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PREFACE

This study owes its inception to the wisdom and expe-
rience of the staff of the Northeast Fisheries Science
Center who, after several decades of surveys in the
New York Bight, recognized a unique opportunity to
capitalize on the decision to stop ocean dumping of
sewage sludge and designed an innovative field study
to evaluate effects on living marine resources and
their habitats. For decades ocean dumping was viewed
as a cheap and effective means for disposal of wastes
generated by urbanized coastal areas. Even after the
12-mile site was closed, sewage sludge continued to

vi

be dumped at Deepwater Dumpsite 106. The 6-mile
site off the New Jersey coast is still used as a dumpsite
for dredged material from New York Harbor areas.
Discussions continue on the propriety of using the
deep ocean spaces for disposal of a variety of mate-
rial including low level radioactive wastes. Conse-
quently, managers are still faced with critical deci-
sions in this area. It is to be hoped that the results
from the 12-mile study will provide the necessary
information on which these managers can evaluate
future risks associated with ocean waste disposal.



INTRODUCTION

In anticipation of the closure of the 12-mile sewage
sludge dumpsite in the New York Bight, in July 1986 the
Northeast Fisheries Science Center of the National Ma-
rine Fisheries Service (NMFS) proposed a major inter-
disciplinary program to evaluate the effects of the
removal of a major source of contaminants on the
region’s marine resources and their habitats (Stud-
holme, 1988). As described in the plan for study prepared
by the Environmental Processes Division (EPD, 1988), for
over six decades, as many as 200 municipalities in New
York and New Jersey had used the Bight as a relatively
inexpensive disposal site, not only for sewage sludge but
also for dredge materials and other wastes (Fig. 1). Para-
doxically, although the number of municipalities using
the 12-mile site had decreased to as few as nine in recent
years, the amount of sludge dumped had increased from
approximately 4.2 x 10° wet tons in 1974 to 8.3 x 10° wet
tons in 1983 primarily because of the upgrading of waste
treatment facilities in the New York and New Jersey areas
(Fig. 2). Thus, during the 1980’s, the 12-mile site received
larger volumes of sludge than any other site in this coun-
try or abroad (Norton and Champ, 1989).

The decision by the U.S. Environmental Protection
Agency (EPA) in 1985 to discontinue use of the site was
the culmination of over 15 years of controversy. Begin-
ning in 1970, the U.S. Food and Drug Administration
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Figure 1
Location of the 12-mile dumpsite, dredge materials
dumpsite, and area closed to commercial shellfishing in the
New York Bight (after Verber, 1976). MPN=most probable
number.

(FDA) acting under the auspices of the National Shell-
fish Sanitation program closed a 380 km? area around
the dumpsite to commercial shellfishing following the
discovery of elevated levels of coliform bacteria in sedi-
ment and shellfish (Fig. 1; Verber, 1976). Furthermore,
there was evidence that sewage sludge dumped at the
site was a significant source of contaminants to the
adjacent Christiaensen Basin and Hudson Shelf Valley
(HSV). As a result, EPA, acting under an amendment
to the Marine Protection, Research, and Sanctuaries
Act (MPRSA), denied any further permits for dumping
after December 1981 (Erdheim, 1985; Santoro, 1987).

Although both New York and New Jersey brought
suit to continue use of the 12-mile site, EPA, in April
1985, denied further requests for its redesignation, at-
tributing a number of ecological effects to the dumping
of municipal sludge including 1) the introduction of a
variety of pathogens, 2) elevated levels of heavy metals
and organic compounds, 3) reduced catch of fish, 4)
reduced levels of bottom dissolved oxygen, 5) signifi-
cant changes in benthic communities, particularly the
appearance of polychaete species indicative of pollut-
ant stress, 6) a variety of sublethal effects including
decreased reproductive potential, increased incidence
of fish disease, and decreased survival of offspring, and
7) increased carbon and nutrients contributing to plank-
ton blooms and potential hypoxia (Anderson'). Subse-

! Statement of Dr. Peter Anderson at the Public Hearing on the
Tentative Denial to Redesignate the 12-Mile Sewage Sludge
Dumpsite, Monmouth College, NJ, 18 June 1984.
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Figure 2
Estimated volumes of sewage sludge dumped in the New
York Bight. Annual means for 1972-85; quarterly totals for
1986-87 (after Swanson et al., 1985; Santoro, 1987). Sources
of data: Suszkowski and Santoro, 1986, and USEPA Region
II, Marine and Wetlands Protection Branch, New York, NY,
1988.
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quently, in March 1986, a scheduled phasing out of
sludge disposal was begun and the site was closed by
December 1987 (Santoro, 1987).

Apart from surveys made by NMFS, EPA, and FDA
before and after closure of the Philadelphia dumpsite
(Devine and Simpson, 1985) little information existed
about “recovery” of disposal sites. The Philadelphia site
was in a highly dispersive system that precluded any
substantial sludge accumulation and after only 4 years,
microbial contamination had returned to background
levels (Lear and O’Malley, 1983). In sharp contrast,
areas adjacent to the 12-mile site are highly deposi-
tional and there was uncertainty whether cessation of
dumping would eventually result in significant changes
in water and sediment chemistry, microbial contamina-
tion, benthic community structure, distribution and
abundance of demersal finfish, changes in food habits,
or other ecological effects (Swanson et al., 1985).

A number of considerations had to be taken into
account in the design of the study (Studholme et al.,
1991). The first was the long history of degradation in
the Bight that precluded the availability of a predumping
baseline. The second difficulty stemmed from separat-
ing sludge effects from those attributable to other ma-
jor sources of pollution entering the Bight, including
contributions from the Hudson-Raritan plume and the
dredged material disposed at a site midway between the
sludge dumpsite and the New Jersey coast, i.e. the 6-
mile site. The survey design addressed these problems
by including two types of complementary surveys that
would provide both repeated measurements at three
stations representing a gradient of sludge influence
(replicate surveys) and a more extensive descriptive
survey (broadscale survey) covering nearly 350 km? of
the Bight (Fig. 3).

A wide range of physical, chemical, and biological
variables was selected based on their relevance to fish-
ery resources and their habitats (Table 1; EPD, 1988). It
was expected that results obtained from such an exten-
sive array of measurements would document the de-
gree to which the site would recover. As described in the
third annual report (Studholme et al., 1991), it was also
expected that these results would provide information to

1. Define if and when the area could be re-
opened for shellfishing;

2. Assess changesin distribution and abundance
of resource species in the vicinity of the site;

3. Better resolve sediment resuspension and
transport of sludge components out of the
Christiaensen Basin;

4. Quantify areal response to changes in pollut-
ant loading in order to permit prediction of
response rates for future waste disposal sites;
and
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5. Provide a basis for comparison to evaluate
EPA’s decision to activate the 106 Deepwater
Dumpsite.

A number of changes at the site were anticipated
during and following closure (EPD, 1988; Studholme
etal,, 1991). The following lists some of the anticipated
changes formulated as working hypotheses:

1. Dispersion of sewage sludge and cleansing of
the Christiaensen Basin would be influenced
by local windfield conditions and resultant
changes in bottom-water circulation in the
upper HSV.

2. Changes in water and sediment chemistry
would occur, including reduction of sediment
trace metals in sludge depositicnal areas. How-
ever, concentrations of certain organic com-
pounds (e.g. PCB’s) might be more stable.
Seabed oxygen consumption and nutrient re-
generation rates should be reduced as benthic
community ‘netabclism and organic loading
decrease.
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Figure 3
Replicate, broadscale, and seabed metabolism stations and
survey schedule for the 12-mile dumpsite study.



Habitat

Table 1
Variables measured during the 12-mile dumpsite study.

Water Sediment

Biota

Bottom water
Dissolved oxygen (R,B!)
Temperature (R,B)
Salinity (R,B)
pH (R,B)
Sulfide (R,B)
Nutrients (R,B)
Turbidity

Chemistry
Heavy metals (R,B)
Organic contaminants (R,B)
Sulfide, pH profiles (R)
Redox potential (R,B)
Sediment BOD? (R)
Chlorophyll pigments (R,B)
Total organic carbon (R,B)

Resource species
Distribution/abundance (R,B)
Diet (R)

Winter flonder
Red hake
American lobster
Gross pathology (R)
Winter flounder

Characteristics
Temperature Grain size (R,B)
Salinity (CTD) Erodibility
Oxygen Rates

Current measurements
(moored meters)

Water column

Sedimentation

Seabed oxygen consumption

American lobster
Tissue organics (R)
Winter flounder
American lobster
Migration (tagging) (B)
Winter flounder
American lobster
Benthos
Macrofauna abundance/diversity (R,B)
Meiofauna abundance/diversity (R,B)
Bacteria - sediments
Fecal & total coliform (R,B)
C. perfringens (R)
Vibrio spp. (R)
Total count (R)

IR = replicate survey; B = broadscale survey.
2BOD = biological oxygen demand.

3. Microbial concentrations should be reduced,
and bacteria indicative of sewage contamina-
tion should decrease to acceptable levels that
would permit shellfish beds to be reopened
for harvesting.

4. In heavily polluted areas, numbers of benthic
macrofaunal species should increase; popula-
tions of Capitella capitata, an opportunistic poly-
chaete found in disturbed areas, should de-
crease.

5. While dumping continued, abundance, dis-
tribution, and species composition of finfish
and invertebrate communities would differ
among areas which were bathymetrically simi-
lar but which represented a gradient of sludge
influence. Following cessation of dumping and
expected shifts in sediment contaminants and
benthic forage species, these spatial differ-
ences should be reduced.

These as well as other working hypotheses were ad-
dressed during the three-year field study. The results

were presented at a symposium in Long Branch, New
Jersey, in June 1991 and form the basis for the papers
presented in this volume.
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SESSION I:

Background and Plan of Study

Introduction

ROBERT A. MURCHELANO

Environmental Processes Division
Northeast Fisheries Science Center
National Marine Fisheries Service, NOAA
Woods Hole, Massachusetts 02543

On behalf of the Environmental Processes Division,
Merton Ingham, Anne Studholme, John O’Reilly, and
most importantly all the members of the Environmen-
tal Processes Division that conducted this study for the
past three years, I welcome you to the Symposium. This
is a milestone which was planned when we began this
investigation in 1985. We thought it would be the legiti-
mate outcome of three years of intensive activity at the
12-mile dumpsite. It is fitting that we discuss our find-
ings, with you, help you interpret what we have done,
and give you an opportunity for questions.

Alittle history of the genesis of this particular study is
in order. In 1986, a NOAA document on the most
important ocean pollution issues identified ocean dump-
ing as one of the top four priorities. Dr. Jack Pearce
would be among the first to remember that ocean dump-
ing research in the Middle Atlantic Bight began many
years ago. In 1968, the U.S. Army Corps of Engineers
funded research that was conducted at the former Fish
and Wildlife Service Laboratory at Sandy Hook, New
Jersey; that research continued until about 1971. Subse-
quent to that, the Marine EcoSystem Analysis (MESA)
Project of NOAA funded ocean dumping research from
1973 to 1980.

The location of Sandy Hook provides convenient
access to the area called the New York Bight, and if you
look at the history of the laboratory in terms of involve-
ment in habitat or environmental science, it certainly
focused on the Bight apex and coastal problems. Ocean
dumping—an activity that took place for over 60 years—
its magnitude, and the fact that it was to stop, provided
a unique opportunity to look at the course of events
biologically, chemically, and physically. That is really
what made the study an imperative for us.

I have given you a little perspective as to why; let me
now tell you who. NOAA/NMES is the principal, but
not the only organization involved in the 12-Mile
Dumpsite Study. I would like to express our sincere
appreciation to those who were involved, including:

1. The New Jersey Department of Environmen-
tal Protection (DEP)—specifically Dr. Robert
Tucker. All he did for us for three years must
be acknowledged and is appreciated. In par-
ticular, DEP’s help enabled us to construct a
Gas Chromatograph/Mass Spectrometer
Laboratory and conduct organic analyses.

2. The U.S. Environmental Protection Agency
(EPA) at Narragansett, Rhode Island—par-
ticularly Dr. Wayne Davis. Dr. Davis evaluated
the possibility of sludge resuspension, a fun-
damental factor affecting transport of the
sludge reservoir.

3. Dr. Irwin Katz at the U.S. EPA Laboratory in
Edison, New Jersey. Dr. Katz quantified
Clostridium perfringens, a bacterial indicator of
the presence of sewage. He conducted an
important bacteriological study that has
helped enormously in defining the distribu-
tion of sewage sludge in the Bight.

4. Mr. Jack Gaines of the U. S. Food and Drug
Administration (FDA) at Davisville, Rhode Is-
land. He addressed the fundamental ques-
tion of whether bivalve molluscs at the 12-mile
dumpsite that are used for food can be safely
put on the market again. A very basic ques-
tion was to determine whether these shell-
fish have been purified so that they can be
marketed.

5. Dr. Richard Bopp of Lamont-Doherty Earth
Observatory. He looked at the distribution of
organic chemical contaminants in sediments
to determine whether they are waterborne or
airborne and where they are transported.

Without these collaborators our efforts would have
been missing significant interpretive elements. They
have added essential components to the overall study.

1
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All three branches of the Environmental Processes
Division were involved in the study. Oceanographic
data were acquired by the Physical Oceanography
Branch led by Dr. Merton Ingham. The Branch con-
ducted an oceanographic survey of the area, a prereq-
uisite for the chemistry and biology. The information
the Branch provided made it possible to determine
whether the hydrography of the area was characteristic,
or whether it deviated substantially from normal, a
fundamental consideration before interpretation of
other events could be made.

