughout much of the total muddy area that has been unaffected
by dredging (Figure 5). This indicates that there has been little or no net 
fine-grained sediment accumulation in these areas during the past three 
decades. Recent mud accumulation appears to be confined to channel areas 
and topographic depressions which have been affected by dredging activities. 
One core (BPIT II) collected within the southernmost dredged pit (Figure 2) 
contained 137Cs over its entire 60-cm length, as well as detectable amounts 
of reactor-derived 60Co to a sediment depth of 24 cm. These results imply 
that fine-grained sediments are rapidly accumulating in this dredged pit and 
that a significant proportion of these particles are derived from the Hudson 
estuary. The lack of detectable 60Co in any of the other Raritan Bay,
Arthur Kill, or Newark Bay cores implies that the Hudson estuary is a 
relatively insignificant source of fine particles in these areas.
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3.1.2 Radionuclides in the Water Column
Radiochemical measurements have also been made on a suite of 

suspended-matter samples collected throughout the salinity range of the 
Hudson estuary during different freshwater flow conditions (Olsen, 1979).
The radiochemical data (decay-corrected to the date of sample collection) 
are presented in Table 3 (1975-1978), Table 4 (1979-1980), and Table 5 
(1981). The data in Tables 3 and 4 are from Olsen (1979), and the data in 

Table 5 are for the suspended-matter samples collected as part of this 
project (Table 2).

From these data the following points should be noted:
(1) Unlike suspended matter in the Arthur Kill, Raritan Bay, and Lower 

Bay, suspended-matter samples collected near and downstream of the 
Indian Point Nuclear Plant (mp 43) contain easily detectable 
activities of reactor-released 134Cs and 60Co (Tables 3 and 4).

(2) Plutonium activities on the suspended matter in the Inner Harbor 

and in the near-bottom waters of the Hudson estuary mouth (mp -7) 
are high relative to plutonium activities on suspended matter in 
the Hudson River and in surface waters of the Lower Bay (Table 4).

(3) Cesium-137 concentrations on suspended particles near the Hudson 

estuary mouth are considerably lower than concentrations on 
suspended matter in the Hudson River. This decrease appears to be 
greatest during the summer (Table 3) when the in situ production 
of biogenic particles is high and freshwater flow is low.

(4) Plutonium activities on the suspended matter in the Hudson have 

been decreasing from 1975 to 1981, whereas reactor-produced 60Co 
and 134Cs activities appear to have increased.

Although the statements above are based on a limited number of 
large-quantity, suspended-matter samples, these samples span different 
freshwater-flow and tidal-current conditions, and we consequently believe 
the temporal and spatial variations in radionuclide concentrations mentioned 
above reflect general rather than short-term processes. Olsen (1979) has 
shown that radionuclide concentrations on suspended matter varied little in 

successive samples collected during the six days following tropical storm 
Eloise (September 1975). There was, however, a slight decrease in the 40K 
activities and increase in the radiocesium concentrations during the high
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flow conditions associated with the storm relative to concentrations normally 
measured during the summer months (Olsen, 1979).

Dissolved 7Be and 23 9>21*0pu data for the large-volume (900-liter) water 
and suspended-matter samples collected as part of this project are presented 
in Table 6. Both 7Be and 23 9 »21*0pu are particle reactive and have 
suspended-particle-to-water distribution coefficients on the order of 104 to 
105. Consequently, both nuclides are rapidly scavenaged from the water 
column, with the sediments being their ultimate sink. The distributional 
data presented in Table 6 will be used in later sections to help identify 
particle sources, and to quantify pollutant removal rates and particle 
fluxes.

Although 7Be and 23 9 »2**°pu are particle reactive, most of the 7Be and 
23 9 »240pu .jn the water co]umn is in the water phase rather than on 
particulates as a result of the low suspended-particle concentrations in 
coastal waters. Water-phase activities generally account for 60% to 90% of 
the total 7Be and 23 9 »21*0Pu concentration in the water column. The lowest 
"dissolved" 7Be and 23 9 »2,*°pu concentrations occur in freshwater, attesting 
to the ability of drainage basin soils to sequester precipitation-derived 7Be 
and fallout 23 9’21*0pu.

3.2 Trace Metal Distributions 

3.2.1 Trace Metals in Sediments
Analyses of trace metal distributions in the Hudson-Raritan estuary 

indicate that metal concentrations and total burdens in the sediments are 
controlled by variations in the reactivity of different particle types and 
sizes, the net rate and pattern of fine-particle deposition, and a 
combination of natural, diffuse, and point sources (Grieg and McGrath, 1977; 
Multer, 1978; Olsen et al., 1978; Williams et al., 1978; Klinkhammer and 
Bender, 1981; Nadeau, 1982). Pollutants generally have a greater affinity 
for fine-grained particles relative to coarser particles because 
fine-grained particles have greater surface areas (for binding sites and 
organic or manganese coatings) per unit weight and are enriched in layered 
aluminosilicate minerals (which contain more binding sites per unit area).
In addition, coarser particles are generally enriched in quartz or calcium 
carbonate, which are relatively nonreactive compared to organic and layered
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aluminosilicate phases in natural waters, and thus tend to "dilute" metal 
concentration associated with the fine-particle-size fraction. In 
environments where particle-size distribution and mineralogy are 
heterogeneous, substantial variations in metal concentrations are expected 
even in the absence of significant local sources for metal contamination.

Quantitative analyses for total zinc, copper, and lead in Hudson 
estuary sediments were determined by Olsen et al. (1978), Williams et al. 
(1978), and Simpson (1979) as a function of depth in three cores from the 
Inner Harbor, five cores from the river channel, and two cores in Foundry 
Cove. The metal concentrations are listed in Table 7 along with data 
concerning sediment composition (organic matter and grain size). From 
Table 7 it is clear that sediments containing 137Cs are significantly higher 
in Zn, Cu, and Pb concentrations. One of the cores (mp 18.6) contains many 
subsurface layers of estuarine carbonate shells, four of which have been 
analyzed for ^C. Apparent radiocarbon ages between 1000 and 2000 years 
were obtained (Olsen et al., 1978). Although the interpretation of 
radiocarbon data for estuarine carbonates is not unambiguous, we are 
nevertheless confident that the lower half of this core (3 to 6 m), which 
lies below the four radiocarbon-dated carbonate layers, is representative of 
preindustrial fine-grained sediments in the Hudson estuary. Metal 
concentrations in the sediments below 3 m in core 18.6 (Table 7) averaged 
80 yg/g zinc, 20 yg/g copper, and 25 yg/g lead. We believe these values to 
be reasonably representative of preindustrial metal concentrations in 
fine-grained sediments for this drainage basin.

Concentrations of Zn, Cu, and Pb in recent sediments (that is, sediments 
which contain 137Cs and therefore have a significant post-1954 component) are 
3 to 30 times greater than natural levels (Table 7). Pollutant metals in 
Hudson estuary sediments are derived from both dispersed and point sources. 
The average concentration of Zn, Cu, and Pb in thirteen samples of recent 
(containing measurable 137Cs) fine-grained sediment in the Hudson River 
estuary (upstream of mp 11) are 245 yg/g, 90 yg/g, and 110 yg/g, 
respectively (Table 7). In the Inner Harbor area of New York (Hudson estuary 
downstream of mp 11), additional point discharges of Zn, Pb, and especially 
Cu further increase the concentrations of these metals above the levels 
resulting from the dispersed upstream sources. Zn, Cu, and Pb concentrations
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Table 7. Trace metals and organics in Hudson estuary sediments 1

Location 
(mile point)

Depth
(cm)

Cs-137
(pCi/g)

Zn
(yg/g)

Cu
(yg/g)

Pb
(yg/g)

Mn
(mg/g)

Fe
(*)

LIG2
(*)

LOL3
(*) (*)

Quartz5
(X)

Fine
fraction 
(* <63u)

56 0-5 0.9 190 58 66 1.70 3.3 6.6 19 2.2 . .
5-10 N.D. 100 26 22 2.40 3.6 7.0 20 2.4 - _

54 0-5 2.5 315 88 150 0.75 3.7 9.6 25 2.2 25 -
5-10 1.8 320 86 130 0.75 3.8 9.4 25 2.5 24 -
10-15 0.2 305 80 120 0.73 3.7 9.6 24 2.4 25 -
15-20 N.D. 225 65 110 0.66 3.5 8.8 23 2.2 24 97
20-25 N.D. 125 31 49 0.57 3.4 7.1 24 2.4 29 98
25-30 - 97 24 33 0.57 3.5 7.2 21 - 30 98
30-35 - 90 18 25 0.55 3.5 6.8 21 - 31 96
35-40 - 80 17 20 0.51 2.8 6.9 20 - 31 96
40-45 - 84 18 20 0.51 3.4 6.9 21 - 29 96
45-50 - 80 17 23 0.52 3.3 7.3 20 - 30 96
50-55 N.D. 82 17 23 0.52 3.5 7.5 21 2.2 32 97

53.8 0-5 2.7 290 110 175 1.15 2.4 8.4 20 2.2 - -
5-10 2.1 295 97 130 1.05 2.9 7.7 18 2.2 - _

10-15 0.7 245 83 105 0.92 3.0 7.4 18 2.3 - -
15-20 N.D. 170 55 74 0.77 2.7 6.3 16 2.3 - -
20-25 N.D. 87 18 13 0.61 2.2 6.0 14 2.0 - -

44 0-7 0.6 125 29 45 0.53 2.3 3.5 14 1.9 - -
7-14 N.D. 96 27 45 0.65 2.3 4.6 15 2.1 - -

14-21 - 65 26 37 0.44 1.8 3.2 10 - - -
43 0-10 2.7 315 107 140 1.39 3.3 - - 2.1 - 95
25 0-6 1.2 190 99 92 0.45 2.6 4.6 14 2.2 - -

6-12 0.8 205 115 92 0.51 2.5 4.9 16 2.3 - -
12-16 0.3 220 105 98 0.52 2.8 5.6 16 2.0 - -

16-21 0.1 170 89 72 0.48 2.6 4.5 14 2.2 - -
18.6 0-10 0.1 48 35 55 0.32 0.7 2.6 9 1.7 57 -

22-29 - 81 16 39 1.15 3.2 7.1 23 2.4 26 -
83-85 - 83 20 24 0.84 3.6 6.6 24 2.0 24 -
150-153 - 82 20 28 1.00 3.8 6.0 24 2.4 27 -
240-241 - 68 14 28 0.96 2.9 4.7 18 2.2 35 -

325-328 - 77 20 24 0.84 3.5 4.7 23 2.4 27 -

430-438 - 77 21 27 0.90 3.4 4.9 23 2.3 29 -

545-548 - 81 15 21 0.83 3.1 4.6 19 2.2 37 90
1.9 0-5 1.2 345 225 830 0.31 3.7 9.2 26 2.1 - -

20-25 N.D. 235 145 165 0.29 3.3 6.5 22 2.1 - -

50-55 N.D. 245 180 245 0.26 3.2 7.8 23 1.9 - -
0.1 0-5 0.7 260 180 140 0.26 3.3 8.5 24 2.1 - 95

18-25 1.5 215 200 200 0.30 4.0 9.8 28 2.3 - 95
45-53 0.7 225 285 175 0.33 3.3 8.8 24 2.0 - 95
60-65 N.D. 53 12 28 0.56 3.6 4.9 23 2.0 - 95

-1.5 0-5 0.4 335 250 200 0.55 3.3 7.5 22 1.8 - -

12-20 0.6 435 345 270 0.50 3.3 9.4 25 2.1 - -

25-30 0.4 460 350 255 0.60 4.2 - 27 2.2 - -

35-40 0.6 400 295 250 0.47 3.6 9.4 23 1.9 - -

45-50 0.6 470 340 285 0.53 3.5 10.0 - 1.9 - -

55-60 0.9 555 415 345 0.46 3.7 11.0 - 1.9 - -

^Data from Olsen et al. (1978) Williams et al. (1978) and Simpson (1979). N.D. = Not Detectable, (-) not analyzed. Concentrations are 
for dry weights.2Loss on Ignition (LIG) indicates weight loss upon heating from 105°C to 500°C.
\oss on Leaching (LOL) indicates weight loss of a sample dried at 105°C after treatment with strong acids (HC1, HNO,, HC10.).

4 44 40 Potassium (K) was measured by gamma counting of the K peak at 1.46 MeV.
^Quartz was measured by monitoring the a-B transition with a differential scanning colorimeter.
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in Inner harbor, fine-grained sediments average 315 yg/g, 220 yg/g, and 
390 yg/g, respectively. Comparison of the upstream sediment metal 
concentrations with those found in Inner Harbor sediments indicates that 
metal contaminants added directly to harbor sediments are more enriched in 
Cu, relative to Zn (Williams et al., 1978).

Suszkowski (1978) and Meyerson et al. (1981) have measured the 
distribution of trace metals in the surface sediments of Newark Bay. High 
metal concentrations are found at the mouths of the Passaic and Hackensack 
Rivers, and high concentrations also predominate at the southwestern end of 
the Bay and in the Kills (Figures 6, 7, and 8). Meyerson et al. (1981) 
showed that metal concentrations in fine-grained sediments from Newark Bay 
are enriched over background levels up to 65 times for zinc, 128 times for 
lead, 180 times for cadmium, and 155 times for mercury. Suszkowski (1978) 
also determined enrichment factors for eight trace metals (Hg, Cd, Cu, Pb, 
Zn, Cr, Ni, and As) found in the surficial sediments of the Bay; the mean 
values for the eight metals ranged from a low of five to a high of twenty, 
with the highest values occurring in the samples taken from the southwestern 
end of the Bay. Multer's (1978) study of heavy metal concentrations in the 
fine-grained sediments of the Passaic River showed extremely high enrichment 
factors in the heavily urbanized/industrialized lower section of the river 
and the following maximum concentrations were encountered: Pb, 1784 yg/g; 
Zn, 991 yg/g; Cd, 22.3 yg/g; Hg, 12 yg/g; Cr, 913 yg/g; Ni, 216 yg/g; Co, 29 
yg/g; and Fe, 2300 yg/g.

In general, the overall distribution patterns for the individual metals 
in Newark Bay are similar (Figures 6, 7, and 8) with the highest 
concentrations occurring in sediments near the mouths of the Passaic, 
Hackensack, and Arthur Kill and the lowest concentrations in the middle 
section of the Bay. In spite of the similarities, Meyerson et al. (1981) 
have noted some minor, yet significant discrepancies in the individual metal 
distributions. For example, the highest lead value (3209 yg/g) was recorded 
at the mouth of Morses Creek in Arthur Kill, while the highest zinc 
concentration occurred at the mouth of Piles Creek, located farther 
downstream in Arthur Kill. In addition, the relative values for lead and 
zinc in the Passaic and Hackensack Rivers are reversed, and the highest 
cadmium value in Kill van Kull sediments occurred near the Hudson end rather
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ORNL-DWG 82-9425

Figure 6. Zinc distributions in the surface sediments of the Hudson-Raritan system. Data from Grieg and McGrath (1977), Suszkowski (1978), Williams et al. (1978), and Meyerson et al. (1981).
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ORNL-DWG 82-9426

Figure 7. Copper distributions in the surface sediments of 
the Hudson-Raritan system. Data from Grieg and McGrath 
(1977), Suszkowski (1978), Williams et al. (1978), and 
Meyerson et al. (1981).
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ORNL-DWG 82 9427

Figure 8. Lead distributions in the surface sediments of 
the Hudson-Raritan system. Data from Grieg and McGrath 
(1977), Suszkowski (1978), Williams et al. (1978), and 
Meyerson et al. (1981).
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than near the Arthur Kill end where concentrations for the other metals are 
higher.

These results imply that direct point source discharges are responsible 
for the metal contamination in sediments of the Arthur Kill, and the Passaic 
and Hackensack Rivers and that these tributaries are the major source of 
metals to Newark Bay. This is consistent with Suszkowski's (1978) suggestion 
that the trace metal enrichment in the center of Newark Bay is primarily a 
result of recent fine-grained sediment accumulation rather than direct point 
source contaminant discharges. In addition, these distributions imply that 
the lower Hudson estuary is a relatively insignificant source for metal 
contamination (with the possible exception of cadmium), to Newark Bay. This 
conclusion is consistent with our earlier observation that 60Co (released 
into the Hudson estuary at mp 43) could not be detected in the sediments of 
Newark Bay.

The distribution patterns of zinc, copper, and lead concentrations are 
very similar in the sediments of Raritan Bay (Figures 6, 7, and 8). An area 
of high trace metal values extends from the mouth of the Raritan River and 
Arthur Kill to Sandy Hook Bay and corresponds strikingly with the 
distribution of mud in Raritan Bay (Figure 2). Sandy areas in Raritan and 
Upper Bay are characterized by very low metal concentrations. The dredged 
pit area near the mouth of Raritan Bay contains anomalously high metal 
concentrations relative to the sandy sediments surrounding the area 
(Figures 2, 6, 7, and 8). The local hot spot results from the accumulation 
of recent fine-grained sediments in the pits previously excavated during 
sand-mining operations. The presence of detectable 60Co in a sediment core 
collected from one of these dredged pits implies that the lower Hudson 
estuary may be a significant source for the metal contamination in this area.

3.2.2 Trace Metals in the Water Column
Dissolved and suspended-particulate metal concentrations in the 

Hudson-Raritan estuary have been measured by Klinkhammer and Bender (1981) 
during periods of high freshwater discharge, associated with spring runoff 
(1330 m3/sec in April 1974) and a fall tropical storm (760 m3/sec in October 
1975). Their average metal concentrations are listed in Table 8 along with 
average sewage-metal concentrations. Most of the total iron was associated
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with particulate phases, whereas about 80% of the cadmium, zinc, and nickel 
were present in the dissolved phase. Copper was approximately evenly 
distributed between both phases. Dissolved manganese composed about 10% of 
the total concentration at low salinities, but increased to about 90% at a 
salinity of 8%o(Table 8).

The major observations regarding the fate of trace metals identified in 
the water column metal study by Klinkhammer and Bender (1981), include:

(1) Ni, Zn, and Mn have a dissolved concentration maxima at about the 
same salinity as a phosphate maximum indicating a sewage source 
for these metals.

(2) Mn may also be reduced and released from sedimentary particles.
(3) Cu, Cd, and Fe do not show midsalinity metal anomalies. They are 

associated with suspended particles and deposited in the Inner 
Harbor area of New York.

(4) The flux of Fe in the Hudson-Raritan estuary is dominated by the 
flux of estuarine particulate phases.

(5) The flux of Cu, Zn, Cd, Ni, and Mn from waste discharge is 
comparable to the riverine flux of these metals.

(6) Anthropogenic Cu is trapped in the Harbor sediments while much of 
the anthropogenic Zn escapes immediate burial.

These observations are all consistent with the sediment trace metal data 
described previously.

3.3 Synthetic Organic Distributions

3.3.1 Synthetic Organics in Sediments
Polychlorinated biphenyls (PCB's) are among the most important 

synthetic-organic pollutants of the Hudson-Raritan estuarine system. Between 
1950 and 1976, at least several tons of PCB's have been discharged into the 
Hudson River from two General Electric capacitor-manufacturing facilities in 
the upper part of the drainage basin. The composition and concentration of 
PCB's in Hudson sediments and their spread throughout the Hudson-Raritan 
system has been described (Bopp, 1979; Stainken and Rollwagen, 1979; and Bopp 
et al., 1981). Polychlorinated biphenyls show a strong tendency to become 
associated with particles by hydrophobic interactions with the particle
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surface (Olsen et al., 1982). As a result, the accumulation pattern of 
PCB's in the Hudson estuary is similar to that of 137Cs and many trace 
metals and reflects the accumulation patterns of recent fine-grained 
sediments.

Average PCB (Aroclor 1242) concentrations for a number of recent 
fine-grained sediment samples from the Hudson-Raritan estuary are given in 
Table 9. Some areas of the Hudson have PCB concentrations that average 
greater than 50 pg/g (Bopp, 1979). Concentrations in sediments decrease 
with distance downstream from the General Electric discharge site and average 
about 30 pg/g near Albany (mp 143), about 6 pg/g in upstream areas of the 
estuary (mp 50), about 3 pg/g in the Inner-Harbor area of New York, and 
about 0.4 pg/g in Raritan Bay (Table 9). Stainken and Rollwagen (1979) have 
measured PCB concentrations ranging from 0.003 to 2.0 pg/g and averaging 
about 0.2 pg/g in the sediments of Raritan Bay. They found no correlation 
between PCB sediment concentrations and grain size, but they did not obtain 
chronological information (such as provided by 137Cs data) for their 
sediment samples. Chronological data presented in Section 3.1 indicate that 
much of the fine-grained sediment in Raritan Bay is more than 30 years old.
As a result, the lack of correlation between PCB concentrations and sediment 
grain size observed by Stainken and Rollwagen (1979) may merely reflect 
analysis of older, uncontaminated fine-grained sediments. The average PCB 
concentrations reported in Table 9 are for fine-grained sediment samples 
which contain 137Cs. These samples are thus recent (post-1954) and 
accurately reflect the extent of PCB contamination throughout the 
Hudson-Raritan estuary.

Measurements of PCB compositions and concentrations in sediment cores 
collected throughout the tidal Hudson River and estuary have been listed in 
Bopp (1979) and Bopp et al. (1982). The core profile data for six sites are 
illustrated in Figure 9. Radionuclide chronological data indicate that all 
six sites are characterized by relatively rapid rates of sediment 
accumulation (ranging from 1 to 15 cm/yr), and the PCB profiles in Figure 9 
have been normalized to a common age. It is apparent from these data that 
(1) subsurface PCB concentration maximums exist in the sediments at all six 
coring sites, (2) the maxima all fall within 1 to 3 years of the same age, 
and (3) the magnitude of the PCB concentration maximum decreases regularly

35



Table 9. Polychlorinated biphenyls in recent fine-grained sediment of 
the Hudson-Raritan estuary1

Location 
(mile points)

Number of samples 
averaged

PCB (1242) concentration 
average (range)

in pg/g 

140 to 150 21 30 (1.6-140)
80 to no 24 10 (4.1-29)
40 to 50 25 6 (0.5-26)

- 2 to 6 27 3 (0.7-5.8)
Raritan Bay 30 0.4 (0.04-1.4)

^Data from Bopp et al. (1981; 1982). All samples contained 137Cs 
concentrations at least two standard deviations greater than zero 
indicating that the sediments were recent (post-1954).
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downstream by about a factor of 50 (Figure 9). Our interpretation of the 
sediment data is that the maximum in PCB concentrations resulted from the 
removal of a dam at Fort Edward, N.Y. (mp 190), during the summer of 1973 
and the high freshwater runoff the following spring (Bopp et al., 1982).
This dam had provided the first impoundment of water downstream of the PCB 
discharges from the two industrial facilities. The existence of the 

subsurface PCB maximum throughout the Hudson system indicates that upstream 
inputs are the major source of PCB's to Hudson sediments even in the Inner 
Harbor area of New York where substantial sewage inputs exist (Bopp et al., 
1982). This finding is consistent with Bopp's (1979) estimate that sewage 

inputs supply on the order of 25% of the PCB's in the Inner Harbor sediments.
Chlorinated-hydrocarbon pesticides found in Hudson-Raritan sediments 

include DDT and its derivatives DDD and DDE, chlordane and its derivative 
oxychlordane, and dieldrin. Although dieldrin is a pesticide in its own 
right, it is also a breakdown product of a more commonly used pesticide, 
aldrin (Bopp et al., 1982). DDT-related compounds including pp'-DDT, 

pp -DDE, pp'-DDD, and op'-DDD were found in the sediments throughout the 
estuarine system (Table 10). Since pp'-DDT is labile, in most sediment 
samples, levels of pp'-DDT were generally less than 15% of the pp'-DDD 
levels indicating efficient conversion to derivatives (Bopp et al., 1982).
The concentration of pp'-DDD in Hudson-Raritan sediments ranges from a few 
tens to a few hundreds of parts per billion (ng/g) and on the basis of our 
sediment chronologies appears to be stable in anoxic sediments on time scales 
of decades. Data listed for core mp 53.8 from an upstream area in the Hudson 
estuary (Table 10) indicate that maximum pp'-DDD contamination occurred 
between the late 1950's and late 1960's. By the mid —1970's levels dropped to 

between 25% and 50% of their maximum values (Bopp et al., 1982).
Chlordane and dieldrin, which are major contaminants in Inner Harbor 

sediments (Table 10), were not easily detected in upstream samples from the 
Hudson River and estuary (Bopp et al., 1982). All sediment samples analyzed 
from areas upstream of the Inner Harbor contain chlordane and dieldrin 

concentrations less than 8 ng/g and 2 ng/g, respectively, whereas 
concentrations in Inner Harbor sediments may be as high as 240 ng/g and 
70 ng/g, respectively (Table 10). Consequently the dominant source for the 
chlordane and dieldrin pesticides appears to be urban runoff and sewage. A
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Table 10. Cs-137, PCB, and pesticide concentrations in Hudson-Raritan
estuary sediments^

Location 
(mile point)

Depth
(cm)

Cs-137 
(pCi/kg)

PCB-1242 
(ug/g)

PCB-1254 
(ug/g)

Chlordane?
(ng/g)

Dieldrin
(ng/g)

pp'-DDD
(ng/g)

Foundry Cove
(mp 53.8)

0-1
1-2
3-4

1530 ± 38
1610 t 44
2400 ± 56

7.48 t 0.52
9.28 i 0.65

19.30 t 0.90

0.97 ± 0.22
1.15 ± 0.35
2.35 ± 0.54

_

-
26
30
44

5-6 2060 ± 56 20.80 ± 1.70 2.32 i 0.60 - 43
9-10 1970 ± 49 9.36 t 0.87 1.49 ± 0.20 - 57

14-15 1990 ± 48 5.70 ± 0.60 1.60 ± 0.03 - 72
19-20 580 ± 29 1.58 ± 0.15 0.90 ± 0.08 - 93
24-25 19 i 11 0.33 ± 0.03 0.19 ± 0.04 - 23
25-26 N.D. 0.25 t 0.07 0.09 ± 0.02 11

Inner Harbor 0-5 965 i 32 6.90 ± 0.53 1.95 ± 0.20 64 14 113
(mp 3.0) 5-10

10-18
1100 t 
720 ± 

27
24

9.27 
7.99 

± 0.37
± 0.65

2.63 
2.63 

± 0.33
i 0.34

60
164

<3
53

120
177

18-25 595 ± 20 4.43 ± 0.44 1.85 1 0.19 165 49 179
25-30 690 ± 22 4.00 ± 0.71 2.19 1 0.26 160 41 222
30-36 1010 i 27 4.36 ± 0.79 2.31 t 0.28 197 63 274
36-43 340 ± 13 1.65 ± 0.38 1.23 ± 0.21 111 19 176
43-50 37 ± 11 s-l 0.80 ± 0.20 81 "u7 186

Inner Harbor
(mp -1.5) 0-10

10-20
260 
455 

i 
± 

21
30

1.63 
2.30 

± 0.05
± 0.13

0.61 
0.95 

± 
± 

0.08
0.11

165
191

37
49

65
89

30-40 420 ± 34 3.15 * 0.32 1.25 t 0.08 202 57 101
60-70 1090 ± 44 4.73 t 0.09 1.43 ± 0.09 240 58 113
70-80 950 ± 36 2.68 ± 0.18 0.99 t 0.04 150 33 101
80-90 1080 ± 42 3.57 ± 0.15 1.22 ± 0.07 200 56 106

120-130 290 ± 18 1.84 t 0.06 0.91 ± 0.06 121 39 84
140-150 350 ± 18 2.07 ± 0.05 1.04 t 0.10 173 47 116
150-160 365 ± 28 2.54 ± 0.15 1.10 ± 0.11 178 54 117
170-180 345 ± 21 3.75 t 0.13 1.52 ± 0.18 242 73 197
190-200 200 ± 22 0.69 i 0.04 0.38 ± 0.03 81 26 601
220-230 390 ± 22 - - 179 50 165
240-250 500 ± 27 2.03 t 0.23 1.31 ± 0.20 203 71 460

Raritan Bay
(West, RB-1)

0-7
7-11

70 ± 13
N.D.