The Physical Oceanography Branch also determined
the direction of water movement, particularly near the
bottom. With the use of current meters they deter-
mined where materials could be transported by water
and what related events, i.e. atmospheric and meteoro-
logic, could influence water movement.

The Chemical Processes Branch, under the direction
of Mr. John O’Reilly, evaluated metal concentrations in
sediments and determined whether concentrations
and distributions of metals are persistent. One of the
issues cited as a reason for closure of the site related to
metals and their elevated concentration and pervasive
distribution.

The acquisition of the Gas Chromatograph/Mass
Spectrometer made it possible to conduct analyses for
persistent toxic chemicals and determine their prevalence
and importance as contaminants causing biological ef-
fects. After standardizing procedures, we have just begun
to evaluate specimens that came from the New York Bight—
two species in particular: winter flounder and lobster.

We have studied sediment biogeochemistry and mea-
sured changes in redox potential to determine how
healthy the sediments are and whether they are aerobic
or anaerobic. Redox potential is a useful integrator of a
number of chemical and biological activities.

The Environmental Assessment Branch, led by Anne
Studholme, looked at the changes in the abundance of
various species, both finfish and shellfish—the
megabenthos. They looked at patterns of movement
and migration of winter flounder, an important recre-
ational species which is also useful as a biological indi-
cator. They looked at disease prevalence in winter
flounder, changes in diets of fish and shellfish, and
changes in the composition of the macrobenthos.

From the outset we proposed a study design that
would make it possible to use this large data set in a

matrix fashion to interrelate parameters in the scale
that was necessary for such a large study.

This investigation is not complete. Three years of
study is a short period of time when compared with the
64 years of ocean dumping. There may be valid reasons
to return to the area at some future time and make
additional biological, chemical or physical measure-
ments. What that intervening time is remains to be
seen. First we must review our available data.

A point to note is that we have a massive data set that
at present has been examined only superficially. We
have only looked at changes during the first year and a
half after dumping stopped. The process of synthesiz-
ing the data will continue.

Finally, I have to acknowledge that the Environmen-
tal Processes Division stayed the course for this study
for over three years despite numerous difficulties within
the Fisheries Service. The last three years, as you all
know, have been traumatic ones with respect to federal
budgets, federal climates, and personnel changes. We
have had seven changes within NOAA of either the
Director of NOAA or the Director of the Fisheries Ser-
vice. We have had the impact of Gramm-Rudman legis-
lation. We have sustained incremental budgetary cuts
each year. We started with a staff of 82 at Sandy Hook
and ended with 47. Yet 39 monthly cruises were com-
pleted successfully. We acquired our samples and stayed
the course!

With that by way of background, I would like to
introduce our first guest speaker. I am honored to have
Mr. John Keith of the Department of Environmental
Protection of the State of New Jersey as our keynote
speaker. John is Assistant Commissioner for Environ-
mental Management and Control for the State of New
Jersey Department of Environmental Protection. He
directs the activities of some 1,500 personnel in the
Divisions of Environmental Quality, Water Resources,
and Solid Waste Management. He has a bachelor’s
degree in civil engineering from the University of Michi-
gan and a master’s degree in environmental engineer-
ing from New Jersey Institute of Technology. He has
over 19 years experience in environmental science, ac-
quired during his tenure positions in state government
and industry.

It is my pleasure this morning to present as our first
speaker, Mr. John Keith.
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It is particularly appropriate that we have this confer-
ence on the effects of cessation of ocean dumping. In
New Jersey we are in the midst of major changes in
policy directions, and sometimes we need to stop and
think about what is the effect of what we are doing—
what is the effect of what we have done.

I would like to focus my remarks today on percep-
tions versus reality. As I am sure you are all aware, we in
government deal to a large extent with perceptions.
What does the public perceive as the public good or the
problems that government needs to address? What gets
votes? What causes political controversy or creates a lot
of press? Those are all based on perceptions.

You in this room are scientists. You deal with reality.
We in the Department of Environmental Protection
find ourselves in the unusual circumstance of trying to
balance perceptions versus reality: to address what the
public, public leaders, and the press are concerned
about from a perception point of view, and yet keep in
mind what the reality is and what the real problems are.

I think that ocean dumping of sludge at the 12-mile
site or the 106-mile site is a perfect example of percep-
tions versus reality. Ocean dumping of sludge started in
1924 at the 12-mile site, six miles off the coast. The
perception then was very clear. The ocean is an unlim-
ited disposal resource. There is no way that humans can
affect the integrity of the ocean.

The reality, which we are going to study in this con-
ference and we are going to continue to study as a
result of ongoing research, is that we certainly can
affect the ocean. We can kill or do enormous damage
to portions of it. ’

The 12-mile site, located 12 miles southeast of Sandy
Hook, comprises 6.6 square miles with water depths
between 22 and 27 meters. Over the years ocean dump-
ing of sludge and other material increased. By 1970
approximately 200 sewage treatment plants were dump-
ing approximately 5 million wet tons of sewage sludge
per year at the 12-mile site. Before passage of the Ma-

rine Protection Research and Sanctuaries Act (MPRSA)
on 23 October 1972, there were almost no legal con-
trols, either inside or outside the United States, of the
dumping of wastes at sea. Under MPRSA, the U. S.
Environmental Protection Agency (EPA) was autho-
rized to administer and enforce the Ocean Dumping
Code, an ocean dumping program, and to issue per-
mits. Still ocean dumping went on, and there was not
much work to determine what the effects were.

In 1977, President Carter signed into law an amend-
ment to the Act, legislating that by 31 December 1981,
there would be an end to ocean dumping of sewage
sludge that could cause unreasonable environmental
impact. The problem, of course, was a definition of
what constitutes an unreasonable ennvironmental im-
pact. The public had not perceived that there was a real
problem. Therefore, the dumping went on.

There was a famous court case where New York City
sued EPA in Federal court arguing that Congress had
only barred dumping which unreasonably degrades a
marine environment. The City further argued that there
was no evidence that the dumping at the 12-mile site
had indeed unreasonably degraded the environment.
So the ocean dumping at the 12-mile site went on.

In 1984, EPA designated the 106-mile site, and in
April of 1985, the Agency took formal action to finally
close the 12-mile site. In 1985, EPA imposed the follow-
ing schedule on New Jersey ocean dumpers: that by
1986, 25 percent of the sludge dumped by the six New
Jersey ocean dumpers would be moved out to the 106-
mile site, and that by December 1987 all of the New
Jersey sludge would be moved out to the 106-mile site.

Of course, the 106-mile site had not been evaluated
to determine what the impact would be on the ecologi-
cal system out there. True, it is a much bigger site (a
hundred square miles) and in much deeper water (1,500
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to 2,700 meters). But still, had anybody evaluated the
impact? Basically the perception was that it had to be
better than the 12-mile site.

We have made much progress since 1986 when the
106-mile site began operation. In advance of State or
Federal legislation, New Jersey’s six ocean dumping
authorities were required in the spring of 1989 to de-
velop long-term and interim land-based sludge man-
agement plans that would handle all sewage sludge
after 17 March of this year. In July 1988, Governor Kean
signed the Ocean Dumping Elimination Act, prohibit-
ing all New Jersey municipal treatment works from
disposing sludge in the ocean after 17 March 1991.

Over the last several years the Department of Envi-
ronmental Protection, interested parties, environmen-
tal groups, and most notably the sewer plants and the
sewer authorities have worked very hard in cooperation
with the courts and EPA to end ocean dumping of all
sludge from New Jersey. It certainly was a great day on
17 March when we could announce that indeed all
ocean dumping of New Jersey sludge had ended.

There was some perception that the problem has been
solved. Unfortunately, as I am sure most of us are all too
painfully aware, the sludge problem has not been solved.
And I would like to get back to where we are going with
sludge and address some of both perception and reality
problems that we now have with sludge management.

Let me turn back to the idea of perceptions versus
reality. Initially ocean dumping was thought to be good;
gradually the perception shifted that ocean dumping of
sludge was bad. But, what indeed were the actual effects
of this practice; was it indeed good or bad? That is what
I am hoping to hear at this conference and from the
research discussed here. It is only by conducting this
type of study that we are going to learn in reality what
makes good policy as opposed to only addressing the
perceptions of the public or the politicians.

Let me review some of the perception problems we
have had with dumping the sludge at the 12-mile site.
In 1976 there were hypoxic conditions offshore result-
ing in a widespread fish kill. The perception was origi-
nally that nutrient enrichment of near-coastal waters
was attributable to sludge dumping at the 12-mile site.
We may never be able to determine the causes or to
what extent the hypoxic event was attributable to sludge
dumping. Certainly sludge dumping deserves a portion
of the blame. But for the 1976 hypoxia event the prob-
able reason, as far as the Department can determine,
was a continental shelf-wide bloom of Ceratium tripos, a
species native to the northern oceans. Quiescent sum-
mer conditions with strong and persistent thermoclines
in the ocean resulted in benthic hypoxia and subse-
quent fish kills.

In 1984, 1985, and again in 1986, indicator coliform
bacteria in the near-shore coastal areas of Monmouth

and Ocean Counties exceeded recreational bathing
guidelines for our public health criteria. The public
attributed this to onshore intrusions of sludge dis-
charged at the 12-mile site. We believe now that the
probable source of most, though not all, of that prob-
lem was storm-water discharge in the immediate vicin-
ity of the bathing areas.

Storm water, as you are aware, picks up waste materi-
als from roads and other areas, and, with combined
sewer problems and improper connections of the storm
sewers, the runoff during the storms can result in clo-
sure of beaches.

In 1986, there were widespread reports of materials
washing up on our beaches: hypodermic syringes, tam-
pon applicators, and other materials that we certainly
find unsightly and unpleasant. It caught a lot of press.
Once again, sludge dumping at the 12-mile site was the
immediate target of concern. We believe now that, like
the bacterial contamination, combined sewer overflows
and storm water discharges, combined with northeast
winds and wind currents, transported this material to
our beaches. A large portion of that material came into
the New York Bight, particularly from New York City
and the Fresh Kills landfill.

In May 1987, we had a rash of plastic medical-type
waste and grease balls. Grease chunks covering human
waste washes up on beaches in Ocean and Monmouth
County. This was originally attributed to sludge dump-
ing, particularly the digester washout from barges. We
now believe that the major cause was related to the
combined sewer overflows in New York and New York/
Newark Harbor, combined with wind and current con-
ditions that brought it south to Monmouth and Ocean
Counties.

Trash and other floatable debris again hit our beaches
in 1987 and 1988 with widespread press coverage. Over
a billion dollars of tourism was lost due to the adverse
press and the perception that New Jersey beaches were
somehow dirty. Although sludge dumping was identi-
fied as one of the causes, it was not attributed as the
major cause. Fresh Kills landfill was named very fre-
quently as a possible source, as well as boats offshore. It
now appears that the largest source of the floating trash
debris that hit our beaches was the resuspension of
floatable debris from estuary and harbor shorelines
during extreme high tides and during storm water surges.
Contributors also included combined sewer discharges
and some sloppy practices at the Fresh Kills landfill and
other areas where trash is handled along our coastline.

A final example of the problem of perception versus
reality is that in the period that we have been discussing
there were multiple dolphin deaths. It was reported to
the press that dolphins were swimming in the sludge
dumpsite and caught a disease. I do not think anybody
is really sure of the full cause of those dolphin deaths.
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We are aware that there is a naturally occurring bacte-
rium infecting dolphins which compromises their im-
mune system. That only answers half the question. If it
is a natural cause why do we have this rash of dolphin
deaths greater than at other times.

New Jersey is trying to do a number of things to
address these problems of perception and reality. First,
it is important that we realize that the public responds
to visual action. When they perceive a problem, they
want something done. We would like to think that what
we are doing is addressing fundamental problems. It
does no good to take a visible action, that is not address-
ing the real problem. Otherwise we are only going to
have the problem resurface. We would have more gar-
bage wash up on the beaches in a subsequent season.

Let me discuss some of the things that we are doing
right now to keep New Jersey beaches clean. First, we
have Operation Clean Shores. That is a program where
we hire convicts to go around and clean up debris on
our beaches. It starts every spring. They are picking up
the litter and wood. Most of what we pick up, however,
is not from beaches at all. It is in Raritan Bay, in the
Arthur Kill, and in the back waters where, during peri-
ods of storm surges or high tides, material washes off
the shoreline out into the ocean, and then under the
right current or wind conditions, washes back onto our
beaches.

In addition to the cleanup activities, we have insti-
tuted the Coastal Monitoring Program. Twice a week
the water is sampled at every beach, along the bays and
ocean, and monitored for coliform and other indica-
tors. This is the most extensive coastal and beach moni-
toring program in the nation. Itis done on a cooperative
basis by the County Health Departments and the local
departments.

We maintain an information network to advise the
public of where problems are found. Based on this
cooperative Coastal Monitoring Program we have been
able to conclude that the major cause of bacterial con-
tamination on our beaches is indeed storm water and
combined sewer overflows.

This program has gotten us into some trouble. You
see, New Jersey tells people when there are beach prob-
lems. With the most aggressive beach-monitoring pro-
gram in the nation and with easy access to it, the press
picks up reports and says we have problems at our
beaches. This leads to a perception that New Jersey
beaches, therefore, are somehow dirtier than other
beaches. The reality, of course, is quite the opposite.
We believe that our beaches and our coastal waters are,
if anything, cleaner than many other resort areas.