0.20 ± 0.04
N.D.

N.D.
N.D.

8.2
3.5

-

“
6
2

Raritan Bay
(East, RB-15)

15-18
24-27

N.D.
N.D.

_

N.D.
-

N.D.
-

<4
-

“
-

<1

Raritan Bay
(RB-27)

0-1 140 ± 10
2-3 160 ± 10
4-5 250 ± 18

0.34 t 0.09
0.51 ± 0.10
0.75 ± 0.10

0.22 t 0.05
0.41 ± 0.08
0.22 t 0.05

13
-

36

-

-

18

31
6-7 215 ± 21 0.65 ± 0.12 0.48 t 0.07 - - -
8-9 230 t 21 0.51 ± 0.10 0.44 i 0.05 13 - 28

10-11 175 ± 20 0.49 ± 0.10 0.40 1 0.06 - -

12-13 110 ± 30
16-17 33 t 11

0.30 ± 0.13
•c 0.13

0.28 ± 0.05
0.09 ± 0.03

5
3

-

“
35
13

Dredged Pit 0-2 350 t 30
4-8 (sandy) 30 ± 10

24-28 470 ± 40

0.48 ± 0.10
0.13 ± 0.01
0.71 ± 0.06

0.28 ± 0.05
0.08 ± 0.02
0.38 t 0.06

21
5

35

- 29
9

45

(BI-3)
(BI-7)

0-5 310 ± 23
0-5 115 ± 12

0.37 ± 0.03
0.11 ± 0.01

0.33 ± 0.05
0.08 t 0.01

14
5

-

“
25
11

Hudson Canyon
(590C) 0-5 100 ± 16 0.02 ± 0.005 0.012 ± 0.001 <1 z

iData from Bopp (1979), Olsen (1979), and Bopp et al. (1982). Dashes (-) indicate not analyzed, and N.O. 
indicates not detectable. Concentrations are expressed in terms of dry weight.

O
Chlordane is reported as the sum of a and y isomers.
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sample of sludge from the Wards Island sewage treatment plant showed levels 
of all of these pesticides comparable to or greater than levels found in the 
Inner Harbor sediments (Bopp et al., 1982). Erosion from drainage and 
agricultural areas may be an additional source for the pesticides, 
especially pp'-DDD.

The Hudson-Raritan estuary receives large inputs of petrochemical 
hydrocarbons from a variety of sources (including tanker, ship, and boat 
traffic, spills, sewage, urban runoff, air pollution, and effluent 
discharges). Keenan (1978) found that sediments throughout the 
Hudson-Raritan estuarine system were contaminated with petroleum 
hydrocarbons and that cores collected in the Inner Harbor area of New York 
contained large concentrations of petroleum hydrocarbons (100 to 750 pg/g) 
and mono-unsaturated n-alkenoic acids throughout their entire lengths. The 
unsaturated nature of the labile n-alkenoic compounds indicates burial by 
sediment accumulation that is rapid compared to its rate of bacterial 
degradation (Keenan, 1978).

The distribution of petroleum hydrocarbons (PHC's) in the sediments of 
the Hudson-Raritan estuary is illustrated in Figure 10. Recently, Connell 
(1982) developed a hydrocarbon budget for the Hudson-Raritan estuary on the 
basis of the data in Figure 10 and a review of existing data on petroleum 
inputs. The quantitative aspects of this budget are reviewed in Section 6. 
Sewage discharges and urban runoff constituted the major source of the total 
petroleum input; whereas oil spills constituted only a minor proportion 
(Connell, 1982). The bulk of the petroleum in the Hudson-Raritan system was 
contained in the sediments. Degradation by microorganisms in water and 
sediments was the major mechanism for petroleum loss from the system and 
permanent burial by sediment accumulation was the second most significant 
loss (Connell, 1982).

3.3.2 Synthetic Organics in the Water Column
Analyses of the suspended-matter samples collected as part of this 

project represent the first significant attempt to characterize 
organochlorine concentrations on suspended particles from different source 
areas in the Hudson-Raritan system. The results are presented in Table 11 
and, when compared to the organochlorine data for Hudson-Raritan and 
nearshore sediment samples (Table 10), several observations can be made:
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Figure 10. Petroleum hydrocarbon distributions in 
Hudson-Raritan estuary sediments. Data from Connell 
(1982).
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Table 11. Organochlorine pesticide and PCB concentrations in 
suspended-matter samples collected in July 1981

Sample^
PCB-12422

(ug/g)
PCB-12543
(ug/g)

Chlordane4
(ng/g)

pp1-DDD 
(ng/g)

pp-DDT
(ng/g)

LENT - _

HARB 0.98 0.69 46 47 2.8
KILL 0.43 0.54 21 42 6.3
AMBR 1.05 5.00 11 8 26
HOOK 0.24 0.63 20 12 33
RARB 0.47 0.85 27 27 46
RRIV 0.20 0.45 62 23 41
SRI V - - - -

Locations and sample characteristics are described in Table 2.
21242 is reported as the average value given by three peak 
characteristics of this Aroclor.

^ 1254 is reported as the average value given by three peak 
characteristics of this Aroclor.4
Chlordane is reported as the sum of y and ct isomers.
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(1) All the suspended-matter samples collected in July 1981 with the 
exception of the Inner Harbor sample had a PCB-1254/PCB-l242 ratio less than 
1. PCB-1254/PCB-l242 ratios in Raritan Bay sediment samples, however, were 
all greater than 1. This implies either that Raritan Bay sediments are 
derived to a significant extent from lower Hudson estuary (Inner Harbor) 
suspended matter or that they were deposited when suspended-matter 
concentrations were much greater. Such conditions would cause more of the 
1242 components to stay on the suspended matter (Bopp, 1979). In either 
case, useful sedimentological information appears to be available.

(2) The DDT/DDD ratio varies greatly in the suspended-matter samples. 
This ratio is less than 0.2 in the Inner Harbor and Arthur Kill samples and 
greater than 1.8 in all others. A low ratio indicates exposure of the DDT to 
anaerobic conditions, either in sediments or in sewage treatment plants, 
which leads to conversion to DDD. This ratio appears to be an excellent 
tracer of suspended-matter sources, unfortunately its utility in sediments is 
limited by in situ conversion of DDT to DDD.

(3) The Raritan River suspended matter has the highest level of 
chlordane of any of the suspended-matter samples. It also has a high 
chlordane-to-DDD ratio relative to the other samples. In addition, this 
sample was found to have a large peak tentatively identified as 
hexachlorobenzene, which should provide an excellent tracer for this 
sediment source.

(4) Assuming that the Raritan River and Inner Harbor samples form two 
end-member sources, it seems that at least one other source, which must be 
low in chlordane and high in DDT, is necessary to explain the pesticide 
ratio in the other sediment samples. Possible source candidates are the 
Passaic River, Hackensack River, South River (which has not yet been 
analyzed), or particles from offshore. Geochemical alteration of the 
pesticide markers would also have to be considered. For example, PCB-1254 
values are higher in the Ambrose suspended-matter sample than in any other 
sediment sample we have analyzed. At present, we believe that biological 
concentration of PCB's at the lowest levels of the food chain is responsible. 
Lower chlorinated components (1242) are preferentially eliminated through 
biological processes resulting in high PCB concentrations and a large 
1254/1242 ratio.
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(5) Analyses of offshore fine-grained sediment samples from off 
Barnegat Inlet (BI-3 and B1-7) and from the Hudson Canyon (590C) (Table 10) 
show that all the compounds discussed here can be identified in more remote 
samples at varying concentrations.

3.4 Cesium-137 as a Tracer for Contaminant Distributions

The distribution of many anthropogenic reactive contaminants such as 
plutonium, radiocobalt, petroleum hydrocarbons, organochlorine pesticides, 
polychlorinated biphenyls, zinc, copper, and lead in the sediments of the 
Hudson-Raritan estuary is very similar to that of 137Cs (Tables 7-10 and 
Figures 4-8). This attests to the ability of fine particles to sequester, 
transport, and accumulate a wide variety of reactive pollutants, despite 
their different chemistry and mode of input into the estuary (Simpson et al., 
1978; Olsen, 1979; Bopp et al., 1982). As a result, the major control on the 
distribution of contaminants in the sediments of the Hudson-Raritan estuary 
is the accumulation pattern of recent fine-grained particles (Olsen et al., 
1982).

The correlation between the amount of 137Cs and the concentrations of 
plutonium, PCB's, and various trace metals is illustrated in Figure 11. In 
areas where recent fine-grained particles compose a large fraction of the 
sedimentary particles, 137Cs activities are relatively high, as are the 
plutonium, PCB, and metal concentrations (Figure 11). In areas of the 
estuary where recent fine-grained sediments compose only a small fraction of 
the total sedimentary material, sediment 137Cs concentrations are low or 
undetectable, as are plutonium and PCB concentrations; and metal 
concentrations in these sediments approach preindustrial levels. In 
addition, there is a strong covariance between the vertical distributions of 
Pu, Zn, Cu, Pb, PCB's, and 137Cs in the sedimentary record (Figures 12 and 
13). In areas where fine-grained particles are accumulating rapidly, such as 
in the Inner Harbor area of New York City, recent metal, organic, and 
radionuclide contamination can extend to sediment depths as great as 250 cm 
(Figure 13); this indicates that these areas are also major zones for 
pollutant accumulation.
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Figure 11. (a) 137Cs correlation with
plutonium in the top 15 cm of 
sediment throughout the 
Hudson estuary. Note that 
samples collected in the 
Inner Harbor are enriched in 
plutonium relative to 137Cs. 
The correlation line is for 
sediment samples collected 
upstream of mp 11 (data from 
Olsen et al., 1981c).

(b) 137Cs correlation with 
PCB's in Hudson River and 
estuary sediments (modified 
from Bopp, 1979).

(c) Correlation of 137Cs and 
Zn, Cu, and Pb in the top 
10 cm of Hudson estuary 
sediments (modified from 
Simpson et al., 1978). The 
correlation lines are for 
metal concentrations in 
sediments upstream of mp 11 
and reflect dispersed metal 
sources. The elevated metal 
concentrations in the Inner 
Harbor sediments reflect 
point sources from sewage 
inputs.

,J7Cs CORRELATIONS WITH OTHER 
CONTAMINANTS IN HUDSON ESTUARY 

SEDIMENTS

0 1000 2000 3000
137Cs (pCi/kg)
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ORNL-DWG 83-12526
Pollution History Core53.8EC

l37Cs (pCi/kg) 239>240PU (pCi/kg)

Figure 12. The vertical distributions of Cd, Cu, Zn,
Pb, PCB's, »240Pu, and 137Cs in the sediments 
from a small cove located at mp 53.8 in the Hudson 
estuary. Despite their different chemical properties 
and modes of input, depth distributions of these 
pollutants are quite similar, attesting to the ability 
of fine particles to transport and accumulate a wide 
variety of reactive pollutants. Zn, Cu, Pb, and PCB 
levels do not show the sharp decrease below 15 cm 
reflected in the 137Cs and 239>240pu profiles 
indicating that Zn, Pb, Cu, and PCB pollution’has 
occurred over a somewhat longer time period than fallout 
radionuclides.
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Because the measurement of 137Cs by nondestructive gamma-counting 
involves very little laboratory preparation relative to the analytical 
techniques required for most pollutant measurements and because pollutant 
accumulation patterns are extremely complex and nonuniform, with relatively 
small areas frequently accounting for large portions of the total pollutant 
sediment burden, 137Cs is an extremely useful tracer for determining the 
patterns of pollutant accumulation in sediments.

3.5 Pollution History

The fine-grained sediments that are rapidly accumulating in the Inner 
Harbor area of New York reflect the general character of the sedimentary 
material transported down the axis of the estuary. Changes in the character 
of this sedimentary material are thus recorded in the sediment record of the 
Inner Harbor area of New York and are best documented in cores 3.0W 
(Figure 14) and 0.1W (Table 12; Figure 15). The first appearance of 137Cs 
and 239>240pu (]954) at 59 cm jn core 3.0W (Figure 14), the peak in 137Cs 
and 239,240pu af. 3Q-36 cm (1962-1964), the first appearance of 60Co at 
25-30 cm (1964), and the reactor peak at 5-10 cm (1971) all indicate 
sediment accumulation rates ranging from 2 to 3 cm/yr and averaging about
2.5 cm/yr. Based on this chronology, the time history of PCB and pesticide 
contamination in the Hudson estuary has been established (Figure 14 and Bopp 
et al., 1982).

Similar chronological determinations using anthropogenic radionuclides 
indicate a stratigraphic boundary in core 0.1W at 53 cm (Figure 15), 
reflecting a dredging episode which probably occurred about 1968 and which 
exposed older sediment near the surface (Olsen et al., 1978). This dredged 
boundary is delineated by a sharp break in the 137Cs, 2 3 9,21f0Pu, PCB, and 
trace metal data (Table 12), and thus provides an excellent documentation of 
the extent of human organic and metal pollution in the sediments of the Inner 
Harbor area.

The inorganic mineral composition and grain size of the sediments above 
and below the boundary in core 0.1W are very similar as indicated by the 
constant potassium values (Table 12). The organic matter concentration 
(determined by weight loss after ignition at 375°C) in the recent sediments 
above 53 cm, however, is approximately twice the concentration observed in
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CONTAMINANT PROFILES IN INNER HARBOR CORE 3.0 W
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Figure 14. Schematic drawing illustrating the sedimentary 
structures and pollution history for Inner Harbor core 
3.0W.
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the older sediments below the boundary (Table 12). This increase probably 
reflects the extent to which sewage wastes discharged into this area of the 
Hudson from the New York metropolitan area have affected the organic 
composition of the harbor sediments, both directly and indirectly (by adding 
nutrients that can be used by organisms to produce more organic matter).
This interpretation is supported by the fact that 14C analysis of the 
organic matter in the surface sediments (from a grab sample taken at the same 
location as core 0.1W), indicates the organic matter is recent, (i.e., it is 
contaminated with bomb 14C). A sewage sludge sample from one of New York 
City's sewage treatment plants was also found to contain appreciable bomb 
14C, whereas organics in the surface sediments of upstream areas are one 
thousand to three thousand years old (Olsen et al., 1978).

Trace metal concentrations below the 53-cm boundary are typical of those 
found in older sediments throughout the estuary and are reasonably 
representative of preindustrial levels. The sharp increase (as much as an 
order of magnitude) in the concentration of Zn, Cu, and Pb in the sediments 
above 53 cm, is indicative of the increase in trace metal levels associated 
with urban pollution.

4. SEDIMENTATION IN THE HUDSON-RARITAN ESTUARY

The rate and the extent of particle and particle-associated pollutant 
accumulation in coastal marine environments are extremely variable with 
respect to space and time. This heterogeneity results from variations in the 
reactivity of different particle types, the net rate and pattern of 
fine-particle deposition, and the extent of surface sediment mixing 
(Turekian, 1977; Li et al., 1979; Aller et al., 1980; Krishnaswami et al., 
1980; Benninger and Krishnaswami, 1981; Bopp et al., 1981; Bothner et al., 
1981; and Cutshall et al., 1981; Olsen et al., 1981b). Small localized 
areas may serve as fine-particle and reactive-pollutant traps, collecting 
material that has been added to or dispersed over considerably larger 
areas. Such sites frequently contain excessive pollutant burdens and 
therefore must be considered in assessing pollutant inventories and fate, in 
regulating pollutant discharges, or in examining biological toxicity effects 
and bioaccumulation.
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A useful tool for identifying patterns, examining processes, and 
determining rates of particle and pollutant accumulation in aquatic 
environments is the distribution of natural and anthropogenic radionuclides 
already present in the system. During the past several years we have 
obtained some understanding of the removal rates, sedimentation rates, and 
accumulation patterns of recent particles and associated pollutants from 
distributions of 76e, 14C, 23 9 >24 0pu> 137Cs, 131tCs, and 60Co in the 
Hudson-Raritan estuary (Simpson et al., 1976; Olsen et al., 1978; Olsen, 
1979; Bopp et al., 1982; Olsen et al., 1981c).

4.1 Contaminant Removal Rates by Sedimentation

The length of time that a particle-reactive contaminant remains in the 
water column before it is removed by sedimentation can be estimated from the 
7Be concentration data presented in Table 6. Beryllium-7 is a natural 
radionuclide (53-day half-life) produced by cosmic-ray interactions with 
nitrogen and oxygen in the earth's atmosphere. The worldwide average flux of 
7Be to the surface of the earth supports a standing crop of about 
0.6 pCi/cm2. The average 7Be flux measured at Albany, N.Y. (mp 150), 
during the months of January to September 1982 supports a steady-state 
standing crop of about 1.4 pCi/cm2. By integrating the 7Be standing 
crop throughout the estuarine water column (A

W
 

 v-
) and relating this value

to the atmospheric flux (I) and its rate of radioactive decay U), we can 
calculate the rate of 7Be removal (X$) from the water column by 
settling particles (Figure 16). Frequently, this removal rate constant 
(A ) is expressed as the span of time required for the initial input to 
the water column to be reduced by one-half. This half-removal time (T ) 
is related to the removal rate constant (A$) by the expression:

T - 1n(2) 
s " A„

By substituting the equation for A$ (Figure 16), Tg becomes

T - ln(2)s " U/a'c)-A
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REMOVAL RATES OF CHEMICALLY REACTIVE CONTAMINANTS FROM 
THE WATER COLUMN BY SETTLING PARTICLES CAN BE ESTIMATED

USING BERYLLIUM-7
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Using the equation above and the data in Table 6, we can estimate the length 
of time required to remove one-half of the 7Be input from the water column 
by deposition with settling particles. These half-removal times are on the 
order of 1 to 2 days in the Hudson estuary, about 5 to 10 days in the Inner 
Harbor of New York City, and about 10 to 30 days in Lower and Raritan Bays.

By analogy, the half-removal times listed above should be characteristic 
of other particle-reactive substances and contaminants, such as PCB's, 
petroleum hydrocarbons, and various metals. It should be noted that the 
calculated removal rates are merely "snapshots" providing a picture of 
removal over a relatively short period of 77 days (the mean-life of 7Be) 
prior to sample collection in July 1981. Human perturbations, such as 
dredging, or seasonal and storm effects may all affect these rates. In 
addition, these estimates assume steady-state conditions for atmospheric flux 
and water exchange during the 77 days prior to our sampling (Figure 16).
Since the atmospheric flux of 7Be was not measured prior to our sampling, 
we used the average flux (0.018 pCi cm"2 d"1), measured between 
January and September 1982 at Albany, N.Y. (mp 150), in our removal rate 
calculations (Wahlen, personal communication). Although 7Be concentrations 
on suspended particles range over an order of magnitude (Table 6), total 
water-phase 7Be concentrations are relatively constant, ranging from 0.1 
pCi/L in freshwater to 0.3 pCi/L in the coastal waters of the Lower Bay.
Less than 5% of the 7Be standing crop expected from its atmospheric flux is 
in the water column, and the rest is in the sediments (Olsen et al., 
unpublished manuscript). Consequently, 7Be removal from the water column 
primarily reflects sorption onto settling particles, rather than water 
exchange, since incoming waters have nearly the same water-phase 7Be 
concentration as waters leaving the system. In other words, these removal 
rates do not reflect the physical flushing time of a contaminant from one 
water body to another, but rather the length of time a specific contaminant 
remains in the water column.

Much more detailed work involving (1) sampling at different water 
depths and during different flow and weather conditions, (2) determining 
actual 7Be fluxes in association with precipitation events prior to 
sampling, and (3) integrating these results with physical circulation 
models, will be required to estimate 7Be and, by analogy contaminant
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removal rates, with more certainty. Estimates for these removal rates, 
however, are of prime importance in determining how long aquatic organisms 
are exposed to a specific contaminant before the contaminant is ultimately 
removed to the sediments. The estimates presented above are merely 
first-order snapshots comparing removal rates in different regions of the 
Hudson-Raritan estuary and have been provided primarily to document the 
potential of using naturally occurring 7Be as a tool to determine 
contaminant removal rates from the water column.

4.2 Sedimentation Rates and Accumulation Budgets

Anthropogenic radionuclides (23 9 ’21*°Pu, 137Cs, 134Cs, and 60Co) provide 
time-stratigraphic markers in the sediment record from which detailed 
estimates of the sedimentation rate may be obtained. The earliest 
time-reference level is the depth of first appearance of 137Cs or 239,21*°Pu, 
which we usually interpret as the beginning of significant fallout in 1954.
The second reference level is a peak in the 137Cs or 239,240pu activity 
resulting from the major 1962-1964 fallout influx. The third is a large peak 
in the 137Cs, 131*Cs, and 60Co activities associated with abnormally large reactor 
releases in 1971. Identification of these time-stratigraphic levels at an 
undisturbed site is dependent on the rate of sedimentation, the depth 
interval sampled, the pathway and time of transport for the tagged particles, 
and the extent of biological and physical mixing. In the Hudson estuary, 
bioturbation appears to have been relatively unimportant in the sedimentary 
record, probably because of the extreme variability in the salinity 
distribution and other factors, such as high sediment accumulation rates in 
some areas of the estuary (Olsen, 1979; Olsen et al., 1981a).

The distribution of anthropogenic radionuclides in the sediments of the 
Hudson-Raritan estuary is illustrated in Figures 4 and 5 and described in 
Section 3.1. The primary zone of fine-particle accumulation is the Inner 
Harbor area of New York City, where sediments are accumulating at rates one 
to two orders of magnitude greater than in other areas of the Hudson-Raritan 
system. Rates of fine-grained sediment accumulation in the Inner Harbor are 
quite variable: in nondredged areas they range from 1 to 5 cm/yr and average 
about 3 cm/yr; in dredged areas they range from 4 to 70 cm/yr and
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conservatively average (excluding core P 8.0W) about 9 cm/yr (Figure 17).
The distributions 137Cs in two cores from the Inner Harbor, one from a 
nondredged area (core 3.0W) and one from a dredged area (core P-1.5E), have 
been illustrated in Figures 14 and 13, respectively.

4.2.1 Sediment Accumulation Budget--Inner Harbor
A sediment budget for fine-particle accumulation in the Inner Harbor can 

be estimated assuming (1) that 60% of the area between mp -3 and mp 11 (27.0 
km2), has an average sedimentation rate similar to nondredged areas (^3 
cm/yr), (2) that 40% of the area between mp -3 and mp 11 (18.0 km2) has a 
sedimentation rate typical of areas requiring extensive dredging (^9 cm/yr), 
and (3) that the dry-sediment density is 0.5 g/cm3. The dry-sediment density 
of the Inner Harbor muds ranges from as low as 0.35 g/cm3 in the liquefied 
sediments near the surface to as much as 0.91 g/cm3 in the compact 
laminated sediments at lower depths, but averages about 0.5 g/cm3 over much 
of the recent sedimentary record (Olsen, 1979). Using the preceeding 
assumptions, approximately 1.2 x 106 metric tons of fine-grained 
sedimentary material are deposited annually in the Inner Harbor between mp -3 
and mp 11. The sediments between mp -3 and the estuary mouth (mp -7) are 
sandy (Gross et al., 1971; Olsen, 1979) and consequently this area was not 
included in the budget.

Other estimates for the extent of fine-grained sediment accumulation in 
the Inner Harbor can be made by extrapolating over different areas or using 
different sedimentation rates. By assuming a sedimentation rate of about 
10 cm/yr (the average for all cores in Figure 17) and extrapolating over the 
entire area between mp 11 and mp -3 (^5.0 km2), the calculated annual 
accumulation is approximately 2.3 x 106 metric tons. If one assumes that 
the average rate of sediment accumulation throughout the Inner Harbor (about 
45 km2) is about 5 cm/yr (the average rate for all cores, except P8.0W, in 

Figure 17), the calculated annual accumulation is about 1.1 x 106 metric 

tons. By assuming no sediment deposition in the natural channel between 
mp 11 and mp -3 and an average sedimentation rate of -v 5 cm/yr in the remaining 
areas (^-34 km2), we calculate the annual accumulation is 0.9 x 106 metric 

tons. Finally, by ignoring the high rates of sediment accumulation in areas 
affected by dredging activities and assuming that the average rate in
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Figure 17. A map of the Inner Harbor area of the Hudson 
estuary, showing the location of sediment cores for 
which the vertical distribution of radionuclides have 
been measured and sedimentation rates determined.
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nondredged areas (^3 cm/yr) is typical for the entire area between mp 11 
and mp -3, we calculate annual accumulation as about 0.7 x 106 metric tons.

It is apparent from the preceeding discussion that the error associated 
with our best estimate (1.2 x 106 metric tons/yr) may be as great as a 
factor of 2. Many more sediment radionuclide profiles would be required to 
estimate the spatial variability of fine-particle accumulation in the Inner 
Harbor and to calculate the sediment budget with more certainty. The budget 
estimate for fine-particle accumulation may be more accurately defined, 
however, by comparing it with independently derived budgets from dredging 
records (Section 4.3) and from net particle fluxes (Section 5).