We noted with great interest last year, when Con-
gressman Hughes introduced a measure for a Coastal
Monitoring Program similar to ours throughout the
east coast in all resort areas that there was widespread

resistance to instituting this sort of program. Florida
led that resistance. I do not think there is any problem
with Florida’s water, but it is interesting that they are
scared about perceptions that may imply there is some-
thing wrong.

We do a couple of other things in New Jersey that
relate to keeping beaches clean. Most of you are prob-
ably aware that we fly a helicopter four days a week, and
EPA flies one day a week for us, inspecting our beaches
and looking for slicks offshore. We maintain contracts
with various cleanup services, fishing boats, and the
Coast Guard so that when slicks are spotted we can go
out there and clean them up. We have teams of people
on call, who can go out and clean up materials when
and if they hit the beaches. The result is that every
beach in New Jersey during the summer season is
combed by inspectors looking for debris. You can be
assured that the beaches in New Jersey will be cleaned
every morning. We have some of the best beaches there
are.

What we are doing right now is overcoming the per-
ception that there is a problem. It is gratifying to see
that tourism bookings are up and the press is favorable.
People are recognizing the quality of the water that we
have at the shore. However, we are still very vulnerable.
When the Asbury Park Pressreports that there is material
washing up, for example three drums on a coastline of
112 miles, due to somebody apparently knocking them
off a pier, this gets front page press. The perception
that there is a problem in New Jersey continues, much
to the detriment of all of us, to the Department, to our
economy, to the beach users, and to the communities.
And I think it is also to the detriment of scientists
because that sort of statement does not represent good
science. It represents a form of yellow journalism.

Let me return to the issue of sludge. I have been
working with sludge policies over the last year. We
recognize that when 17 March came, the problem with
sludge management would not end. Right now in New
Jersey roughly 55 percent of our sludge (this is after
ocean dumping ends) is hauled to other states for
disposal. Most of this is landfill, some of it to as far away
as Texas. The Passaic Valley Sewage Commissioner has
a train leave Newark everyday for Tyler, Texas, with 55
cars filled with sludge. You can imagine how that is
received and perceived in Texas. Approximately 23
percent of our sludge is used beneficially either in land
application or as landfill cover. Finally, about 22 per-
cent of our sludge is incinerated.

We realized that when ocean dumping of sludge
ended we could not rely forever on hauling it out of
state, but there is a perceptual problem about sludge.
Just the word conjures up human waste in people’s
minds. Never mind the fact that with secondary treat-
ment, sludge is not human waste; it has become a
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processed product. It is a bacterial cell mass. It settles
out after the biological treatment of sewage. Neverthe-
less, it is conceived of as human waste and as intrinsi-
cally evil; nobody wants it and nobody wants to let us do
anything with it.

I'will call your attention to some of the headlines that
just occurred over the last several weeks. In the
Trentonian, my favorite paper, “Sludge dumping; Gov-
ernor Florio allows sludge dumping in the Pine Bar-
rens.” No such thing actually happened. It is true that
some of the sludge is composted from Camden County
Municipal Utilities Authority and is land-applied for
the restoration of certain sand quarries in the Pinelands.
We look at that as a good thing.

I had the opportunity last week to fly over the Pine
Barrens and most of southern Jersey on a perfectly
clear, beautiful day. What I saw surprised me. Through-
out southern New Jersey there are vast areas of deserts,
sand quarries, contaminated sites, construction sites,
thousands of acres on which nothing is growing. Why
not? It is because we have removed the top soil which
was precariously thin to begin with. Nobody has replaced
or rebuilt that top soil, and vegetation can not survive.

We have, with sludge, a product that has valuable
capabilities as fertilizer, which after composting can
rebuild soil structures and rebuild the top soil. I would
love to be able to use that on these deserts in southern
Jersey.

But I am faced with a perceptual problem-i.e. that
the Trentonian would report that Governor Florio dumps
sludge on the Pinelands. How do we overcome this
perceptual problem and allow the use of sludge that
has beneficial properties? It is going to take a massive
effort. It will take more than simply good science. It
certainly does take good science, however, to insure
that what we are doing, and what we want to do, does
not create new problems. It also takes public education
and a concerted effort from a lot of concerned people
recognizing that this is not a waste and that this is the
right thing to do. When we dump sludge in the ocean,
when we incinerate it, when we apply it to a landfill,
we are not recovering the valuable properties of this
material.

The Department is in the midst of implementing a
beneficial use policy. As many of you are aware, last
November the Department issued a white paper on
sludge management, perhaps the most comprehensive
paper on a state’s sludge problems ever issued in this
country. Basically, it was so comprehensive because we
know more about sewage sludge than any other state.

Subsequent to the issuance of the white paper, we
received many favorable comments and a lot of inter-
est. We held a series of roundtable discussions in Febru-
ary and March 1991 with interested parties from all
sides of the sludge management issue to develop new

policies for the state. Consensus was achieved in those
round-table discussions on a wide range of subjects.

The first major consensus was that we should treat
sludge as a material that has beneficial properties and
that can be recycled; we can recover the nutrients in
the soil-enhancing value of that material. In other words,
we should not dispose of it. We should focus on benefi-
cial reuse.

A second major policy consensus was that the entire
state needs a consistent high-quality sludge standard
which is defined as acceptable for perpetual applica-
tion on land without degrading it. That way we would
not create new contaminated sites. Further, until sewer
authorities achieve that quality of sludge, they must
have aggressive pretreatment programs. They must ex-
amine sources other than industry that contribute to
sludge contamination, e.g. homeowner practices, back-
ground concentrations in the water, and the leaching
out of copper and lead from plumbing systems.

We further said that New Jersey should lead the way
in beneficial reuse of sludge. We should encourage
other people to use sludge beneficially on our own
lands, i.e. construction sites of the Department of Trans-
portation, as cover material over Superfund sites under
our control, and application on state-owned agricul-
tural lands. There is one additional consensus that I
should mention and that is that if sludge meets this
high quality for perpetual use, then we should deregu-
late the material and not count it as a waste. We should
also actively start removing the stigma attached to this
material and have it considered to be comparable to
the compost that comes out of these 240 leased
composting centers across the state.

We are now in the process of implementing this new
policy. Commissioner Weiner in his remarks to the
House Appropriation Committee on 29 May specifi-
cally endorsed these policy initiatives—initiatives agreed
upon at the sludge roundtable discussions. Our time-
table is such that we will be developing the high quality
standards and regulatory proposals over the next sev-
eral months. We will probably have them out for public
review and discussion within the next several months.
Our goal is to adopt regulations by the end of this year
to implement the sludge management policies.

Again, let me point out another perception and a
small advertisement for the Department. There has
been a perception that the Department is a problem
agency, with criticism of permit delays and lack of direc-
tion. I would like to make everybody aware that there is
a lot going on in the Department of Environmental
Protection. In the six-month period between May and
October 1991, there will be more regulations and more
standards in the water area by the Department than in
its history or the history of its predecessor, the Division
of Water Resources.
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Every one of these regulations will be presented in a
public forum. We will hold public meetings and solicit
input from the public; we need the input of good scien-
tists in New Jersey and throughout the region as well.

The regulations will include surface water standards,
particularly the adoption of new quality standards for
all surface waters including the ocean and estuary. They
will include toxic contaminants. We will be issuing or
reissuing ground water standards for the entire state.
We will be issuing standards in policies related to practi-
cal quantifiable levels. Practical quantifiable levels
(PQL’s), are those levels of toxic contaminants that can
be reliably and accurately measured. They are differen-
tiated from method detection limits, which are lower
than PQL’s. Method detection limits indicate that we
can detect it, but we can not reliably quantify it.

PQL’s are particularly important for application of
surface water and ground water standards and the regu-
lation of discharges. We need to adopt policies on
processes when the surface water or ground water stan-
dard is below the PQL. How you regulate discharges in
that case is an interesting policy to debate, and cer-
tainly needs the input from the scientific community.

We now have cleanup standards, for the first time—
uniform, consistent cleanup standards for the entire
state for contaminated sites. They address both how
clean we expect the soil to get and how clean we expect
the ground water to get, and the thorny problem of
what happens if you can not attain them. In some cases,
you could pump and treat forever and never achieve
the cleanup standard. How do you address that? What
do we do about areas where there is existing widespread
contamination within the state? These are addressed in
the cleanup standards, and there is a series of four public
meetings which are ongoing in this topic area.

The Clean Water Enforcement Act, which was signed
by Governor Florio last year, is coming into effect on 1
July 1991. Regulations that were proposed in April for
enforcement of this Act will be adopted in July. Further
regulations coming up to implement the Act are in the
area of pretreatment and delegation of pretreatment
programs to sewer authorities.

In September, we expect to have an extensive regula-
tory change reforming our New Jersey Pollution Dis-
charge Elimination System (NJPDS) permit system;
cleaning it up and making it more reasonable, which
will expedite the process while at the same time protect-
ing environmental quality.

We are now issuing combined sewer mapping stan-
dards. We are issuing new regulations on Discharge
Pollution Control and Containment (DPCC) Plans. This
is in response to the Oil Spill Prevention Act signed last
July. They are one of the most aggressive sets of regula-
tions in the country, designed to prevent discharges of
hazardous substances and contaminants both from sta-
tionary facilities and marine transfer activities.

We will be proposing sewer ban and treatment work
approval reform regulations, a frequently criticized pro-
gram. When we review it, the perception of what good
this program is doing may mesh with the reality of
programmatic good.

That is quite a list of regulations, all of which affect
water quality. Taken collectively, this set of reforms will
basically overhaul the entire system of regulation in
New Jersey. This is a critical juncture for regulation of
water discharges and regulation of water quality through-
out our state. The Department is doing this in the midst
of a severe state budget crisis, hiring freezes, and the
perception that we are somehow an embattled Depart-
ment. I hope that some of what I have said has put that
perception to rest.

To return to my theme about perceptions versus
reality, we need the help of the scientific community to
tell us what is reality. What are the problems on which
we should be focusing? What will be the impact of
regulatory programs that the state is proposing?

We also need the help of a broader community to
change perceptions. And I think that when you con-
sider results of your research, you should spend time
thinking how to get the message not only to the scien-
tific community but to the regulators and public both
in terms of how we regulate the environment and the
policies we adopt. Do not let the journalists and politi-
cians control the day.
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In the mid 80’s and then in the late 80’s, I headed
teams to deal with the statutory deadlines for getting
sludge moved from the 12-mile site and then out of the
ocean. Consequently, I have looked at this symposium
talk as a labor of love and have tried to come up with some
historical facts that I thought might be interesting.

The last barge went to the 12-mile site on 31 Decem-
ber 1987. This ended over 50 years of use that started in
1924. John Keith has described what sludge is; the only
thing I would add is to remind you that it is around 96
percent water, i.e. the volume is predominantly water,
not solids. In 1884, New York City built their first sew-
age treatment plant. It was the first in the area, and by
the early 1900’s it was a growing business. So much so
that by 1927, New York City had built the world’s largest
[plant] at Jamaica Bay.

The first ocean dumping in this area actually oc-
curred at a local site in 1917 but it was not sewage
sludge. There were no Federal regulations within the
Bight and in Coney Island Sound, and dumping con-
sisted of street sweepings, garbage, and refuse largely
from New York City. They went out and dumped it, and
the winds blew in the wrong direction. You can guess
what happened. There were washups on the Long Is-
land beaches and the City was taken to court. In 1931,
the U.S. Supreme Court ordered the dumping of gar-
bage and street sweepings stopped. The last barge went
out on 28 June 1934, some three years after the statute.

While all this was happening with the garbage, the
metropolitan area of New Jersey was developing as well.
The area covered by the Passaic Valley Sewage Commis-
sion had a population of around a half a million people,
and sewage disposal was becoming a problem. Some-
time around 1910, Passaic Valley came up with the
proposal that they wanted to discharge sewage into the
inner harbor. Obviously, New York City’s sanitation
district, the Health Department in those days, became
upset. So they went to the Supreme Court to stop New
Jersey. Although there were attempts throughout that

period by both states to arrive at a mutual solution most
of these efforts were futile.

The Supreme Court came out with a decision in 1921
with regard to this court suit on the Passaic Valley,
which basically said, “Guys, go solve your problem; we
have got better things to do; try to cooperate.” So the
states started to cooperate, and as a consequence a site
was designated for sludge dumping.

The sewage sludge site was in approximately 90 feet
of water, 6.6 square nautical miles in area, 10 miles east
of Highlands, New Jersey, and 9.9 nautical miles south
of Long Island. Obviously, the criteria for its location
was to insure that it was outside of the navigation lanes
and in an area where the beaches would be protected
from sludge materials washing back on to the shore.

Meanwhile business was still growing. By 1927, New
York City had 11 so-called “filtration plants.” Interest-
ingly in 1927, much of that sludge was not dumped in
the ocean. As late as the early 1940’s for example,
Coney Island sludge was taken to Marine Park and put
in shallow lagoons where it dried and was then used as
humus on park lands in the City of New York. The idea
of land-based use of sludge is not really something new;
certainly not new in this area, and I think the rest of the
country has been going in that direction a long time.

The product unfortunately grew. It grew in size and
complexity and simpler solutions became a desired path.
In 1937, an estimated 11 dry tons of sludge was pro-
duced in the city of New York. By 1947 that number had
risen to 300 dry tons. During World War II fat was
skimmed off the sludge and recycled, and sold at 80
cents per hundred pounds. Whether they used the fats
for lubrication or soap, I am not sure.