4.2.2 Sediment Accumulation Budqet--Newark Bay
Using historical records of changes in sediment elevation and from 

dredging records, Suszkowski (1978) has estimated sedimentation rates for 
both dredged-channel and off-channel areas within Newark Bay. He concluded 
that the average rate of sediment accumulation in off-channel areas (%14 km2) 
was about 0.35 cm/yr. Sedimentation rates in the dredged channels of Newark 
Bay were, however, two orders of magnitude larger, averaging about 6 cm/yr 
over an area of about 5 km2 (Suszkowski, 1978). Based on Suszkowski's data 
and a dry-sediment density of 0.5 g/cm3, it appears that 0.17 x 106 metric 
tons of fine-grained sediments are annually deposited in Newark Bay with 
about 90% of this total accumulating in the dredged-channel areas.

The vertical distribution of 137Cs in two cores collected in off-channel 
areas of Newark Bay are presented in Olsen (1979) and illustrated in Figure 5. 
Because the depth of 137Cs penetration in both cores was less than 15 cm, 
rates of net particle deposition are less than 1 cm/yr, and this rate is 
consistent with Suskowski's average estimate of 0.35 cm/yr in these 
off-channel areas.

4.2.3 Sediment Accumulation Budget--Raritan Bay
Cesium-137 profiles for six cores collected in nondredged muddy areas 

of Raritan Bay and five cores collected in the dredged channels are 
illustrated in Figure 5. As in Inner Harbor and Newark Bay, rates of 
fine-particle accumulation in Raritan Bay are much greater in the dredged 
channels than in off-channel areas. The average fine-particle accumulation
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rate for the five cores collected in dredged channel areas (^-8 km2) was 
0.5 cm/yr, whereas the average sedimentation rate for the six off-channel 
cores (representing an area of about 90 km2) was only 0.15 cm/yr. These 
average rates should be considered as maximum values, since surface sediment 
mixing by currents and organisms may significantly affect the penetration 
depth of 137Cs in this area (Olsen et al., 1981a). Because the mud deposits 
in Raritan Bay contain a greater percentage of sandy sediment (Jones et al., 
1979) relative to the muds in the Inner Harbor and Newark Bay, dry sediment 
densities averaged about 0.7 g/cm3. Using this value, it can be calculated 
that about 0.03 x 106 and about 0.09 x 106 metric tons of muddy sediments 
are annually accumulating in Raritan Bay in the dredged and nondredged 
areas, respectively.

One core collected in the southernmost dredged pit (SPIT II, Figures 2 
and 5) contained 137Cs throughout its entire 60-cm length. A minimum 
estimate for the rate of sediment accumulation can be calculated 
assuming that the bottom of the core corresponds to 1954, the date for the 
first readily measurable appearance of 137Cs in fallout. Using the 
calculated sedimentation rate (2.2 cm/yr), an area of about 3 km2, and a dry 
sediment density of 0.7 g/cm3, we estimate the minimum accumulation of 
sediment in the dredged pits adjacent to the mouths of the Hudson estuary and 
Raritan Bay at about 0.05 x 106 metric tons per year. It should be 
remembered that this annual accumulation is based on only one core, which did 
not penetrate the entire 137Cs-labeled sediment layer. In addition, the 
accumulation history in these borrow pits is complicated by their trial use 
as dredge spoil dump sites (Hirschberg, personal communication). As a 
result, sediment accumulation in these borrow pit sites (Figure 2) has not 
been included in our accumulation budget for the Hudson-Raritan System 
(Table 13). It is apparent, however, that particles are rapidly accumulating
in these sites, as a result of either natural trapping or dredge disposal, 
and that these areas should be studied more intensely in the future.

4.2.4 Sediment Accumulation and Removal by Dredging
A summary of the annual accumulation of fine-grained sediments in the 

Hudson-Raritan estuary is presented in Table 13. This summary is based 
primarily on radionuclide profiles for approximately 30 sediment cores
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collected within the Inner Harbor, Newark Bay, and Raritan Bay. The total 
annual accumulation of fine-grained sediments in the Hudson-Raritan estuary 
is 1.5 x 106 metric tons (Table 13). This value is consistent with the 
estimate of Mueller et al. (1983) for the total suspended-solid mass load 
(1.3 x 106 tons/yr) to the Hudson-Raritan estuary from the Hudson, Raritan, 
and Passaic Rivers. In addition, the data in Table 13 indicate that about 
1.0 x 106 metric tons of fine particles are annually accumulating in areas 
that are subject to dredging and that an additional 0.5 x 106 metric tons 
are annually accumulating in off-channel, nondredged areas. These results 
are consistent with an independent estimate for the rate of fine-particle 
accumulation in dredged channels (VI. 04 x 106 metric tons/yr) calculated 
from U.S. Army Corps of Engineers dredging records (Table 14).

Initially, dredging in the estuary was primarily for deepening docking 
facilities and some navigation channels, but during the past 30 years, 
sediment removal has been directed largely at maintaining the present harbor 
depth in the face of rapid shoaling. The average quantities of fine-grained 
sediment annually removed from each of the dredged channels (located in 
Figure 2) are listed in Table 14. In summary, it appears that about 1.5 x 
106 metric tons of fine-grained sediment are annually accumulating in the 
Hudson-Raritan estuary and that about 1 x 106 metric tons are annually 
removed by dredging and dumped at the dredge spoil site in the New York 
Bight.

4.3 Sedimentation, Equilibrium, and Implications concerning
Contaminant Distributions

On the basis of examination of the vertical distribution of 
anthropogenic radionuclides and several sediment radiocarbon ages, it appears 
that the sediment surface in many areas of the Hudson-Raritan estuary is 
presently in a state of equilibrium with the current, wave, and freshwater 
flow regimes. This appears to be most evident in wide shallow areas such as 
Haverstraw Bay, Newark Bay, and Raritan Bay. In these areas, the sediment 
surface has apparently obtained an equilibrium depth above which net particle 
deposition is negligible, despite an excess supply of sediments. Net 
sedimentation rates in these areas are 1 to 3 mm/yr and appear to reflect the 
rate of sea level rise or land subsidence.
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Table 14. Sediment shoaling and removal from dredged channels'*

Channel 
1942-1973 average
(metric tons/yr)

Edgewater-Weehawken
Hudson

0.27 X 1016  * * * 
0.07 X 106

* 

Buttermilk 0.07 X 106
Bay Ridge-Red Hook
Anchorage
Passaic River

0.08 X 106
0.01 X 106
0.12 X 106

Hackensack River 0.02 X 106
Newark Bay
N.Y.-N.J. (Lower entrance)
N.Y.-N.J. (Shooters Is)
N.Y.-N.J. (Arthur Kill)
N.Y.-N.J. (Perth Amboy)
N.Y.-N.J. (Raritan Bay)
Raritan-Kill Cutoff

0.02 X 106
0.08 X 106
0.05 X 106
0.01 X 106
0.04 X 106
0.09 X 106
0.02 X 106

Raritan River 0.09 X 106
Total =1.04 X 106

1 Based on U.S. Army Corps of Engineers unpublished
records of sediment removal by dredging. The
reported yd3 quantities were converted to metric
tons by assuming 1.308 yd3/m3 and a dry sediment
density of 0.5 g/cm3. Locations of channels are
shown in Figure 2.
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As a result, these regions of equilibrium are not contaminant sinks. 
Particles temporarily deposited in these areas are continuously resuspended 
by tidal currents. Through a series of deposition and resuspension events, 
virtually the entire sediment load (and its associated pollutants) bypass 
these areas to accumulate at extremely rapid rates in dredged channels or 
other areas which may be presently out of equilibrium.

Repeated episodes of particle resuspension probably account for the 
exceedingly high 7Be concentrations on the suspended matter collected in 
Raritan Bay (Table 6), because particles that are continuously resuspended 
(rather than being buried by net deposition) are more available to scavenge 
7Be (and by analogy, contaminants) from the water column. As a 
consequence, suspended particles in these equilibrium areas may contain 
higher contaminant concentrations relative to particles that are rapidly 
buried by sedimentation. The bottom sediments in these equilibrium areas, 
however, are not major sinks for contaminants because of the lack of 
appreciable net particle accumulation. In these areas, contaminant 
accumulation occurs primarily by the exchange of contaminant-poor 
sedimentary particles with contaminant-rich suspended particles during 
physical or biological mixing of the sediments.

Small localized areas (such as dredged-channel areas) which are out of 
equilibrium with the wave, current, and flow regimes may serve as 
fine-particle and reactive-pollutant traps, collecting material that has 
been added to, resuspended from, or dispersed over considerably larger areas. 
Rates of sedimentation in such sites may be orders of magnitude greater than 
those in nearby equilibrium areas, and consequently these localized sites 
frequently contain large contaminant burdens. To recognize that sedimentary 
processes and contaminant distributions in the Hudson-Raritan estuary are 
governed to a great extent by the equilibrium depth of the sediment surface 
is critical for understanding where sediments and associated pollutants are 
likely to accumulate and how transport and accumulation patterns will be 
affected by human activities.
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5. PARTICLE FLUXES IN THE HUDSON-RARITAN ESTUARY

5.1 Riverborne Sources and Fluxes

The amount of riverborne sediment entering the Hudson-Raritan estuary 
depends on the freshwater discharge and the availability of the sediment 
supply in the watershed. The upper Hudson River drains an area of about 
12,000 km2, much of which consists of resistant metamorphic and igneous rocks 
covered by a mantle of glacial debris and is, therefore, a poor source of 
fine-grained sediments. The annual sediment load for the upper Hudson River 
during the 1977 water year was only 0.35 x 106 metric tons as determined 
from daily measurements at Waterford (mp 158) by the U.S. Geological Survey 

(U.S.G.S.) (Table 15). Although the Mohawk River drains a smaller total 
area (^8950 km2), its annual sediment load (0.75 x 106 metric tons) 
was more than a factor of 2 greater than loads for the Upper Hudson 
(Table 15). The higher sediment yield of the Mohawk (83.4 metric tons/km2) 
relative to the Upper Hudson (29.6 metric tons/km2) probably reflects the 
less resistant bedrock terrain and the clearance of large areas in the Mohawk 
Valley for agricultural purposes.

The combined annual suspended load from both the Mohawk and the Upper 
Hudson River during the 1977 water year was 1.1 x 106 metric tons 
(U.S.G.S., 1977). Approximately 55% of this load or 0.60 x 106 metric tons 
was transported during two days (14, 15 March 1977) when a record high 
discharge 4957 m3/sec was measured at the Green Island Dam (mp 154).
During this peak discharge, particles <62 pm in diameter (silts and 
clays) composed 90% to 95% of the suspended load from the Mohawk and 75% to 
80% from the Upper Hudson (U.S.G.S., 1977). The total transport during the 
month of March and April was 0.92 x 106 metric tons or 84% of the total 
annual load. Transport during high flow conditions (>700 m3/sec at Green 
Island) as a result of occasional summer, fall, and winter storms accounted 
for an additional 9% or 0.098 metric tons of the total load. The remaining 
7% was transported during the normal- and low-flow conditions that occurred 
throughout most of the year.

On the basis of daily freshwater flow and particle-concentration data, 
Panuzio (1965) found that mean daily particle concentrations ranged from 3 to 
276 mg/L and averaged 33 mg/L on a time basis, and calculated the annual
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Table 15. Average monthly water discharge and sediment load for the 
1976 to 1977 water year!

Mohawk River (at Cohoes) 
Drainage area 8,950 km2

Hudson River (at Waterford) 
Drainage area 12,000 km2

Month
Discharge
(m3/sec)

Sediment load 
(metric tons)

Discharge
(m3/sec)

Sediment load 
(metric tons)

October 286 44,657 372 23,115
November 169 5,979 331 5,645
December 146 6,107 248 7,054
January 72 423 154 3,281
February 86 1,256 142 5,915
March 674 539,144 559 240,286
April 506 100,434 642 41,440
May 137 8,203 316 9,484
June 60 2,316 146 3,666
July 52 1,830 111 3,302
August 59 4,167 95 2,426
September 232 31,638 176 8,579
TOTAL 746,154 354,193

^Data taken from Water Resources Data for New York, Water Year 1977, 
U.S.G.S. Water Survey Data Report NY-77-1.
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sediment discharge past mp 76 to be 0.75 x 106 metric tons during the 1960 
water year. The lower value obtained by Panuzio (1965) relative to the 1977 
U.S.G.S. data may reflect the lower flows and resultant lower particle 
concentrations during the 1960 water year relative to those of the 1977 water 
year. Recently, Mueller et al. (1982) reviewed 1979-1980 U.S.G.S. data and 
estimated the annual tributary sediment discharge to the Hudson estuary to be 
1.3 x 106 tons/yr during 1979 and 1980.

Although high river discharge associated with storm events and spring 
runoff is the most important process in delivering sediment to the estuary, 
resuspension of bottom sediments by tidal currents and waves is important in 
redistributing the sediment from one part of the estuary to another and in 
governing deposition. The strong correlation between suspended-particle 
concentrations and tidal current speeds (Figure 18) indicates that sediment 
transport in the estuary involves numerous episodes of deposition and 
resuspension.