At peak use, there were almost 200 sewage treatment
plants discharging at the 12-mile site. However, by De-
cember 1981, there were only nine: in New Jersey,
Bergen County, which jointly treated sludge from Essex
and Union Counties, Linden, Roselle, Middlesex
County, Passaic Valley Sewage Commissioners, and

9
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Rahway Valley; in New York, Nassau County, Westchester
County, and New York City.

Let us review the more recent history concerning this
site. Under the 1972 Marine Protection Research and
Sanctuaries Act (MPRSA), the site was designated as an
interim disposal site in 1973. That basically meant we
did not have an Environmental Impact Statement for
the site, but since it had been used historically, we
allowed its continued use. In 1973, we started issuing
the first of our permits for dumping. These were issued
through 1976 with cessation required by the end of
1981. Again, EPA had taken a rather strict interpreta-
tion of the Act as far as what was and was not harmful.
Basically the Agency was saying that unless you could
prove there were no other alternatives, you had to get
out of the ocean. We started having hearings on the
designation of the site as well, including an Environ-
mental Impact Statement. History began repeating it-
self in 1976.

Some interesting things happened in 1976. One, there
was a series of pier fires; I think three piers burned
down at the beginning of the year. Two, there was a
massive explosion. Some kids had decided to see what it
would sound like if they dropped a firecracker into a
sludge holding tank in Bay Park, Long Island, and two
of the tanks blew up, spilling a million gallons of sludge
into the bay. These events coupled with a lot of rain and
sustained southerly winds tended to drive everything
back on shore and the politics of the situation started
taking over.

Congress was quick to act. We already had issued
permits that required cessation by 31 December 1981.
That not withstanding, in November of 1977, under
President Carter, Congress reaffirmed that 31 Decem-
ber 1981, was the date to close the site. However, there
was no clarification as to what was reasonable and un-
reasonable degradation. The Environmental Protection
Agency (EPA) had to balance the environmental im-
pact of sludge dumping versus the environmental im-
pact of land-based solutions. One of the reasons this
conference is so interesting is to consider how these
findings relate to all the monitoring that is now con-
ducted at the 106-mile site. When you start debating the
impacts on land, they are easy to grasp; you can figure
out the impact, whether it is an air impact from an
incinerator or other source. It is relatively simple and
usually relatively localized. The problem with dumping
in the ocean is that you can not figure out impacts. You
think you know what they might be, but you are never
really sure. You keep saying it might be this, or it might
be that, and people ask “Well, is it definitely?,” and you
can not answer. The old quote is that people do not live
in the ocean, so the constituency in the past has been
rather obscure. In 1976 the politics were such, however,
that the statute was changed.

In May 1979, we approved the 12-mile site as a legal
site. At this stage, the impact statement was completed
and we scheduled that use of the site would expire on
31 December 1981. We continued in earnest to provide
grant as well as regulatory assistance to municipalities
to get the nine dumpers out by 1981.

On what did we base the decision not to redesignate
the site? There were shellfish bed closures because of
bacterial problems. There were elevated heavy metals
and toxic organic compounds in the bottom sediments.
There was reduced dissolved oxygen in the area and
there were reported changes in diversity and abun-
dance of the marine life. We used these effects as our
key reasons not to redesignate the site.

As mentioned earlier, in 1981 New York City and a
couple of other municipalities took us to court and we
lost. The decision was that EPA had no right to pre-
sume unreasonable degradation. It barred us from ini-
tiating any action until we looked at the whole issue and
basically required us to do a balancing act.

In December 1982, EPA agreed to reopen the site
and keep the process going, requesting comments on
the redesignation. In May 1984, we announced our
tentative decision to deny the redesignation and started
the process of designating the Deep Water Municipal
Sludge Dumpsite which had been previously called the
106-mile site. The designation recognizes other ocean
sites in that area where industrial dumping occurred.
In April 1985, we formally denied the existing permits
and established a phase-out schedule by 31 December
1987. On November 1986, Congress took what we al-
ready had in the consent orders as a basis and adopted
it as a requirement of the law.

One of the problems, to give you a little insight into
negotiations, was that to get to and from the 12-mile
site and dump a load of sludge was a relatively simple
event. Weather problems were not great; the distance
obviously was not great. You could get a barge back and
forth in one day with no problem whatsoever, nor did
you need an ocean-going barge. Moving to the 106-mile
site required larger ocean-certified barges, and the pas-
sage of time to and from the site took about three days.
We had to start looking at barge capacity and to bring
in new barges.

New York City at this point is the only sludge dumper
and, for the last several years, has been the only one
that owns its own fleet. Everybody else dumps by con-
tractor. New York City used self-propelled vessels, about
140 feet long—nothing too large. Those vessels are no
longer used to go out but are used for lightening opera-
tions within the City. The replacement barges are huge—
more than 300 feet long. Vessel acquisition became a
problem and was a factor in the negotiations.

From 1973 to 1987, it is estimated around 90 million
wet tons of sludge were dumped at the 12-mile site.
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That interval was the only time it was dumped via a
Federal permit. Before that, remember, it was dumped
without a Federal permit because there was no Federal
requirement.

The site was finally de-designated on 2 February 1990
and no longer exists as a site. Of the dumping that went
on within the apex and within the Bight as well, all the
sites except for the one designated for dredge spoil
have been or will be closed shortly. Even the sludge
dumpsite at the 106-mile site actually expires on 31
December 1991. New York City will dump a bit longer.
They will be dumping under court order. If they go into
violation of that court order the site could theoretically
disappear on them as well. That was a strategy that EPA
used with the Department of Justice in negotiating the
agreements. Now you are up to date on the 12-mile site.

On the 106-mile site, you can watch political effects—
in 1987 from the New Jersey washups and in 1988 from
the Long Island washups. On the Long Island washups,
I received a frantic call on 6 July 1988 that medical
waste was washing up bountifully on the shoreline.

The estimate was that they had bags of medical waste.
I said, “Do not do anything, I will be right there.” (I
happen to live in Nassau County in the town of
Hempstead.) A helicopter picked me up and I was out
there in an hour, walking the beach. Most of what was
reported as medical waste were firecrackers, the tops of
rockets from the 4th of July. The medical waste from a
10-mile stretch of beach might have filled one baggie. It
was a very slight amount of medical waste. But between
what happened in New Jersey in ’87 and what hap-
pened on Long Island in ’88, this was the fatal blow to
sludge dumping. Our estimate is that basically none of

it came from sludge. It comes from combined sewer
overflows (CSO) for the most part. To bring you up to
date, in the spring of 1989, EPA brought together a
joint task force of the states, EPA, the Coast Guard,
NOAA, and the Corps of Engineers, and said between
all of us we had some resources. I guess some of us had
some idea at the time of coping with a resuspension
problem at high tides and a combined sewer overflow
problem. We developed something with the Corps of
Engineers that had two vessels out there, actually three,
where they would use those vessels to buy new nets with
a smaller mesh and basically skim the harbor. Through
a network, with EPA as central command, EPA and DEP
helicopters would basically fly the harbor shorelines,
identify slicks, and direct Corps of Engineers vessels to
skim those slicks. New York City agreed to allow us to
take that waste and put it in the Fresh Kills landfill. And
it has worked amazingly well but does not solve the
problems. We have provided to the City of New York
funds for two of these vessels at a cost of roughly six
million dollars. These ships will operate on the Sandy
Hook/Rockaway transect. New York City will provide
for their operation and maintenance on a regular basis.

So, that coupled with storm water strategies and CSO
strategies are being put in effect as well with the states.
We hope to solve the floatables problem. The sludge
cessation really has all been related to the scare and
perception that floatables on the shoreline have been
brought on by sludge dumping. It is not true and the
advantage of the situation is such that we have gotten
the sludge out of the ocean.

It has been a long and torturous history for some of
us, and I am glad to see it coming to an end.

Audience Questions

Question: Richard, I notice that neither you nor John
[Keith], mentioned George Whidden and the Coali-
tion to Cease Ocean Dumping. Any comments on the
role that played in public perception?

R. Caspe: There are a lot of people saying a lot of
things. It played a role; there is no question about that.
A lot of people had the perception that terrible things
were happening as a result of sludge dumping. The
arguments on why sludge dumping should end were
not really based on technical [facts]. The public policy

view of what should and what should not be done with
sludge probably came out the right way from my per-
spective. The end result was good, but if you listened to
how the decision came about, there were a lot of things
being said by both sides. I heard people from New York
City testify that sludge was a valuable resource to the
area; that without that there would not be any fish in the
area. They considered it a nutrient-starved regime without
sludge. There were different people saying different things.
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ABSTRACT

The study of effects of cessation of sewage sludge dumping at the 12-mile site used a
sample design based upon the technique of replication in time. This design yields unbiased
estimates of the ecological effects of sewage sludge by precluding the confounding effects
innate in many environmental impact studies. Three sites were selected for intensive
subsampling based upon an assumption that they represented a gradient (maximum,
intermediate, minimum) of exposure to sewage sludge. In odd-numbered months plus
August, eight complete subsamples were taken at each of the sites (the Replicate Study, 576
samples). A complete sample consisted of a bottom-trip hydrocast, a benthic grab, and an
otter trawl. In even-numbered months, single complete samples were collected at 22 sites
distributed about the dumpsite area (the Broadscale Study, 415 samples). This part of the
study was conducted to allow extrapolation of the experimental results to a wider area. The
experimental design was developed to maximize information in the context of the con-
straints and caveats of both the statistical model and the availability of experimental
resources. The essence of this particular design is that the likelihood of the results being
biased (by random effects or by the confounding due to nonrandomized sampling) is
minimized, thereby yielding useful management information.

Background and Plan of Study

Introduction

Previous studies of the fate and effects of sewage sludge
disposal on the benthic ecosystem of the New York
Bight have relied on correlative techniques to deter-
mine relationships between sediment characteristics and
infaunal community structure (Pearce etal., 1981; Reid
et al.,, 1982; Reid et al., 1987). Although the demon-
strated relationships between chemical/physical prop-
erties and indicator species assemblages are likely to be
true, the strength of these relationships with respect to
disposal cannot be determined quantitatively. When
the structure of a study lies outside the paradigm of an
experiment, it cannot be assumed that all the possible
variables or cofactors which may confound an analysis
have been measured or taken into account. For ex-

ample, assume samples are post-stratified such that con--

taminated depositional sites are compared statistically
to uncontaminated depositional sites. There are
unresolvable innate differences between the treatment
groups. The distribution of disposal materials is con-

tiguous; thus the groups are likely to engender differ-
ent base communities or differential exposure to other
sources of contamination. Such a comparison is con-
founded by location. The only way to quantify the ef-
fects of disposal is through experimentation.
Although it is impractical to conduct a classical field
experiment on the effects of sewage sludge on the
benthic ecosystem of the New York Bight, the planned
closure of the 12-mile dumpsite afforded the Environ-
mental Processes Division (EPD) an opportunity to de-
sign an experiment using the method of replication in
time (RIT)!. A general description of RIT is given by
Stewart-Oaten et al. (1986); a detailed statistical de-
scription of the application to the 12-mile dumpsite
study is given by Pikanowski (unpub. data). Besides the
usual resource constraints, there are constraints on the
sample design imposed by the method. These con-
straints or caveats are explicated in Pikanowski (unpub.

! Not all of the individual sub-studies are included in this design
strategy.
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data) and are presented here without justification. Al-
though the theory behind RIT may be somewhat com-
plex, the execution is quite straightforward.

A contaminated site and an uncontaminated site are
selected. At intervals, before and after termination of
disposal, samples are collected simultaneously at the
selected sites. The difference between the values mea-
sured at each site is calculated, yielding a replicate in
time. Assuming no confounding effects are operant
(Pikanowski, unpub. data), a comparison of the “be-
fore-closure” and “after-closure” replicates yields an es-
timate of the effect of termination of disposal. If an
ecologically significant difference is specified a priori,
the comparison yields a test of the null hypothesis that
there is no effect of termination on a particular re-
sponse variable. In fact, the intensity of disposal de-
clined from 1.72 million wet tons in the third quarter of
1986 (the first samples were collected in July 1986) to
0.69 million wet tons in the fourth quarter of 1987,
prior to cessation of all dumping in December 1987.
Thus the treatment was not “switched off” but rather
stepped down. Likewise, there is a possible lag in “re-
covery” with respect to the end of disposal. Linear
trends due to this variable treatment intensity may be
detectable by tests for serial correlation (see below).

Two qualitative judgments must be made as to the
validity of the results. First, a variable that evidences no
significant change may have been altered irreversibly
by the introduction of sludge. Because the treatment
materials (nutrients, contaminants, pathogens) have
limited lifetimes and the geographical extent of the
population pool of New York Bight species is much
larger than the affected area, this possibility is unlikely
in the long run. However, it is possible that some effects
(for example, recruitment of long lived benthic species
such as the surf clam, Spisula solidissima) may not be
reversed during the short-term course of the study.
Second, the response of the ecosystem to an onset of
disposal is not necessarily the inverse of the response to
cessation (particularly in the short term). Whether it is
valid to extrapolate the results to an onset of disposal
must be judged qualitatively.

Site Selection

The first step in the design process is site selection.
Details of site characteristics are given in the Plan for
Study (EPD, 1988). Based upon the historical studies
previously cited, selection of the contaminated site was
obvious. This site (NYb, Fig. 1) was found to be maxi-
mally contaminated; sludge accumulation was some-
times manifested by an observable layer of flocculent
material. NY6 is near the northwest corner of the sludge
dumpsite (Fig. 1); this area received a large percentage

of released material because it was proximal to the
ports of origin. Net transport of sludge followed the
gravitational gradient west into the Christiaensen Ba-
sin, thus accumulating at NY6.