Olsen (1979) has measured hourly variations in particle concentrations 
during tidal cycles at various locations in the Hudson-Raritan estuary and 
at various flow conditions during 1975, 1976, and 1977. Suspended-particle 
concentrations frequently range over a factor of 4 during the semidiurnal 
tidal cycle (Figure 18), and averages over a tidal cycle may vary on a 
seasonal basis by a factor of 6 (Table 16). Surface and bottom 
concentrations averaged over a tidal cycle at mp 18 in the Hudson range from 
10 mg/L to 150 mg/L (Table 16) and average 33 mg/L (on a time-averaged basis) 
and 58 mg/L (on a flow-weighted basis) over the entire year. The computed 
annual flux of fine particles past mp 18 appears to be about 1.0 x 106 metric 
tons from the time-averaged data in Table 16. This can be compared with the 
net flux calculated from flow-averaged data using the equation:

Net flux = (534 m3/sec)(1.3)(58 mg/£)(3.156 x 107 sec/yr)
= 1.3 x 106 metric tons

Where 534 m3/sec is the mean annual flow (as gauged at mp 154) for water 
years 1975, 1976, and 1977, (when most of the suspended-particle 
concentrations were measured); 58 mg/1 is the flow-weighted mean annual 
particle concentration (Table 16); and 1.3 is a correction factor for the
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ORNL-DWG 83-12598

Hudson Estuary 
Alpine (mp 18.6) 25 Oct 1976

Figure 18. Variations in suspended-matter concentrations 
(mg/£) over a tidal cycle at mp 18.6 in the Hudson 
estuary are plotted with variations in current velocity 
and wind speed (m/sec).
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increase in freshwater flow between mp 154 and mp 18 (Hammond, 1975). 
Recently, Deck (1980) has found that depending on the flow conditions this 
correction factor varies from 1.0 to 3.1, but averages 1.5. Using Deck's 
average value, the preceding calculated flux increases by 15%. Assuming a 
mean gauge flow of 385 m3/sec, which is the mean for the last 30 years 
(U.S.G.S., 1977), the calculated annual flux is 0.9 x 106 metric tons.

In summary, calculated annual fluxes of riverborne sediment to the 
Hudson estuary range from 0.75 x 106 to 1.3 x 106 metric tons. Our best 
estimate for the annual fine-grained sediment load from Hudson River sources 
to the Inner Harbor over the last several decades is 1.0 ± 0.3 x 106 metric 
tons.

Sediment fluxes from the Passaic, Hackensack, and Raritan Rivers are 
relatively minor compared to those from the Hudson. Gross (1974) estimated 
that the Raritan River annually transports 0.07 x 106 metric tons of 
fine-grained particles to Raritan Bay. Some of this material may be carried 
into Newark Bay via the Arthur Kill (Figure 1). Suszkowski (1978) estimated
that 0.04 x 106 metric tons of fine-grained particles are annually
transported into Newark Bay from the Arthur Kill. According to Suszkowski 
(1978) the major source of particles to Newark Bay, however, is from the 
Inner Harbor via Kill van Kull (Figure 1). Olsen (1979) could not detect
60Co or 13<tCs in the surface sediments from two cores collected in Newark Bay
(Figure 3). Consequently, it appears that (1) most of the Hudson-derived 
particles (tagged with 60Co and 131*Cs) are trapped in the Inner Harbor 
upstream of Kill van Kull and (2) if Hudson particles are transported into 
Newark Bay, they are significantly diluted by particles from other sources.

Yearly average suspended-matter concentrations in the Passaic and 
Hackensack Rivers are 11 mg/L and 17 mg/L, respectively (Suszkowski, 1978). 
Based on the mean annual freshwater discharges listed in Table 1, estimates 
for the riverborne flux of particles to Newark Bay from the Hackensack and 
Passaic Rivers are 0.003 x 106 metric tons/yr and 0.014 x 106 metric tons/yr, 
respectively. Suszkowski (1978) indicated that riverborne sources contribute 
only about 30% of the sediment load transported into Newark Bay and that the 
remaining 70% is from sources external to the drainage basin of the rivers.
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5.2 Sewage Sources and In Situ Productivity

Sewage discharges of about 100 m3/sec from the New York-New Jersey 
metropolitan areas annually contribute 0.27 x 106 metric tons of waste 
solids (Gross, 1974) and as much as 30% of the total freshwater flow entering 
the Hudson-Raritan estuary during an average summer (Simpson et al., 1975).
A portion of this sewage load will be decomposed by bacterial processes in 
the estuary, another portion will be incorporated into the sediment, and a 
third portion, due to its low specific gravity, will probably pass through 
the estuary.

The large quantities of nutrients discharged with municipal sewage 
promote the growth of diatoms, algae, and other microscopic plants, the 
skeletal parts of which may also become part of the suspended load and 
sedimentary deposits of the estuary. It has been estimated that diatom 
frustules produced in situ in Delaware Bay may contribute about the same 
amount of sediment to the Delaware estuary as do all upland river sources 
(Schubel and Meade, 1977). Malone (1977) has shown that phytoplankton 

productivity in New York Harbor ranges from 0.01 gC m 2 day 1 (December) to 
2.22 gC m"2 day"1 (July). During the winter months, net plankton, dominated 

by Skeletonema costatum (a siliceous diatom) accounted for 72% of the 
phytoplankton productivity, whereas during the summer, when growth rates were 
high, the nanoplankton fraction (nonsi1iceous chlorophytes) accounted for 99% 
of the phytoplankton activity (Malone, 1977). Assuming that the annual in 
situ production of organic carbon is ^190 gC m"2 (Malone, personal 
communication) and assuming an organic matter to carbon ratio of 2, the 
annual in situ production of organic matter is about 380 g m~2 yr"1 or 0.13 x 
106 metric tons/yr over the total area (330 km2) of the Hudson-Raritan 
estuary.

According to Bishop (1977), the molar ratio of carbon to silicon in 
diatoms is about 10. The resultant carbon/opal weight ratio is 1.5. If 
approximately one-third of the annual primary productivity (i.e., 63 
gC m 2 yr x) is due to diatoms, then approximately 42 grams of opal are 

produced per meter2 per year. The total amount of opal tests and organic 
matter resulting from in situ productivity in the Hudson-Raritan estuary is 
420 g m 2 yr 1 or 0.14 x 106 metric tons per year.
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In situ biological productivity is, thus, a relatively minor source for 
sedimentary material in the Hudson. The combined contribution of sewage 
solids (0.27 x 106 metric tons) and in situ productivity (0.14 x 106 metric 
tons) to the lower estuary is about 0.4 x 106 metric tons per year. The 
amount of this input that is incorporated into the sediments can be 
calculated from the organic matter concentration data listed for sewage 
sludge and core 0.1W in Table 12.

Although the inorganic mineral composition and grain size of the 
sediments above and below the dredged boundary in core 0.1W are very similar 
(Olsen et al., 1978), the average organic matter concentration (as determined 

by weight loss after ignition at 375°C) in the recent sediments above 53 cm 
is 7.5%, which is approximately twice the average concentration (4.6%) 
observed in the older sediments below the boundary (Table 12). By assuming 
(1) that this difference in organic matter concentration is a result of 
recent sewage input into the Inner Harbor (an assumption supported by C-14 
analyses of sewage sludge and organics in the surface sediments at this site 
(Olsen, 1979); (2) that the total accumulation of fine-grained sediment in 
the Inner Harbor is 1.5 x 106 metric tons/yr (Table 13); and (3) that 
organic matter composes about 70% (Table 12) of the combined 
sewage-planktonic input, then the amount of sewage-phytoplanktonic material 
that must be incorporated into the Inner Harbor sediments to account for the 
observed increase in organic matter concentrations can be calculated by mass 
balance:

SED + SEWP = 1.5 x 106 metric tons/yr 
(4.6%)(SED) + (70%)(SEWP) = (7.5%)(1.5 x 106 metric tons/yr)

where SED is the annual accumulation of fine-grained sediment containing 
presewage concentrations of organic matter and SEWP is the annual 
accumulation of sewage-planktonic material in the Inner Harbor sediments 
during the past decade.

By simultaneously solving the preceding mass-balance equations, it 
appears that the amount of sewage-planktonic material (SEWP) incorporated 
into the sediments is 0.07 x 106 metric tons/yr, of which 0.05 x 106 metric 
tons (or 70%) is organic matter and 0.02 x 106 metric tons (or 30%) is
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inorganic material. Since 0.05 x 106 metric tons of organic material 
accounts for only 20% of the total organic input from sewage and in situ 
productivity, the remaining ^80% must be oxidized in the estuary or 
transported into the New York Bight or into Long Island Sound via the East 
River.

If we assume that the mineral composition for all sewage solids is 
similar to that for the Wards Island treatment plant (Table 12) and that none 
of this inorganic material is lost during the oxidation of the organic matter 
or by transport out of the estuary, then the maximum sewage-planktonic 
mineral input into the Inner Harbor sediments is 0.12 x 106 metric tons/yr.
A minimum estimate for the inorganic input would be 0.02 x 106 metric tons as 
determined previously from the organic matter mass balance.

In summary, if 20% of the organic matter (0.05 x 106 metric tons/yr) and 
all of the inorganic matter (0.12 x 106 metric tons/yr) in the combined 
sewage-planktonic input (^0.4 x !06 metric tons/yr) is incorporated into the 
sediment, then about 0.17 x 106 metric tons/yr or about one-half of the 
combined sewage-planktonic input accumulates in the sediments of the 
Hudson-Raritan estuary.

5.3 Marine Sources and Fluxes

Tidal processes, littoral drift along beaches, and the landward flow of 
bottom waters may transport and deposit sediment from marine sources in 
estuary mouths (Van Straaten and Kuenen, 1958; and Meade, 1969). Kulm and 
Byrne (1967) have reported that marine sand is the principal shoaling 
material near the mouth of Yaquina Bay, Oregon, and that it is transported 
as much as 6 miles (10 km) upstream in the estuary. Gross (1974) has 
estimated that 1.1 x 106 metric tons of sand are annually transported along 
the Long Island-New Jersey beaches and deposited in the Lower Bay area 
seaward of the Narrows. Littoral drift may also transport large quantities 
of fine-grained sediments from adjacent bays along the New Jersey and Long 
Island Coasts into the estuary mouth. Strong tidal currents (exceeding 
120 cm/sec) in the vicinity of the Narrows may move sediments from the Lower 
Bay into the estuary. Sand movement and tidal scour may thus be responsible 
for the sandy character of the bottom sediments between mp -6 and mp -3 and
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for the distinct sand layers observed in the fine-grained sediments between 

mp -3 and mp 0 (Olsen et al., 1978).
Malone (1977) has shown that throughout most of the year (except in 

summer when growth rates are high), increases in phytoplankton biomass in the 
lower Hudson estuary are directly related to the advection of phytoplankton 
through the Narrows (mp -6) from adjacent coastal waters where in situ 
productivity is enhanced. The magnitude of this flux and its seasonal and 
spatial variations are poorly known, and accurate quantitative estimates are 
difficult to make even with numerous measurements of tidal current velocities 
and particulate concentrations. In this study, we have attempted to estimate 
the net flux of particles from marine sources into the Hudson estuary mouth, 
on the basis of a plutonium mass balance and a PCB dilution effect, thus 
avoiding the difficulties associated with numerical descriptions of particle 
dynamics at the estuary mouth.

5.3.1 Plutonium Mass Balance and Fluxes From Marine Sources
During the past several years we have made numerous measurements of 

plutonium activities on suspended matter and sediments in the Hudson estuary 
(Simpson et al., 1976; Olsen, 1979; Simpson et al., 1980; Olsen et al.,
1981c). In Table 17, we list the average and range of the 239,240Pu
activities on riverborne suspended matter, surface sediments in the Inner 
Harbor, and fine-grained sediments in the nearshore marine environment. The 
averages in Table 17 are for samples collected between 1975 and 1976 (the
time period over which we have the most "synoptic" set of data) and
therefore does not include the recent data of Tables 4 and 5. As noted in 
Section 3.1.2, there appears to be a fairly rapid decrease in 239’2**°pu 
concentrations on suspended-matter samples collected in the Hudson River 
during the past decade. Although a time lag between transportation in the 
estuary and deposition in the harbor of several years may account for the 
higher plutonium activities on the Inner Harbor surface sediments relative to 
the riverborne suspended matter (Table 17), we consider this explanation is 
unlikely because of the rapid rate of sediment accumulation in the Inner 
Harbor and the lack of evidence for any downstream gradient in 23 9,21*0pu 
concentrations on suspended matter in the estuary.
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This increase in 23 9,21* 0Pu in the harbor surface sediments relative 
to the riverborne suspended matter is particularly evident when the 2 3 9,21*°Pu 
activities are normalized by the 1*°K data which correct for physical (grain 
size) and compositional differences between the suspended matter and surface 
sediments. More likely explanations for the higher average 23 9 5 21*0pu 
activity on the surface sediments in the Inner Harbor (26 pCi/kg) relative 
to the normalized activity on riverborne particulate matter (17.6 pCi/kg) 
are (1) the sorption of dissolved 23 9 »21>0Pu into or onto riverborne particles 
during deposition in the Inner Harbor or (2) the transport of particles with 
relatively high 23 9»21*0Pu concentrations (50-60 pCi/kg) from nearshore 
marine sources into the Inner Harbor. Both processes probably occur in the 
lower Hudson, and, consequently, by excluding one process to determine the 
effect of the other, one can obtain only upper limits from the effect of 
each. Recently, Beasley et al. (1982) and Scott et al. (1983) have also 
shown that plutonium concentrations and inventories are elevated in shelf 
sediments, relative to riverborne particles, off the Columbia River and 
Mississippi Delta, respectively.