Selection of the uncontaminated, or reference, site
was not as straightforward. It is implicit in RIT that the
reference site will respond similarly to common large
global events (in the sense of affecting the whole study
area) unrelated to the treatment. Storms, climate
change, or recruitment success are examples of such
events. There is no certainty, beforehand, that a refer-
ence site will be a good one in this respect. Thus, two
sites were selected as possible reference sites. Station
NY11 (Fig. 1) is located south of NY6 on the eastern
shoulder of the Christiaensen Basin and showed little
evidence of sludge contamination. Station R2 (Fig. 1) is
north of NY6 and evidenced an “enriched” benthic
community with high biomass of several tolerant, though
not necessarily pollution-indicator, species. It was not
clear if this enrichment had a dumpsite or estuarine
origin (or a combination of both). Station R2 served a
dual purpose; it was either an alternative reference site
or represented a treatment site at an intermediate level
of overall contamination (derived from disposal and
estuarine sources or both). The three stations were
similar in depth and underlying sediment type (fine
sand), and they were unlikely to be affected signifi-
cantly by dredged spoil disposal (Fig. 1) on the western
side of the Christiaensen Basin.

One of the caveats of RIT is that results apply specifi-
cally to the contaminated site (NY6). This site repre-
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sents only a small portion of the affected area; an area-
wide extrapolation of the point estimate at NY6 re-
quires additional information. To this end, a suite of
broadscale stations was selected for study (Fig. 1). These
sites were chosen to provide a comprehensive overview
(geographically and in terms of treatment gradients) of
the area of the inner New York Bight potentially af-
fected by disposal (EPD, 1988).

Sample Allocation

Preliminary cruises indicated that four complete samples
could be reasonably collected per cruise day. A com-
plete sample consisted of a bottom water sample, a
benthic grab, and an otter trawl. A complete list of
variables and a description of sampling protocols is
given in the Plan for Study (EPD, 1988). All variables
were measured synoptically for two reasons: first, synop-
tic collection would provide a standard, efficient cor-
relative data base in the event that the experimental
aspect of the design failed; second, it is difficult to
optimize sample allocation at sea. Logistic constraints
would allow at least six days of sampling per month.
Thus, 24 complete samples could be collected reliably
per month. The study was scheduled to begin in July
1986 with the dumpsite scheduled to close at the end of
December 1987; thus, 18 months would be available for
sampling in the before-closure period. Sampling was
scheduled to continue through September 1989; thus,
21 months would be available in the after-closure pe-
riod. The design problem was to maximize the informa-
tion generated under these constraints.

Ideally, one would like to sample for a much longer
time, both to increase the chance that responses within
the sampling period would be representative of the
long-time average and also to allow the system to equili-
brate to the absence of sludge inputs. Because this
option was not available, sampling needed to be inten-
sive. For reasons developed by Pikanowski (unpub. data),
monthly samples at a site were averaged; the difference
between these site averages yielded a monthly replicate
in time. Although statistically less efficient than calcu-
lating a replicate for each sample pair, the loss in effi-
ciency is minimized for measures that evidence high
sampling variability within sites (for example, abun-
dances of finfish or macroinvertebrate infauna). Thus,
for stations NY6, R2, and NY11, eight subsamples could
be collected per month per site, yielding one replicate
per month for each sample pair (NY6-NY11 and NY6-
R2, the Replicate Study).

If the effect of disposal at NY6 were the sole interest,
18 before-closure and 21 after-closure replicates could
be generated. However, a measure of the area-wide
response is useful in calculating the total environmen-

tal costs. Thus, it was decided to sample 21 stations
once per even-numbered month (the Broadscale Study).
The three replicate sites would be sampled in odd-
numbered months plus August. The doubling of effort
in August should be worthwhile; low dissolved oxygen
concentration in late summer causes the reducing sedi-
ment layer to rise toward the surface. This may contrib-
ute to dramatic changes in the infaunal community
structure and possibly affect fish and epibenthic
megainvertebrate distributions as well.

A trade-off was made between the power of the study
to resolve changes at NY6 (a reduction in total repli-
cates from 39 to 24) and the ability to extrapolate
results (via correlative techniques) in an informed man-
ner to a broader area. It remains to be seen whether
this was a wise choice. It should be noted that, for
variables that have a small sampling variance or evidence a
large response to termination of disposal, the method of
RIT can be usefully applied to the Broadscale stations.

Allocation Details

Sampling at the same place eight times within two
weeks is likely to lead to nonindependence between
samples due to removal of both sediment and biomass
(sampling without replacement). Thus, it was desirable
to designate a site more extended than the footprint of
the sampling devices (trawl and benthic grab). The
extended replicate sites that were chosen are repre-
sented by ellipses (Fig. 1). These ellipses are large
enough to accommodate one km trawl tows and are
oriented with the local bathymetry to minimize variabil-
ity in depth. Extending a site has the drawback of in-
creasing within-site variance. A design compromise was
struck between these conflicting practicalities. Three
complete samples would be taken at the center of the
site (designated as “radial” samples). Certain sediment
chemistry and bacteriological measurements were col-
lected only in these radial samples. The remaining five
samples would be taken at points on the perimeter of
the ellipse (designated as “distal” samples). Initially,
the five points were selected at random, within the
constraint of being uniformly distributed about the
perimeter. Modifications to the initial site selection
were made to allow unhindered trawling. These points
were revisited on subsequent sampling occasions to
reduce within-site variability and ensure unhindered
trawling.

For variables with highly heterogeneous distributions
within sites, significant responses may best be detected
by using only the three radial samples. For those mea-
sures that are not very heterogeneous, or are so hetero-
geneous that the radial samples are as dissimilar to
each other as they are to the distal samples, using all
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eight samples should be most efficient. This partition-
ing also allows an ancillary study of the scale of hetero-
geneity for various environmental measures.

The RIT method assumes that samples are collected
simultaneously at both the contaminated and uncon-
taminated sites. Obviously, this cannot be done from a
single sampling platform. In fact, the time constraint of
day trips allowed for two samples to be collected at a
site in the morning and two samples collected at an-
other site in the afternoon. Some variables (for ex-
ample, stomach contents or distributions of fish and
megainvertebrates) are likely to vary within and be-
tween days. This diel and daily variability cannot be
removed; however, it can be made unbiased by block-
ing out the effects of morning/afternoon, first week/
second week, and site-pair sampled as shown in Table 1.

Statistical Methods

Whether the before-closure and after-closure means
differ significantly can be tested simply with either the
Student’s-t or Mann-Whitney U tests (Zar, 1984). In
most cases, the tests will give the same result. Contradic-
tory results may occur if borderline cases are otherwise
suspect or if the data are severely non-normal. Unfortu-
nately, there are too few replicates to test reliably for
normality, thus the choice between parametric and non-
parametric testing is not deterministic. Regardless, eco-
logical and statistical significance may not be equivalent.
Itis possible for an ecologically important difference to
be declared statistically nonsignificant because the stan-
dard error of the difference between means is large
compared to the treatment effect. Conversely, trivial
ecological differences can be declared statistically sig-
nificant when the standard error of the difference be-
tween means is relatively small. It may be more useful to

Table 1
Sample schedule used in the 12-mile dumpsite study
(replicate survey) to block out effects of morning/
afternoon, first week/second week, and site-pair
sampled (modified from EPD, 1988).

Sample day Week Morning site Afternoon site

1 1 NY11 NY6

2 1 NY6 R2

3 1 R2 NY11

4 2 NY11 R2

5 2 NY6 NY11
| 6 2 R2 NY6 J
\

generate confidence intervals about the difference be-
tween means (parameter estimation rather than hy-
pothesis testing) or, for a manager, to post-calculate
the power of the experiment to detect a difference that
may be deemed ecologically or socially significant
(Pikanowski, 1992). In the latter case, the manager can
then decide whether the experiment was successful and
the results are acceptable.

The results of RIT can be confounded if there is
significant serial correlation between replicates within
a period (before or after closure). This can occur if the
treatment level changed during the study or if a large
event caused an effect (such as differential recruitment
of an infaunal species) at one site only and this pertur-
bation carried over to succeeding replicates. An event
of this kind may well bias a period mean. By using the ¢
or runs test as given by Zar (1984), serial correlation
may be detectable. For some variables, serial correla-
tion may be expected in the after-closure period be-
cause the system needs time to equilibrate. In the
presence of this type of correlation, the real difference
between period means is likely to be larger than the
experiment indicates. For some variables (for example,
total organic carbon), there may be an approximate
linear trend in the before-closure period correspond-
ing with the stepped phasingout of disposal. Removing
this trend by factoring in the disposal rate will decrease
the variance estimate and will improve the precision of
the test. If serial correlation is detected in the before-
closure period but cannot be explained by a covariate,
results should be interpreted guardedly; it is not rea-
sonable to predict the course of trends unrelated to the
treatment.

Some variables may be seasonally nonadditive; that
is, the difference between sites may be correlated to the
magnitude of the site values. The results will not be
biased if the before and after periods cover the same
calendar intervals; however, the increase in variance
due to seasonal nonadditivity will diminish the preci-
sion of the test. The 12-mile dumpsite study time frame
does not encompass similar calendar intervals in the
before and after periods. The study time span is too
short to allow filtering of seasonality; thus, if this effect
is detectable (Pikanowski, unpub. data), a reduced data
set encompassing similar calendar intervals must be
used. If a species occurrence is highly seasonal, the
number of nonzero data points may be insufficient to
allow for a test (Pikanowski, 1992).

Conclusions

Correlative studies and post-stratified environmental
impact designs are invariably confounded. That is, quan-
titative estimates of an environmental impact are invari-
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ably biased and are thus unreliable. The essence of the
replication in time design is that it is an experiment;
the treatment is replicated over virtual experimental
units. These virtual experimental units are not “true”
experimental units—they are the same micro-environ-
ments sampled at different times. However, the possi-
bility of confounding events is minimized both by the
reference site, which eliminates global random effects,
and by testing for serial correlation, which guards against
local random effects. The results are quantitative esti-
mates of the effect of the environmental impact that
are not likely to be confounded (when serial correla-
tion is not detected). Thus, reliable management infor-
mation is generated.
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Audience Questions

Question: Obviously, substrate life or ocean floor habi-
tat life has a great bearing on the structure and the
species of life. How do you wrestle with that factor in
dealing with control versus experimental sites where
you have got 10 or 20 feet of depth difference? Have
you looked at that aspect of the problem?

R. Pikanowski: We have selected our sites so that the
depths would not be that different. You are right; I
think there may be a ten foot difference between one of
the controls and the impact station. The key to this is
that the stations do not have to be exactly alike, just that
they respond in a similar manner. In other words, if
there is a natural increase in abundance of a particular
species, it will settle in the two sites somewhat equally.
This may not happen for everything. Some of our data
indicate certain species, such as Capitella, are not found
anywhere but at the impacted station. So you do not
even need a control in that case; you can just compare
the before and after data. No two pieces of the environ-
ment, no matter how close they are, whether they are
land or sea, are ever exactly alike. And that is one of the
problems you have in doing environmental experiments.
You cannot make the assumption that the things will be
alike-we are making an easier assumption, that they
respond alike.

If you examine the plot of bottom temperature at our
three study stations, the interesting feature is that the

summer of 1988 was very cold. Now, had we done a
simple before and after study, just comparing NYb or
some other contaminated station, our results for vari-
ables influenced by temperature would have been con-
founded by this cold summer. If you examine a plot of
the replicate stations and examine the difference be-
tween the control and impact areas, you see that effects
of the cold summer of 1988 really do not appear any-
where. The hope is that whatever its influence was on
the ecology and the variables that we have measured, it
had somewhat the same impact at both our control and
contaminated stations. However, it may not have the
same impact, and that gets into the nuts and bolts of
statistics. We have ways of testing for that to some degree.

Question: I have a question about the location of the
three replicate stations. It seems they are a bit west of
the sludge disposal site and I wonder if it might be
affected by anything that might have happened at the
dredged material disposal site? Why were they west of
the 12-mile site instead of right on top of them?

R. Pikanowski: From historical studies we found that
sludge did not accumulate very much at the actual
dumpsite. It is not hard to imagine that by following the
bathometric gradient—it settled into the Christiaensen
Basin. We found that NY6 was at the focus of where the
sludge resided. NY11 and R2 are both on the other side
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of the Christiaensen Basin from the dredged disposal
area and we hoped that this would be somewhat of a
barrier to dredge effects.

Question: If that was your hope, do you know whether
the dredged material disposal site is still being used?

R. Pikanowski: Yes.

Question: What kind of criteria do you have to deter-
mine whether you have a clean site?

R. Pikanowski: We used all the data developed during
the MESA program. It may be possible that somebody
will tell us that NY11 was not as clean as we thought.

Question: Could you say a few words about the plat-
form that was used for the sampling?

R. Pikanowski: Our sampling platform is the now-
decommissioned research vessel R/V Kyma. The crew,

Fritz Farwell, Captain, and Sherman Kingsley, Mate,
made this study far less of a horror show than it could
have been. I once ran a listing of the Loran readings for
our broadscale stations and I noticed that they were
almost identical. One month, we got fairly large devia-
tions and then I realized that that was the month Fritz
did not sail the boat: he is extraordinary. He and
Sherman Kingsley made life bearable.