Sholkovitz (1976) has shown that many inorganic and organic substances 
undergo rapid flocculation as freshwater mixes with seawater. If one assumes 
no input of sediment from marine sources, then an additional 20% of the 
plutonium activity on riverborne particles must be flocculated or sorbed from 
the Inner Harbor waters to account for the excess in the sediments. This 
requires that almost all of the dissolved 23 9,21* 0pu transported by the Hudson 
River be incorporated in particles in the harbor area or that oceanic water 
provides a significant, continuous source of 23 9’21*0Pu to the estuarine 
sediments. If, for example, during each tidal cycle, approximately 2% of 
the tidal volume is exchanged with new seawater, and if 100% of the dissolved 
23 9 »240pu .jn newiy exchanged seawater is removed onto particles, we could 
also account for 23 9 »21*0Pu excess in the Inner Harbor sediments.

If one assumes that no 2 3 9 »2l*0pu is flocculated or sorbed from the Inner 
Harbor waters, then the amount of material that must be transported into the 
estuary from marine sources to account for the excess plutonium in the harbor 
sediments can be calculated from a plutonium mass balance using:
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W + As<Fs> + ar<fr> - Vfr + Fs + V
where A^, A^, AR, and AR are the ‘t0K normalized average 23 9>2lt0Pu activities 
on marine (^60 pCi/kg), sewage (VI pCi/kg), riverborne (^-18 pCi/kg), and 
Inner Harbor (^-26 pCi/kg) particles, respectively, and where FM, F^, and FR 
are annual sediment fluxes from marine, sewage (0.17 x 106 metric tons/yr), 
and river (1.0±0.3 x 106 metric tons/yr) sources, respectively. Using these 
data and an estimated total accumulation of 1.5 x 106 metric tons/yr) in the 
Inner Harbor area (Table 13), our best estimate for the net flux of particles 
into the estuary from marine sources appears to be 0.35 ± 0.35 x 106 metric 
tons/yr. This calculation is very sensitive to the average plutonium 
activities assigned to the riverborne, Inner Harbor, and marine particles, 
and to the flux estimated from river sources. Although the 2 3 9>21*0pu 
activity on riverborne particles and in the Inner Harbor surface sediments 
is fairly well established, the riverborne flux and the average 23 9»2**0pu 
activity associated with fine-grained marine particles are poorly known.
Olsen (1979) has estimated fluxes from marine sources ranging from 0 to 1.2 
x 106 metric tons/yr using various different riverborne fluxes and 23 9 »2**°pu 
activities on marine particles.

The nearshore particle activity used in our best estimate for the 
marine flux was 60 pCi/kg. This average was based primarily on activities 
measured on recent fine-grained sediments in a trough on the shelf, about 
2 km offshore of Barnegat Bay (Olsen et al., 1980). The mud in this trough 
was primarily derived from marine sources, (although about 10% was derived 
from Barnegat Bay), and it had a mineral composition similar to fine-grained 
material throughout the New York Bight and in the Hudson estuary. Olsen et 
al. (1980) have also shown that this mud was quite mobile, being almost 
completely resuspended and dispersed by a large storm that struck the coast 
of New Jersey. In addition, the 23 9»2l*0pu activity in surface 
sediments of eleven cores collected in the shallow nearshore water around 
Cape Cod averaged about 57 pCi/kg (Livingston and Bowen, 1979). A similar 
plutonium activity has been measured in a near-bottom suspended-matter 
sample collected in 1979 at the Hudson estuary mouth (mp -6, Table 4).

77



The 239»240py cjata ]-js^ecj -jn Table 5 for the large-volume, 
suspended-matter samples collected as part of this project in 1981 are all 
much less than the 1976-1977 average (^O pCi/kg) used in the flux 
calculation. The lower 23 9 >2,*0pu concentrations in these samples probably 
reflect dilution by in situ organics (i.e., the samples were collected in 
July) or may reflect a temporal decrease in particulate 23 9»2,*0pu 
concentrations. If a lower value is used for the 23 9 »2*♦0Pu concentration on 
marine particles, then the calculated flux will be much greater. This is 
counterbalanced to some extent by ignoring chemical sorption processes, that 
is, if one assumes that one-half of the total excess plutonium in the Inner 
Harbor surface sediments is a result of sorption or flocculation, then the 
marine flux calculated for a given 239’240pu activity would be reduced by 
half. Much more information concerning the fate of dissolved plutonium, the 
dynamics of fine particles on the shelf and their average 23 9,21* 0pu activity 
would be required to estimate the marine contribution with more certainty. 
Nevertheless, our best estimate of 0.35 ± 0.35 x 106 metric tons/yr when 
summed with the other sediment flux terms (Table 18) presents a picture 
consistent with the total fine-particle accumulation (1.5 ± 0.5 x 106 metric 
tons/yr) and indicates a marine contribution of 20% to 30%.

5.3.2 PCB and Pesticide Data as Indicators of Particle Fluxes
During the past few years, we have greatly increased our knowledge of 

organochlorine compound pollution associated with recent sediments of the 
lower Hudson estuary. Analysis of these studies has lead to two observations 
that could make PCB1s and organochlorine pesticides useful tracers of 
particle dynamics in the Hudson-Raritan system. First, Bopp et al. (1981) 
have noted that recent sediments of the Inner Harbor are grossly contaminated 
with PCB compounds primarily as a result of industrial discharges from 
General Electric plants located north of Albany that took place between about 
1950 and 1976. The second observation is that Inner Harbor sediments are 
also polluted with a number of persistent organochlorine pesticides including 
DDT compounds, chlorodane, and dieldrin (Bopp et al., 1982). The great 
increase in levels of these compounds in the Inner Harbor relative to 
upstream sites indicates that their primary source is the New York City 
metropolitan area. Analysis of a sample of sewage sludge from a New York
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Table 18. Particle fluxes to the Hudson-Raritan estuary

Source Type Metric tons/yr

Riverborne

Hudson
Raritan
Hackensack
Passaic

1.0
0.070
0.003
0.014

x 
x 
x 
x 

106
106
106
106

Subtotal V|. 1 x 106 (±0.3 X 106)

Sewage and in situ productivity

Inorganic particles
Organic particles^

0.12 x 106
0.05 x 106

Subtotal 0.17 x 106 (±0.1 X 106)

Shore erosion Negligible

Marine

239,240pu mass balance X o <r
*0.35

Subtotal 0.35 x 106 (±0.35 X 106)

TOTAL 1.6 x 106 (±0.5 X 106)

lOf the total sewage and in situ productivity input (0.4 x 106 
metric tons/yr), about 70% is organic and the remaining 30% is 
inorganic. Calculations using the data in Table 12 indicate that 
only ^20% of the organic input accumulates in the sediments and 
the rest is oxidized or transported out of the estuary.
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City treatment plant shows levels of all of these pesticides comparable to or 
greater than levels found in the sediments (Bopp et al., 1982).

In order to successfully utilize such tracers in the Hudson-Raritan 
system, it is imperative to gain an understanding of both their geochemistry 
in estuarine and coastal waters and their concentration on potential 
so-called end-member sediment sources. Studies by Bopp (1979) and Bopp 
et al. (1981, 1982) have indicated the long-term stability of such compounds 
on sediments. Studies of the partitioning of these compounds between water 
and suspended matter in the Hudson-Raritan nearshore system are presently 
underway. Analyses of the large suspended-matter samples collected as part 
of this program (Table 11) represent the first significant attempt to 
characterize the organochlorine signature on particles from sources to the 
Hudson-Raritan system. A limited number of Raritan Bay and offshore 
sediments have been analyzed for PCB's and organochlorine pesticides, and 
the results are presented in Table 10. Despite the fact that we obviously 
have a long way to go before the potential of organochlorine compound tracers 
is fully realized, several observations that indicate the potential of such 
work have been discussed in Section 3.3.2.

The assessment of pollution in the estuarine and nearshore environment 
demands an understanding of both the geochemistry of specific pollutants and 
the transport and fate of fine particles. The results discussed in Section 
3.2.2 indicate that studies of organochlorine compounds can provide important 
information on both counts. Combining organochlorine measurements with data 
on plutonium provides a means of minimizing the uncertainties associated with 
our present estimate of sediment transport to the Hudson from marine sources 
and tends to support an input of marine sediments to the harbor on the order 
of 5% to 20%.

6. CONTAMINANT FLUXES IN THE HUDSON-RARITAN ESTUARY

6.1 Contaminant Accumulation Budgets

Many of the contaminants released into the Hudson-Raritan estuary 
rapidly become associated with particles, and these particles are effectively 
trapped in the estuarine system, with the major zone of accumulation 
occurring in the Inner Harbor area of New York City. Average concentrations
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for various contaminants 1n recent (post-1954) Inner-Harbor sediments are 

listed 1n Table 19 along with comparable data for Newark Bay, Raritan Bay, 
sewage solids, dredged spoils, and older noncontamlnated sediments from the 

Hudson. Based on the average concentrations 1n Table 19 and the annual 
particle accumulation data 1n Table 13, the annual average accumulation of 
contaminants 1n the Hudson-Rarltan system during the past three decades has 

been calculated and the estimates are listed 1n Table 20. Although 
considerable error may be associated with these estimates, they are based on 

a good general knowledge of particle accumulation patterns and averaged 

contaminant concentration data from a variety of sources; therefore, we 

estimate they are accurate within a factor of two.
Assembled quantitative data for the municipal, Industrial, and 

agricultural Input of contaminants to the Hudson-Rarltan estuary can be used, 
with the data 1n Table 20, to calculate what fraction of the total Input for 
each contaminant escapes the estuary and what fraction 1s trapped within the 
estuary sediments. Preliminary work by Olsen et al. (1981c) and Bopp et al. 
(1981) Indicates that 10% to 30% of the radiocesium and radlocobalt, 80% to 

100% of the plutonlum-239,240 and 50% of the PCB's which have been Input Into 

the Hudson-Rarltan estuary have accumulated 1n the sediments. Recent data 

assembled by Mueller et al. (1982) Indicate that the Hudson, Raritan, and 

Passaic Rivers annually contribute about 650 tons of zinc, 345 tons of 
copper, and 295 tons of lead to the Hudson-Rarltan estuary. An additional 
2780 tons/yr of zinc, 895 tons/yr of copper, and 725 tons/yr of Pb appear to 

be directly Input to the Hudson-Rarltan estuary from municipal, Industrial, 
urban runoff and other sources (Mueller et al., 1982). The accumulation 

data 1n Table 20 Imply that about 15% of the zinc, 30% of the copper, and 

55% of the lead which 1s annually Input to the Hudson-Rarltan estuary 

accumulate 1n the fine-grained sediments.
A budget for the sources and fate of petroleum hydrocarbons (PHC's) 1n 

the Hudson-Rarltan estuary has recently been developed by Connell (1982).

The quantitative aspects of this budget are presented 1n Table 21. Sewage 
discharges and urban runoff constitute the major sources for petroleum 
hydrocarbons 1n the Hudson-Rarltan estuary accounting for about 75% of the 

total Input (Connell, 1982). Degradation by microorganisms 1n the water and 

sediments and permanent burial by sediment accumulation were the major 
mechanisms for PHC removal from the system accounting for about 75% of the 

total loss (Connell, 1982).
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Table 20. Annual accumulation of contaminants in the Hudson-Raritan 
estuary

Contaminant Inner Harbor Newark Bay Raritan Bay Total

Cs-137 (curies/yr) 0.93 0.04 0.02 1.0

Co-60 (curies/yr) 0.10 N.D. N.D. 0.1

Pu-239,240 (curies/yr) 0.04 0.002 0.003 0.045

Copper (tons/yr) 270 65 35 370

Zinc (tons/yr) 385 100 40 525
Lead (tons/yr) 475 60 25 560

PHC's (tons/yr) 2180 730 190 3100

PCB's (tons/yr) 3.7 — 0.05 %3.75

DDD (tons/yr) 0.2 — 0.003 MD.2

Chlordane (tons/yr) 0.2 — 0.002 MD. 2
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Table 21. Petroleum hydrocarbon budget for 
the Hudson-Raritan estuary'

INPUTS Tons/yr

Sewage discharges
Oil refinery discharge
Non-oil refinery discharge
Oil spills
Atmospheric deposition
Urban and rural runoff

12775
475

6200
545

1
13500

Total Input 33500

LOSSES Tons/yr

Burial in sediments 3650
Decomposition in sediments
Dredging sediments
Advection and sediment transport
Surface slick migration
Evaporation

15330
2115
4150

145
145

Total Loss 25500

!Data from Connell (1982).
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6.2 Contaminant Fluxes to Adjacent Water

The annual discharge of contaminants from the Hudson-Raritan estuary to 
adjacent coastal waters (presented in Table 22) has been estimated from 
mass-balance calculations using the accumulation data in Table 20 and 
estimates for the total input of contaminants from riverborne sources and 
anthropogenic discharges (Mueller et al., 1982). With the present data 
base, the flux estimates listed in Table 22 should only be considered to be 

accurate within an order of magnitude.
Accurate flux estimates are complicated by the numerous biogeochemical 

and anthropogenic processes that act within the estuarine system, such as 
flocculation of dissolved substances, decomposition, sorption-desorption, and 
dredging with subsequent disposal in coastal areas (Olsen et al., 1982). 
Experiments by Sholkovitz (1976) suggest almost total removal of dissolved Fe 
and P, 20% to 40% removal of Mn, Cu, N1, and Al, and about 10% removal of Co, 
Cd, and dissolved organic substances occurs at estuarine interfaces by 
flocculation processes. Evidence provided in Section 5.2 of this report 
indicates that only 20% of the input of organic sewage solids accumulates in 
the sediments of the estuary and the remaining 80% is decomposed, oxidized, 
or transported out of the system. Connell (1982) has suggested that about 
60% of the PHC's released into the Hudson-Raritan estuary are decomposed in 
the water and sediments. On the basis of variations in the dissolved and 
suspended-particulate Mn concentrations along the salinity gradient of the 
Hudson estuary, Klinkhammer (1977) indicates that manganese desorption may 
be occurring in the Inner Harbor area of New York and predicts a benthic 
flux of about 1 y.g cm-2 d-1 from the sediments in this area. On 
the basis of 134Cs/6°Co activity ratio data, Olsen et al. (1981c) 
indicate that 6°Co may be affected by the same release process that 
affects the dynamics of manganese in the Hudson.