One reason that we called the eight monthly samples
at each station “subsamples” and “replicates,” which has
some statistical implications, is because we had the one
platform. We really could not sample things simultaneously,
and there was a certain amount of lag time between
collecting the samples at one station and then cruising
and starting at another. With time lag and tide changes,
simultaneity goes out the window. So, we did block the
experiment with week 1, week 2, morning, and afternoon,
which is described in the Plan for Study [EPD, 1988].
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This first set of four papers addresses just one hy-
pothesis, which states

“The cleansing of sewage sludge from the Christiaen-
sen Basin will be accomplished by episodic down-
valley transport of sludge which can be related to
windfield conditions.”

The state of our knowledge concerning factors related
to this hypothesis at the outset of the study was as follows.

Bathymetry

The Christiaensen Basin, located at the head of the
Hudson Shelf Valley and defined by the 30-m contour,
served as a sink for a large portion of the sewage sludge
dumped in the 12-mile dumpsite (12-MDS) immedi-
ately to the southeast of the Basin. It was unknown at
that time whether the sink was permanent, but it was
suspected that the Basin was serving only as a tempo-
rary sludge sink. A 1982 study of the concentrations of
Clostridium perfringens spores found levels on a transect
from the Basin along the axis of the Hudson Shelf
Valley to be higher than levels on the shelf and showed
that spore concentrations decreased exponentially with
increasing distance down the valley to the shelf edge,
about 140 km (Cabelli and Pedersen, 1982). This find-
ing clearly indicated that sewage sludge components
were being transported down the Hudson Shelf Valley,
but it did not indicate the proportion of the sludge mate-
rial moving along that path or the rates of movement.

Hydrography

The water mass in the inner New York Bight is strongly
vertically stratified in summer and early fall but only

weakly so in late fall-spring. In winter, the water col-
umn is nearly isothermal and isopycnal, and there is an
onshore-offshore temperature gradient, with the cold-
est temperatures found nearshore. At all times of the
year, the water column is susceptible to rapid changes
induced by meteorological factors: wind-driven up-
welling, downwelling or mixing, and seasonal increases
of run-off, producing a low-salinity surface layer.

Bottom Currents

Average currents in the inner New York Bight are west-
ward off Long Island and southward off New Jersey for
both the surface and bottom. The mean bottom cur-
rent speed is about 0.5 cm/s with a standard deviation
of £15 cm/s. In the Hudson Shelf Valley, average bot-
tom currents were found to be 2-5 cm/s upvalley, but
reached 20-50 cm/s either up- or down-valley during
periods of strong winds, with strong up-valley flows
related to strong, persistent west winds.

Sediment Transport

Little was known about sediment transport, either mea-
sured, inferred, or computed. Estimates indicated that
shelf sediments at 30 m depth could be transported
about 30% of the time by currents and 8% of the time
by wave action (McClennen, 1973).

This base of information was the springboard from
which four studies were launched into hydrography,
bottom currents, sediment deposition, and sediment
resuspension and transport.

* Present address: RR-1, Jim Noyes Hill Road, Lisbon, NH 03585.
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ABSTRACT

Oceanographic observations made in support of the 12-mile dumpsite study are used to
characterize the spatial and temporal variability of water properties in the inner New York
Bight. Comparisons with other long-term data sets indicate that the oceanographic condi-
tions in the inner New York Bight during the period of the 12-mile dumpsite study were
representative of the region, except during the summer and fall of 1988 when bottom water
temperatures were 2—4°C cooler than normal. The summertime near-bottom oxygen gradi-
ent decreased during the study, suggesting a reduction in the seabed oxygen demand.

Introduction

An interdisciplinary study was conducted from 1986 to
1989 in order to document the response of the habitat
and biota in the inner New York Bight after the cessa-
tion of sludge dumping at the 12-mile dumpsite (12-
MDS) in 1987 (Fig. 1). Oceanographic data were
collected during three separate sampling programs in
support of the 12-MDS study. First, seven oceanographic
survey cruises were conducted between May 1987 and
August 1989 to collect temperature and salinity data
through the water column in the inner New York Bight.
Second, near-bottom temperature and dissolved oxy-
gen measurements were made as part of the monthly
sampling at the three replicate stations (NY6, NY11,
and R2) (see Pikanowski, 1995, for a description of the
replicate sampling design and the location of the repli-
cate stations). Third, time series of temperature one
meter above the bottom were recorded by current
meters deployed during the study (Manning, 1995).

With these data, the temporal and spatial variability of
the water properties in the inner New York Bight are
described to assist in the analysis and interpretation of
the physical, chemical, and biological processes investi-
gated in the 12-MDS study.

Hydrographic properties of the waters in the New
York Bight and their annual cycle have been well de-
scribed in the literature (e.g., Bowman and Wunderlich,
1977; Sherman et al., 1988; EPD [Environmental Pro-
cesses Division], 1989). Generally, the water column is
vertically uniform in winter because of surface cooling
and wind mixing. Beginning in the spring, surface warm-
ing results in thermal stratification which intensifies
through the summer. In fall, with the onset of cooling
and increased winds, the stratification eventually breaks
down and the water column becomes vertically uniform
again. The distribution of salinity in the New York Bight
is dominated by outflow from the Hudson-Raritan estu-
ary. With peak outflow in the spring, a plume of low-
salinity water extends southward from the estuary along
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Figure 1

Location of the 12-mile sewage sludge dumpsite in the inner
New York Bight.

the coast of northern New Jersey. The spatial extent of
this plume and the salinity contrast between waters in
the plume and the rest of the Bight is dependent upon
the amount of runoff passing through the estuary.

The Northeast Fisheries Science Center, Marine Re-
sources Monitoring, Assessment, and Prediction
(MARMAP) program, collected temperature and salin-
ity data across the northeast continental shelf for the
period 1977-1987. These data provide a basis for com-
paring the water properties during the 12-MDS study
with long-term conditions. The MARMAP observations
in the New York Bight have been described by Manning
(1991) and Mountain (1991).

Data and Methods

Survey Cruises

The sampling activities conducted on each of seven
survey cruises are summarized in Table 1. On three of
the cruises (ALB87-02, ALLB88-03, and ALB88-10) the
primary objective was to deploy or recover current meter
moorings for the 12-MDS, and only a few transects of
hydrographic stations were occupied.

The cruises in May 1987 and in June 1989 used an
identical grid of stations to survey the water properties
in the inner New York Bight. Two distinct surveys of the
area were completed on each cruise. The cruises in
August 1987 and August 1989 used a different grid of
stations. Due to requirements of other sampling pro-
grams on the August cruises, the entire grid of stations
was not completed before portions of it were resampled.
Although many stations were occupied more than once,
the sampling did not result in distinct surveys, separate
in time. The first occupation of each station was used to
form a single survey of the region for each August cruise.

Two different Conductivity, Temperature, and Depth
(CTD) profiling instrument systems were used on the
survey cruises. In 1987 and 1988, a Neil Brown Instru-
ment Systems Mark III instrument with a rosette water
sampler was used. In 1989 an internally recording Sea-
Bird Electronics, Inc., SBE9 instrument was used. The
procedures used to process the data from both CTD
systems are described in Taylor and Mountain (1991).

Replicate Stations

As part of the sampling protocol for the replicate sta-
tions R2, NY6, and NY11, three bottom temperature
measurements were made each month at the center of

Table 1
Summary of oceanographic measurements collécted during the 12-mile dumpsite study survey cruises.

Vessel Cruise Sampling Dates No. Stations Coverage
ALBATROSS IV ALB87-02 09-11 May 1987 20 2 Transects
ALBATROSS IV ALB87-03 13-20 May 1987 153 2 Surveys
ALBATROSS IV ALB87-06 18-26 August 1987 71 1 Survey
ALBATROSS IV ALB88-03 04-06 May 1988 25 3 Transects
ALBATROSS IV ALB88-10 16-17 November 1988 22 3 Transects ‘
DELAWARE II DEL89-04 06-17 June 1989 118 2 Surveys
OREGON II ORE89-04 12-21 August 1989 133 1 Survey |
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each station site from July 1986 to November 1989 (Fig.
1) (Pikanowski 1995). The observations at the three
stations generally were made within one or two days.
Water samples were collected one meter above the
bottom with a Niskin bottle. Water temperatures were
measured with an Omega 866 digital thermistor in-
serted into the top of the bottle upon recovery. The
thermistor was compared each day with an NBS trace-
able total emersion thermometer housed in a well-
stirred cylinder of water. Because the sampling bottle
passed through the entire water column both before
and after collecting the sample, and was exposed on
deck during the actual temperature measurement, the
procedure introduced additional possible sampling er-
ror. Tests suggest that the accuracy of the measure-
ments is +0.2°C (Draxler'). For each month the three
replicate measurements at each of the three stations were
averaged to yield a single temperature value for the month.

The oxygen concentration one meter above the bot-
tom was measured each month at station NY6 from
1983 to 1990. From 1985 to 1990, the oxygen concen-
tration approximately 0.1 m above the bottom was also
measured at the same time to provide a measure of the
near bottom oxygen gradient. During the 12-MDS study
(July 1986—August 1989) two observations usually were
made on two successive days, and the four values were
averaged. During the other periods, generally only a
single observation was made. Water samples were col-
lected by Niskin bottles, and the oxygen concentration
was determined by a modified Winkler titration method.

Current Meter Temperature Measurements

Current meters deployed in the 12-MDS study were
equipped with thermistors to measure water tempera-
ture. Even after biofouling interrupted the measurement
of currents, the thermistors continued to function prop-
erly. Deployments M3 (1987-88) and M4 (1988-89) were
within about 5 km of each other (Manning, 1995). When
combined, these measurements provide a nearly continu-
ous time series of temperature one meter above the bot-
tom from May 1987 to June 1989. The bottom depth at
M3 was 36 m; at M4, 27 m. The accuracy of the tempera-
ture measurements is #0.2°C. The data were averaged to
yield a time series of daily bottom water temperatures.

Other Data Sources

The MARMAP sampling program included one station
within the inner New York Bight. Station 55 (40°26'N,

! A. Draxler. NMFS Sandy Hook Laboratory, Sandy Hook, NJ 07732.
Pers. comm., June 1991.

73°50'W) is within about 5 km of the replicate stations
and the locations of moorings M3 and M4, and it is at
approximately the same water depth (30 m). From
1977 to 1987, station 55 was occupied 40 times. Annual
cycles of the bottom temperature and the average water
column temperature and salinity were calculated from
these observations using the method described by Moun-
tain and Holzwarth (1989).

Hourly-averaged observations of surface water tem-
perature, air temperature, and wind velocity were ob-
tained from the Ambrose Tower at the entrance to New
York Harbor.

Results

To illustrate and compare the water properties ob-
served in the different surveys, volumetric temperature
and salinity distributions were calculated for each sur-
vey. While the various surveys covered slightly different
areas, volumetric analyses were done for the area north
of 40°09'N and west of 73°36'W, which was common to
all surveys. The volumetric calculations were made fol-
lowing the method of Mountain and Jessen (1987),
using a cell size of 0.5°C and 0.2 Practical Salinity Units
(PSU).

Volumetric temperature and salinity distributions for
the six complete surveys of the inner New York Bight in
1987 and 1989 are presented in Figures 2a—f. The vol-
ume-averaged temperatures and salinities for each dis-
tribution are listed in Table 2. The surface and bottom
distributions of both temperature and salinity during
the two June 1989 surveys are presented in Figures 3-6.
Surface and bottom distributions of temperature and
salinity, and the vertical distribution of temperature,
salinity, and density at each station for all seven cruises
in Table 1 are presented in Taylor and Mountain (1991).

Table 2
Volume-averaged temperature and salinity for six sur-
veys of the inner New York Bight. The volumetric distri-
butions of water properties for these surveys are shown ‘
in Figure 2a-f.

Dates Temperature (°C) Salinity (PSU)
14-17 May 1987 8.27 31.24 ‘
18-20 May 1987 8.74 31.43
18-26 August 1987 17.13 31.50 ‘
7-10 June 1989 10.72 31.41 ‘
15-17 June 1989 12.59 31.26

. 12-21 August 1989 18.74 30.90 ‘
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Figure 2
Volumetric temperature (°C)-salinity (PSU) distributions for
hydrographic surveys of the inner New York Bight: (a) 14-17
May 1987, (b) 18-20 May 1987, (c) 18-26 August 1987, (d) 7-
10 June 1989, (e) 15-17 June 1989, (f) 12-21 August 1989.
Volumes in km?.
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Surface temperature (°C) distributions for two surveys in June 1989: (a) 7-10 June 1989 and (b) 15-17 June 1989.
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Surface salinity (PSU) distributions for two surveys in June 1989: (a) 7-10 June 1989 and (b) 15-17 June 1989.

The monthly bottom temperatures, averaged from
the observations during each monthly replicate sam-
pling at stations R2, NY6, and NY11, are presented in
Figure 7 for January 1986 to November 1989. The an-
nual cycle of bottom temperature at MARMAP station
55 is included in Figure 7 as an indication of the long-
term, characteristic temperature conditions in the area.
The values from the replicate stations generally were
similar to the annual curve for station 55 except for the
summer of 1988, which was consistently about 2-4°C
cooler than the annual curve.

The bottom-temperature time series obtained from
the current meter observations in mooring deployments
M3 and M4 is presented in Figure 8. The data show that
large fluctuations in bottom temperature occured over
short periods of time, particularly in summer. The data
also indicate that bottom temperatures in the summer
of 1988 were 2-4°C cooler than in 1987.

The dissolved oxygen concentration one meter above
the bottom at station NY6 generally was high (>8 mg/1)

in the winter when the water column was well mixed
and low in the summer (<6 mg/1) when the column was
stratified (Fig. 9a). The summer minimum value in
both 1985 and 1989 was extremely low (<3 mg/1). No
trend in dissolved oxygen concentration associated with
cessation of dumping in 1987 is evident in the data. The
magnitude of the near bottom gradient in oxygen con-
centration, however, did exhibit a significant trend (Fig.
9b). Before dumping was phased out, oxygen concen-
tration just above the bottom in summer was about 0.5
mg/l lower than the concentration one meter above
the bottom. By the summers of 1988 and 1989, the
difference in concentration between the two levels was
essentially zero.

Discussion

The hydrographic data help provide answers to two
questions important in the interpretation of data from



26 NOAA Technical Report NMFS 124

LONG ISLAND

N
/;)
/}1
4
3
A

40.4

R
:\i'o

Ney
%EY
NGt i
0\.\-5 o\
S~ ®
@l
/g*
@ .o "
8

7
A
|
!

40.2]

h

0l
4
e
~—a
/—.G
N\,
N

0.0 0/9 o\n
. / .

LONG ISLAND

398 39.8 \,
}
3.6 3.6 o\ 'i‘
@ ~
(a) [ ] (b)
BAT 73T PAR:S 738 YAR) 737 730 PAZ 7T EAL] RANS RAR) 737 730
Figure 5

Bottom temperature (*C) distributions for two surveys in June 1989: (a) 7-10 June 1989 and (b) 15-17 June 1989.

other components of the 12-MDS study. First, what is
the temporal and spatial variability of the physical envi-
ronment in the region around the dumpsite? Second,
were the environmental conditions during the dumpsite
study representative of the long-term conditions in the
region, or were they significantly unusual?

A view of the spatial variability in water properties is
provided by the 1987 and 1989 surveys (Table 1). The
May-June surveys occurred after seasonal warming had
begun, coastal runoff had peaked, and the water col-
umn had begun to stratify. The August cruises occurred
after stratification was well established. The surface and
bottom distributions of temperature and salinity dur-
ing 7-10 June 1989 (Figs. 3a, 4a, ba, 6a) illustrate the
spatial distribution of water properties under these con-
ditions. While the surface temperature is relatively uni-
form across the area, the surface salinity distribution
distinctly shows the Hudson-Raritan plume as a near-
shore band of low-salinity water. As the water moves
southward along the New Jersey coast, the plume ex-
tends an increasing distance from shore. The salinity

contrast between the plume and the other surface wa-
ters is greater than 2 PSU. The bottom distributions
show increasing salinity and decreasing temperature as
the water depth and distance from the coast increase. A
tongue of low-temperature, high-salinity bottom water
is evident, extending into the northern part of the
inner Bight along the axis of the Hudson Shelf Valley.

Data from each of the three sampling programs also
provide insight into the temporal variability of water
properties in the New York Bight. This variability oc-
curs on shortterm (daily or weekly), seasonal, and
interannual time scales—each of which is evident in the
data sets, as described below.

Short-term Variability

The short-term variability of water properties is best
illustrated by the time series of bottom water tempera-
ture obtained from the current meters (Fig. 8). In-
creases and decreases of more than 4°C may occur in
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(a) Dissolved oxygen concentration one meter above the
bottom at replicate station NY6. The solid line segments
represent the stratified season (May—October). (b) The dif-
ference in dissolved oxygen concentration between 0.1 m
and 1.0 m above the bottom during the stratified season. The
dashed line represents the linear regression of the near bot-
tom oxygen gradient against time (years). The regression
equation is given in the figure.

less than a day. Most of these events are associated with
wind events and the subsequent upwelling or
downwelling of water in the region of the Hudson Shelf
Valley (Manning, 1991). For example, during the pe-
riod of largest variability in the 1987 data (calendar
days 150 to 300), the change in daily averaged tempera-
ture is significantly correlated with the daily averaged
eastward wind stress measured at the Ambrose Tower
on the previous day (R=-0.53, P<0.01). Winds toward
the east are associated with subsequent decreases in
bottom temperature, while winds toward the west are
associated with increases in temperature, consistent with
wind-driven upwelling and downwelling, respectively
(Manning, 1995). In summer, large temperature gradi-
ents exist vertically through the water column (the
thermocline) and horizontally along the bottom with
increasing bottom depth (Figs. 3, 5). As a result, wind-
induced displacements of water along the bottom
through upwelling or downwelling can result in rapid
changes in bottom temperature, as indicated in Figure 8.

Data from the survey cruises illustrate short-term
changes in water properties throughout the water col-
umn and across the whole inner New York Bight. The
two surveys of the inner Bight in May 1987 occurred
only a few days apart (14-17 May and 18-20 May). The
volumetric temperature and salinity distributions (Figs.
2a,b) indicate little change in water properties over
that period. However, the disappearance of the small
volume of low-salinity (<29 PSU), high-temperature

(>12.5°C) water that was present on the first survey
(Fig. 2a) and the appearance of a peak at about 31.4
PSU and 11.5°C on the second survey (Fig. 2b) may
have resulted from mixing caused by strong winds be-
fore and during the second survey (M. Ingham, NOAA/
NMEFS, Narragansett, RI, personal communication). The
two surveys in June 1989 occurred a week apart (7-10
June and 15-17 June). A comparison of the volumetric
temperature and salinity distributions indicates signifi-
cant change in the water properties between the sur-
veys (Figs. 2d,e). In the first survey a large portion of
the volume occurred in a relatively narrow temperature
and salinity range and represented the cooler, more
saline waters below the thermocline. The warmer and
fresher water in and above the thermocline occurred
over a wide range of values, but amounted to a rela-
tively small volume of water. In the second survey the
volumetric distribution was more bimodal, and most of
the low-salinity water (<29.5 PSU) evident in the first
survey had disappeared.

Comparing the bottom temperature and salinity dis-
tributions of the two June 1989 surveys (Figs. 5, 6)
shows an increase in the area of warm, lower salinity
water along the coasts and a general southeastward
retreat of the isotherms and isohalines between surveys.
These changes suggest the occurrence of either a
downwelling event between the surveys or an upwelling
event before the first survey with relaxation to pre-
upwelling conditions between the surveys.

An upwelling or downwelling event could be driven
by a strong eastward or westward wind stress, respec-
tively. The wind direction during this period, however,
ranged from northeastward to southeastward, with no
strong, sustained event to cause significant upwelling
or any westward component of windstress to drive
downwelling. Also, the current measurements do not
indicate the occurrence of either a sustained upwelling
or downwelling event (Manning, 1995). No obvious
explanation exists for the change in water properties
that occurred in the week between the two June 1989
surveys (Figs. 3-6).

Seasonal Variability

The characteristic seasonal change in water properties
in the inner New York Bight is indicated by the observa-
tions at MARMAP station 55. The annual cycles of water
column average temperature and salinity at station 55
are shown in Figure 10. Both the mean cycle and =1
standard deviation about the mean are plotted. There
is about a 14°C range in temperature from the mini-
mum in late winter to the maximum in late summer.
The range of the annual cycle in salinity is 0.6 PSU with
the maximum in winter and the minimum in summer.
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A specific example of seasonal change in water prop-
erties is illustrated by the difference in water properties
between the first survey in June 1989 and the survey in
August 1989 (Figs. 2d, e; Table 2). As expected, the
water column was warmer in August than in June. The
water column in August was also somewhat lower in
salinity. This lowering of salinity probably reflects the
continued accumulation in the shelf waters of the spring
and summer river runoff.

Interannual Variability

The bottom temperature data from the monthly obser-
vations at the replicate stations indicate that 1986, 1987,
and 1989 were similar to the long-term average condi-
tions at MARMAP station 55 (Fig. 7). The summer of
1988, however, was 2—4°C cooler than the other years.
The time series of bottom temperature measured by
the current meters also shows the summer of 1988 to be
cooler than 1987 (Fig. 8).

The interannual variability in the inner New York
Bight, as a whole, is indicated by comparing the average
water property values for the 12-MDS surveys (Table 2)
with the water column average temperature and salinity
at MARMAP station 55 (Fig. 10). The data in Table 2
represent the entire region and not just one station.
Still, the data in Table 2 (plotted as filled circles in Fig.
10) agree quite well with the annual cycle for station 55,
falling within one standard deviation of the calculated
annual cycles. The average salinity values for the 12-
MDS surveys are somewhat low compared to the salinity
at station 55 because the surveys include the low salinity
Hudson-Raritan plume along the New Jersey coast. No
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hydrographic surveys of the inner New York Bight, how-
ever, were conducted in 1988, when the other data sets
considered here indicate unusually cold temperatures.

Unusually cold conditions in 1988 were also reported
by Jossi and Benway (1990). Using a long time series of
monthly expendable bathythermograph (XBT)
transects across the shelf from New York Harbor, they
show the summer and fall of 1988 (June to October) to
be 2-4°C cooler along the bottom up to 50 km distance
from shore. They also show the surface temperatures to
be 1-2°C cooler at the same time.

The unusual conditions in 1988 appear to have per-
sisted from about calendar day 150 to day 300 (Figs. 7,
8). The average values of air and water temperature
and wind data measured by the current meters and at
Ambrose Tower during this period in 1987 and 1988
are listed in Table 3. The bottom water temperature
was 2.9°C cooler, the surface temperature was 1.3°C
cooler, and the air temperature was 0.5°C cooler in
1988. The smaller differences in the air and surface
temperatures suggest that surface atmospheric cooling
was not the primary cause of the observed low bottom
temperatures in 1988. The average eastward wind stress
during the period of interest in 1988 was more than
double that of 1987. The greater eastward stress could
drive upwelling circulation, which would bring cooler,
deeper, offshore water into the Bight. The average
bottom current along the axis of the Hudson Shelf
Valley was 0.4 cm/s (down valley) in the summer of
1987 and -1.0 cm/s (up valley) in the summer of 1988
(table 1a in Manning, 1995). A wind-driven upwelling
would be confined near the coast and not affect condi-
tions on the outer, deeper parts of the shelf, consistent
with the observations of Jossi and Benway (1990).
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Table 3
Average values for parameters measured at Ambrose
Tower and bottom temperature measured by current
meters during the period calendar day 150 to day 300
in 1987 and 1988.

Year
1987 1988

Ambrose Tower

Air temperature ("C) 19.6 19.1

Surface temperature (°C) 19.2 17.9

Eastward wind stress (dynes cm™) 0.24 0.57
Current meter

Bottom temperature (°C) 11.5 8.6

Near-bottom oxygen values typically decrease in the
summer because of the development of density stratifi-
cation in the water column and the decay by near-
bottom processes of settled organic material (Fig. 9a).
In the New York Bight, with anthropogenic nutrient
loading, this oftens results in hypoxic conditions
(Swanson and Parker, 1988). The near-bottom gradi-
ent in oxygen concentration is an indication of the rate
of bottom decay processes relative to the rate of vertical
mixing near the bottom. The summer near-bottom oxy-
gen gradient in the 12-MDS region decreased during
the study (Fig. 9b). The existence of the gradient in the
earlier years suggests that the seabed oxygen demand
was sufficiently large that the time scale of oxygen up-
take was shorter than the time scale of mixing within
the bottom one meter of the water column. The disap-
pearance of a gradient after dumping had ceased sug-
gests that the seabed oxygen demand was greatly reduced,
assumedly because of a reduced flux of material to the
bottom, and that mixing maintained nearly uniform con-
ditions in the bottom meter of the water column. This is
consistent with the direct measurements of seabed oxygen
consumption reported by Phoel et al. (1995).

Conclusions

The oceanographic conditions observed during the 12-
MDS study were representative of the characteristic
conditions for the area, except for the summer of 1988.
From about calendar day 150 to day 300 in 1988 the
bottom temperature in the inner New York Bight was
2-4°C cooler than generally observed in other years.
The cause of the cooler conditions is believed to be
upwelling, driven by unusually strong eastward wind stress.
The temperature deviations in 1988 were great enough
to have affected some biological and chemical processes
studied by other components of the 12-MDS study.
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ABSTRACT

Current meter moorings were deployed in the vicinity of the 12-mile sewage sludge
dumpsite in water depths ranging from 20 m (near the mouth of New York Harbor) to 53 m
(within the Hudson Shelf Valley) and at various times of the year, from July 1986 through
June 1989. A total of 10 usable instrument records ranging from one month to one year in
duration were obtained. Eight of the ten are near-bottom records.

Both seasonal and geographic variability of wind-induced flow were examined. The wind
is most efficient in driving the low-frequency (2-10 day) current during winter when the
water column is well mixed and when the eastward component of the wind often induces
and sustains an up-valley (northward) bottom flow. Maximum efficiency occurs for wind
from 300° (WNW) and at those sites located within the Hudson Shelf Valley.

A continental shelf bottom boundary layer model is applied to estimate resuspended
sediment transport. Model inputs include the bottom currents (observed), orbital wave
velocities (estimated), and sediment grain size (from the literature). Model output indi-
cates that sediment resuspension occurs approximately 5% of the year, primarily during
winter months. Given an along-valley gradient in sediment transport that changed sign
depending on the timing and degree of a) wave-induced resuspension and b) wind-induced
flow, episodes of both deposition and erosion occurred. The estimate of net deposition/
erosion for the Christiaensen Basin (+0.02 mm) for the particular six month focus of
investigation was no greater than that for individual storms.

Introduction

For more than half a century, municipalities of New
York and New Jersey dumped sewage sludge at a site
located approximately 12 nmi south of Ambrose Light
Tower, east of Sandy Hook, New Jersey (Fig. 1). In late
1987, after several years of litigation, the site was closed
owing to elevated levels of pollutants found in both the
sediment and biota (Environmental Processes Division
(EPD), 1988).