Although quantitative estimates for the affects of biogeochemical 
processes on contaminant fluxes in the Hudson-Raritan estuary are beyond the 
scope of this report, quantitative estimates for the amount of contaminants 
discharged into coastal waters as a result of dredge spoil dumping can be 
made from the data in Tables 14 and 19. These estimates have been listed in 
Table 22 and are based on contaminant concentration data collected during the 
years between 1974 and 1978. Concentrations of many of the contaminants
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Table 22. Net contaminant fluxes from the Hudson-Rarltan estuary to
coastal waters

Contaminant Advected^ Dredge disposal 2 Total

Cs-137 1.7 C1/yr 0.4 C1/yr 2.2 C1/yr
Co-60 No data 0.04 C1/yr >0.04 C1/yr
Pu-239,240 0.005 C1/yr 0.04 C1/yr 0.045 C1/yr
Copper 870 tons/yr 275 tons/yr 1145 tons/yr
Zinc 2900 tons/yr 375 tons/yr 3275 tons/yr
Lead 460 tons/yr 325 tons/yr 785 tons/yr
PHC1 s 4200 tons/yr 2100 tons/yr 6300 tons/yr
PCB1 s
DDD

1.4 tons/yr
No data

1.7 tons/yr
0.1 tons/yr

3 
>0.1 

tons/yr
tons/yr

Chlordane 0.06 tons/yr 0.1 tons/yr 0.16 tons/yr

1 The advected radionuclide fluxes were calculated from measured 
concentrations 1n water samples collected during the years between 1974 
and 1978 (Olsen, 1979; Bopp, 1979). The advected PHC fluxes are from 
Connell (1982). The advected metal, PCB, and chlordane fluxes were 
calculated using the accumulation data 1n Table 20 and total Inputs 
determined by Mueller et al. (1982).

^Dredge disposal fluxes were calculated from records of sediment 
removal (Table 14) and average contaminant concentrations 1n the 
dredged material.
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listed in Table 22 have substantially decreased during the past few years. 
Nevertheless, it is clearly evident from the data in Table 22 that dredge 
spoil disposal is an important vector by which many contaminants are 
transported to the shelf.

One of the most important points indicated by the data in this report is 
that the Inner Harbor serves as an effective trap for particle-associated 
contaminants. Deposition in the Inner Harbor virtually removes the entire 
riverborne particulate and contaminant load. Dissolved contaminants released 
from anthropogenic discharges into Inner Harbor waters, however, may escape 
the estuary. The plume of turbid water extending from the mouth of the 
Hudson estuary and into the New York Bight along the New Jersey coast does 
not represent an escape of riverborne particulate matter, but primarily 
reflects in situ organic growth stimulated by dissolved nutrients flushed 
from the estuarine system.

Particulate and dissolved contaminants released into Arthur Kill and 
Raritan Bay waters are not subject to trapping in the Inner Harbor during 
transport to adjacent coastal waters. Since most of the sediment surface in 
Raritan Bay appears to have attained an equilibrium depth above which net 
particle and contaminant accumulation is negligible, this area is not a 
contaminant sink. As a result, most of the contaminant load discharged into 
the Arthur Kill and Raritan Bay will be flushed into adjacent coastal waters.

7. SUMMARY AND CONCLUSIONS

7.1 Contaminant Distributions

The distribution of many chemically reactive contaminants such as 
radiocesium, plutonium, radiocobalt, zinc, copper, lead, petroleum 
hydrocarbons, organochlorine pesticides, and polychlorinated biphenyls are 
very similar in the sediments of the Hudson-Raritan estuary. This attests to 
the ability of fine particles to sequester, transport, and accumulate a wide 
variety of pollutants, despite their different chemistries and modes of input 
to the estuary. As a result, the major control on the distribution of 
contaminants in the sediments of the Hudson-Raritan estuary is the 
accumulation pattern of recent fine-grained particles.
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7.2 Sedimentological Model

A highly liquefied layer of flocculent matter at the sediment-water 
interface forms a carpet of mobile sediment that is resuspended, transported, 
and redeposited during alternations of the tidal current. This mobile carpet 
is replenished by riverborne sediment, which is supplied primarily during 
spring runoff and after major storms when river discharge is high. Through a 
series of deposition and resuspension events, virtually the entire sediment 
load of this mobile carpet (and its associated contaminants) bypass most 
areas of the estuary to accumulate at extremely rapid rates in small 
localized areas, such as dredged channels and other areas that have been 
affected by human activities (around piers or in harbor areas). These 
localized areas serve as fine-particle and contaminant traps, collecting 
material that has been added to, resuspended from, or dispersed over 
considerably larger areas. In the Hudson-Raritan estuary, these localized 
areas include the Inner Harbor of New York between mp 11 and mp -3, dredged 
channel areas in Newark and Raritan Bays, and the Dredged Pits near the 
Lower Bay. Rates of particle and contaminant deposition in these sites 
range from 1 to 70 cm/yr and are orders of magnitude greater than net 
deposition rates (1 to 3 mm/yr) in adjacent areas of the estuary.

7.3 Sediment Budget and Fluxes

Our best estimate for the annual accumulation of fine-grained sediment 
in the Hudson-Raritan estuary is 1.5 ± 0.5 x 106 metric tons/yr (dry 
weight). Of this total, approximately two-thirds accumulates in dredged 
areas, and the remainder accumulates in nondredged areas (Table 13). The 
major zone of fine-particle accumulation is in the Inner Harbor area of New 
York where the annual accumulation is about 1.2 x 106 metric tons/yr 
(Table 13). Fine-particle accumulation in Raritan Bay (0.12 x 106 metric 
tons/yr) and Newark Bay (0.17 x 106 metric tons/yr) is primarily confined 
to dredged channel areas. These estimates are based on radiochronological 

information for about 30 sediment cores collected within the area and are 
believed to be accurate within 30%. The estimate for accumulation in dredged 
channel areas (^1 x 106 metric tons/yr) is consistent with U.S. Army
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Corps of Engineers dredging records, which indicate that approximately 
1 x 106 metric tons/yr of fine-grained sediment are annually removed from 
dredged channel areas in the Hudson-Raritan estuary to maintain navigable 
harbor depths in the face of rapid shoaling (Table 14).

Approximately 70% (1.1 ± 0.3 x 106 metric tons/yr) of the fine-grained 
sediments accumulating in the Hudson-Raritan estuary may be derived from 
riverborne sources, about 10% (0.17 ± 0.1 x 106 metric tons/yr) from sewage 
solids and in situ productivity, and about 20% (0.35 ± 0.35 x 106 metric 
tons/yr) from marine sources (Table 18). Sediment input by shore erosion is 

negligible. Although the total sewage and in situ productivity input is 
about 0.4 x 106 metric tons/yr (of which ^70% is organic matter), only about 

20% of the organic matter accumulates in the sediments, and the rest is 
oxidized or transported out of the estuary. Connell (1982) has also 

suggested that about 60% of the petroleum hydrocarbon input to the 
Hudson-Raritan estuary is decomposed and only about 20% accumulates in the 
sediments (Table 21). Particle fluxes from marine sources were determined 
from a plutonium mass balance and a PCB dilution effect. Although there is 
still much uncertainty associated with these techniques, they provide an 
independent and potentially more accurate means of estimating particle fluxes 
at estuary mouths than using traditional particle concentration and current 
velocity measurements. When all the particle flux terms are summed (1.6 ±

0.5 x 106 metric tons/yr), they present a consistent picture with total 
fine-particle accumulation (1.5 ± 0.5 x 106 metric tons/yr) as estimated from 

radiochronological data.

7.4 Contaminant Removal Rates, Concentrations, and Fluxes

The length of time that a particle-reactive contaminant remains in the 
water column before it is removed by sedimentation has been estimated from 
the 7Be concentration data for water and suspended-matter samples collected 

and analyzed as part of this project. The length of time to remove one-half 
of the 7Be input (and by analogy, other particle-reactive substances) is on 

the order of 1 to 2 days in the Hudson estuary, 5 to 10 days in the Inner 
Harbor, and about 10 to 30 days in Lower and Raritan Bays. It should be 
noted that these removal rates are "snapshots" over a relatively short
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period prior to our sample collection in July 1981 and that they may be 
affected by seasonal, storm, or human perturbations.

Quantitative data for the input of various contaminants to the 
Hudson-Raritan estuary have been compiled by Mueller et al. (1982). Average 
concentrations of various contaminants in recent sediments and rates of 
contaminant accumulation in the Hudson-Raritan estuary are presented in 
Tables 19 and 20, respectively. These data have been used to calculate the 
fraction of the total input for each contaminant that is trapped within the 
estuarine system versus that which escapes to adjacent coastal waters.

The Inner Harbor area serves as an effective trap for particles and 
associated contaminants. Deposition in the Inner Harbor removes virtually 
the entire riverborne particulate and associated-contaminant load. Dissolved 
contaminants released from anthropogenic discharges into Inner Harbor waters, 
however, may escape the estuary. The plume of turbid water extending from 
the mouth of the Hudson estuary and into the New York Bight along the New 
Jersey coast does not represent an escape of riverborne particulate matter, 
but primarily reflects in situ organic growth stimulated by dissolved 
nutrients flushed from the estuarine system. Consequently, the dredging of 
Inner Harbor sediment and subsequent disposal in the New York Bight is an 
important mechanism for transporting contaminants from the Hudson estuary to 
the shelf. Particulate and dissolved contaminants released into the Arthur 
Kill and Raritan Bay are rapidly flushed into adjacent coastal waters.

7.5 Sedimentation and Contaminant Distribution--A Profile of Equilibrium

As a result of the interaction of numerous physical, chemical, and 
biological processes, actual patterns of particle and contaminant transport 
and accumulation in estuaries are complex, variable, and exceedingly 
difficult to model. In this report we have reviewed existing data on the 
distribution of sediments and sediment-associated contaminants in the 
Hudson-Raritan estuary and have used the distribution of geochemical tracers 
to reflect and place chronological constraints on the net transport and 
accumulation patterns over many tidal cycles, after severe storms, and over 
extended periods of time. An overview of all these data indicates that a
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equilibrium profile model can be used to explain why the numerous 
biophysicochemical processes associated with estuarine hydrodynamics and 
sedimentation cause the observed fine-particle and contaminant transport and 
accumulation patterns in the Hudson-Raritan estuary.

The sediment surface in most areas of the Hudson-Raritan estuary 
(particularly, wide shallow areas such as Haverstraw Bay, Newark Bay, and 
Raritan Bay) is in a state of equilibrium with the current, wave, and 
freshwater flow regimes. In these areas, the sediment surface has 
apparently obtained an equilibrium depth above which net particle and 
contaminant deposition is negligible, despite an excess supply of both. Net 
sedimentation rates in these areas are 1 to 3 mm/yr and appear to reflect 
the rate of sea-level rise or land subsidence. As a result, "equilibrium" 
areas such as Raritan Bay are not_ significant contaminant sinks. Particles 
temporarily deposited in these areas are continuously resuspended by tidal 
currents. Through a series of deposition and resuspension events, virtually 
the entire sediment load (and its associated pollutants) bypasses these 
areas to be flushed out of the system or to accumulate at extremely rapid 
rates in dredged channels or other areas which may be presently out of 
equilibrium.

Repeated episodes of particle resuspension probably account for the 
exceedingly high 7Be concentrations on the suspended matter collected in 
Raritan Bay (Table 6), because particles that are continually resuspended, 
rather than buried by net deposition, are more available to scavenge 7Be 
(and by analogy contaminants) from the water column. As a consequence, 
suspended particles in these "equilibrium" areas may contain higher 
contaminant concentrations relative to particles that are rapidly buried by 
sedimentation, but the bottom sediments in these "equilibrium" areas are not 
major sinks for contaminants because of the lack of appreciable net particle 
accumulation.

Small localized zones which are out of equilibrium with respect to flow 
dynamics (such as dredged channel areas) are fine-particle and reactive 
pollutant traps, collecting material that has been added to, resuspended 
from, or dispersed over considerably larger areas. Rates of sedimentation 
in such sites may be orders of magnitude greater than those in nearby 
"equilibrium" areas and consequently these localized sites frequently
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contain large contaminant burdens. To recognize that sedimentary processes 
and contaminant distributions in the Hudson-Raritan estuary are governed to 
a great extent by the equilibrium depth of the sediment surface is critical 
for understanding where sediments and associated pollutants are likely to 
accumulate and how transport and accumulation patterns will be affected by 
human activities.
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