In July 1986, the National Marine Fisheries Service
(NMFS) began a three-year multi-agency observational
program to monitor the response of habitat and biota
to cessation of sewage sludge dumping (EPD, 1988).
Biological, geological, and chemical samples were col-

lected on several space and time scales to assess envi-
ronmental change.

One component of this multi-disciplinary effort was
the deployment of bottom current meters. In an at-
tempt to document storm events that may induce sedi-
ment erosion and transport, moorings were anchored
at several locations in the vicinity of the dumpsite from
July 1986 through June 1989 (Fig. 1). This paper attempts
to a) explain the current variability in terms of meteoro-
logic forcing functions and b) make order of magnitude
estimates of the resuspended sediment transport.

Much of the pre-1986 physical oceanography per-
taining to the New York Bight was conducted during
the NOAA Marine EcoSystem Analysis (MESA) Pro-
gram in the mid to late 1970’s. Using data from a set of
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Figure 1
Current meter mooring locations relative to New Jersey, Long
Island, the Hudson Shelf Valley, and the 12-mile dumpsite.

current meter moorings deployed for two months dur-
ing fall 1973 within the upper Hudson Shelf Valley
(HSV), Nelson et al. (1978) were the first to present
quantitative evidence of wind-induced along-valley flow.
They were able to estimate an up-valley flow from Octo-
ber to April and a down-valley flow the remainder of
the year by means of a simple model with local wind
conditions as input. A more detailed model, including
three-dimensionality and both wind- and density-driven
dynamics, is presented in Han et al. (1980). Mayer et al.
(1982) summarized a more extensive set of current
observations, from spring 1974 to spring 1977, in order
to present direct evidence of the wind-induced variabil-
ity: eastward winds driving up-valley flow and westward
winds driving down-valley flow. They were able to show
differences in the variability due to the cross-shelf loca-
tion, depth, frequency, and the degree of stratification.

In addition to supplementing the existing MESA da-
tabase, the data reported in this paper provides time
series of bottom currents throughout the year at a
location which is closer to the dumpsite near the shal-
low head of the HSV. While MESA observations of
wintertime currents were limited to sites further off-
shore (LT6 and LT7 in Mayer et al., 1982), our new
dataset documents the dynamic and often substantial
winter flow that, with the addition of wave-induced
resuspension, may govern the annual transport of sedi-
ment in the vicinity of the dumpsites. While MESA
studies reported bedload transport estimates (Gadd et
al.,, 1978; Lavelle et al., 1978; Vincent et al., 1981), our
study focuses on an important mechanism of pollutant
dispersion, the resuspended component of sediment
transport.

Methods

Data Collection

The vector averaging current meter (VACM) deploy-
ments for this study began with a single pilot mooring
in summer 1986 (Fig. 1). This mooring (site 9) had
three instruments at depths of 14, 28, and 44 m; al-
though the bottom meter failed due to an electronic
problem (Table 1). In May 1987, a set of seven moor-
ings with bottom meters (approximately 1 m off bot-
tom) was deployed. Owing to both fish trawling and
bio-fouling, parts of the 1987 records were lost, includ-
ing two complete mooring records. Records were re-
covered fromssites 1, 2, 4, 5, and 6. Three more moorings
(sites 1, 3, and 9) were deployed in May 1988, cleaned
in November 1988, and recovered successfully in June
1989.

The moorings were deployed near the head of the
HSV in water depths ranging from 20 to 53 meters. The
sites were chosen based on a) distance to the 12-mile
dumpsite and b) direction of local bathymetric gradi-
ents. The objective was to document the degree of
spatial variability that may be due to topographic and
hydrographic conditions. Those moorings closer to the
New Jersey shore, for example, were expected to show
the effects of the Hudson-Raritan estuarine plume.

Environmental data, collected at offshore NOAA
tower and buoy stations, were obtained from either the
National Climatic Data Center (NCDC) or the National
Oceanographic Data Center (NODC). Hourly average
wind velocities were available for the entire study pe-
riod from Ambrose Light Tower, located a few miles
north of the study area (Fig. 1). Surface wave informa-
tion was also available for the entire study period from
cither Delaware (Buoy 44012) or Nantucket (Buoy
44008). Surface wave information from Ambrose Light
Tower and the Nantucket Buoy, collected concurrently
for the first six months of 1990, was obtained as well.

Analyses

Currents—Since low-frequency storm events (2-10 day
band) that may transport sediment in or out of the
study area are of most interest, the current meter records
were filtered to remove the diurnal and semi-diurnal
tides (Manning, 1991). A 33-hour low-pass filter de-
scribed by Flagg (1977) was used. All of the subsequent
wind-current analyses, unless otherwise stated, were con-
ducted on the filtered dataset. The raw current meter data
(unfiltered), however, are used in sediment transport
calculations in order to include the full effect of the tide.

Standard spectral-analysis techniques (Bendat and
Piersol, 1986) were applied to the current-meter and
wind data to compute the coherence and phase be-
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Table 1
Current meter (a) and wind statistics (b) from the 1-hour averaged time series.
Water  Instr Good Data Eastward Northward Speed

Sta. Depth Depth North West Start  Stop Mean Std Mim Max  Mean  Std Min  Max Mean Std Max

# (M) (M) Lat Lon (Time MM/DD/YY) (CM/S) (CM/S) (CM/9)
1A 20 19 40276 73522 07/11/87-08/18/87 0.77 4.77 1525 -032 618 -20 36 6.13 4.90 37
B 06/27/88-10/10/88 -0.28 8.70 25 26 -117 1161 -24 32 1338 573 38
c 11/16/88-06/26/89 -1.04 7.14 -28 28 117 1050 -33 31  11.68 522 35
2 22 21 40234 73522  05/09/87-07/08/87 -2.01 6.98 -21 18 224 949 27 21 1098 5.21 3l
3A 36 35 40 258 73 48.0  05/06/88-08/31/88 -1.02 5.36 -17 15 020 803 -18 23 8.89 388 24
B 11/16/88-06/26/89 -0.70 5.58 =27 16 508 981 -23 45 1056 6.50 45
4 27 26 40 26.4 73 444 05/09/87-08/16/87 0.37 6.55 -16 18 -0.42 619 =20 17 830 356 20
5 26 25 40 24.0 73 444 05/09/87-07/09/87 -1.01 6.06 -15 20 -263 798 =26 17 946 432 27
6 53 52 40 192 73 474  05/09/87-08/27/87 -0.14 2.32 -10 9 108 925 -3 2 795 538 35
9A1 44 14 40 21.0 73 474  06/30/86-09/28/86 163 10.40 =27 38 379 1375 40 43 1540 877 46
9A2 28 06/30/86-10/31/86 0.03 577 -19 2 598 981 -20 64 10.08 7.99 65
B 41 06/26,/88-06/07/89 -0.72 3.90 =30 13 411 1341 50 54 1222 794 55

Water  Instr ~_Good Data Eastward Northward Speed

Sta. Depth Hght. North West Start  Stop Mean Std Mim Max  Mean  Std Min  Max Mean Std Max

# M) M) Lat Lon (Time MM/DD/YY) (M/S) (M/S) (M/$)
Ambr 25 49 40300 73 48.0  05/01/86-10/30/86 1.56 4.77 -16 13 022 498 -17 14 6.29 3.23 18
Lght 01/01/87-12/31/87 0.84 5.55 -19 17 110 546 =21 20 700 3.70 23
Towr 01/01/88-12/31/88 2.45 4.93 =21 17 -057 582 20 18 715 3.66 22
01/01/89-06/30/89 0.96 5.62 =22 15 -0.52 547 =20 18 6.98 373 22
01/01/90-06/30/90 2.15 5.83 -18 16 -016 615 -20 18 781 394 22

.

tween sites, including both current-current and wind-
current relationships.

Winds—Hourly-averaged wind speed and direction, re-
corded at 49 m above sea level at Ambrose Light Tower,
were first filtered to remove spurious data by replacing
any values greater than two standard deviations from a
10-hour running mean with that same mean. The fil-
tered values were then converted to wind stress at the
air-sea interface according to the method of Large and
Pond (1981). Computed wind stress (dynes/cm?) val-
ues were then used to compute wind-current relation-
ships. To test the efficiency of wind in driving the
subtidal bottom flow (V), a transfer function (H) was
calculated as a linear response to the Ambrose Light
Tower wind stress (W):

V() = H(f) W(f)

where f represents frequency. H(f) is non-zero only at
frequencies for which the input (W) and the output (V)
are significantly coherent.

Waves—Linear wave theory was used to estimate near-
bottom wave characteristics. The entire wave spectrum
for each hourly observation was supplied by NODC. It
was then possible to determine the dominant wave
heights and frequencies. Given the water column depth,
the resultant root-mean-square (rms) orbital wave ve-
locity and excursion amplitude were calculated for each
hourly observation.

Because wave information was not recorded at
Ambrose during the deployment period, remote obser-
vations were used. A correction factor (gain) and a lead
(phase) time were applied to measurements made at
the Nantucket Buoy based on six months of observa-
tions made during 1990 and were simultaneous with
Ambrose measurements. Gain factors of 0.45 and 0.59
for rms orbital velocity and excursion amplitude, re-
spectively, were applied with a 9-hour lead time. These
figures were obtained for the 2-10 day band (unsquared
coherence=0.64).

Sediments—Sediment samples were taken at several
sites on a bimonthly basis during the study period in
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order to monitor levels of bacteria, toxic metals, and
grain size. Because the grain size information was not
available at the time of this writing, earlier samples
reported by Hathaway (1971) were used as input to the
bottom boundary layer model. Reported distributions
at each site were proportioned into a maximum of four
sediment phi classes (see Table 2).

Sediment Resuspension and Transport—In order to
estimate the amount of resuspended sediment trans-
port at individual sites, a bottom boundary layer model
(Grant and Madsen, 1979; Glenn and Grant, 1987) was
applied to the data from the second and third deploy-
ments. Inputs to the model include 1) estimated ampli-
tudes (1.41 times rms) of bottom orbital wave velocity,
2) amplitudes of bottom wave excursion, 3) observed
currents at one meter above the bottom, and 4) sedi-
ment grain-size distributions. The angle between the
currents and the waves is assumed to be zero. The
model accounts for the non-linear wave and current
interaction, sediment-induced stratification, variable fall
velocities for different grain sizes, changes in bottom
friction due to the formation of ripples and moveable
bedforms, and the associated modifications of velocity
in the near-bottom layer. A detailed description of the
model is given in Glenn and Grant (1983) and sensitiv-
ity studies are reported in Goud (1987). Outputs of the
model include estimates of 1) bottom roughness, 2)
sediment concentrations above the bottom (categorized
according to grain size and distances above the bot-
tom) and, given the estimated velocity profile, 3) the
vertically-integrated sediment transport.

Results

Currents

Basic current statistics, i.e. mean, standard deviation,
and range at each site, are listed for both the eastward
and northward unfiltered raw velocities as well as the
vector speed for the entire deployment period (Table

1). The maximum flow is shown to be an order of
magnitude greater than the mean and, sometimes, in
the opposite direction. At mooring 6, for example, the
mean flow is to the north at about 1 cm/s, but the
maximum flow was recorded to the south at 36 cm/s.
The standard deviations are also much greater than the
means.

Time series of the low-pass filtered bottom currents
for all deployment periods are plotted along with the
estimated eastward wind stress at Ambrose Light Tower
(Fig. 2). The two upper water column records (9A1 at
14 m and 9A2 at 28 m) from the 1986 deployment show
that as the season progressed into fall, the currents
increased. While both instruments recorded primarily
northward flow, there appears to be a counter-clock-
wise turning of current with depth. For the summer of
1987 (1A, 2, 4, 5, and 6), the channelized flow of the
deeper HSV site is depicted by the north/south (along-
valley) orientation of the lowermost stick plot (6). The
large event, for example, on 21 May 1987, indicating
strong down-valley flow, is apparent at sites 2, 4, and 5,
although in a less intense, multi-directional sense. For
the full year deployment of June 1988 through June
1989 (1B, 1C, 3A, 3B, and 9B), the largest events are
directed up-valley in the winter and appear to persist
for several days. Examples of this persistent up-valley
flow can be seen at all three moorings around 1 Decem-
ber 1988 and 8 February 1989.

The distribution of currents are presented with re-
spect to direction (Fig. 3), speed (Fig. 4), and fre-
quency (Fig. 5). Polar bar charts were made for current
measured during the full year (June 1988—June 1989)
current meter deployment and for wind measured at
Ambrose during that same time (Fig. 3). The first col-
umn (Fig. 3a) represents the directional distribution
(in percent time) of “all” observations while the second
(Fig. 3b) and third columns (Fig. 3c) represent the
directional distribution of “extremes” during summer
and winter. Extremes are defined as percent time of
>20 cm/s current and >20 knot (kt) wind. The extreme
current at mooring 9, for example, was directed along
valley (north or south) for approximately 20% of the

Table 2
Sediment Grain Size Data (Hathaway 1971).
Phi Size %

Date

mm/dd/yy Sta # Lat Lon 0 1.6 2.0 2.5 3.0 3.5 4.0
10/25/63 1384 40 14.5 73 43.8 0 0 0 16 22 52 v/

07/26/64 1956 40 29.1 73 58.2 24 31 0 0 35 0 11
08/07/64 2007 40 30.1 73 459 0 0 38 29 17 16 0
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Figure 2
Low-passed current vectors for all current meter deployments (stick plots) and the eastward/westward wind stress from
Ambrose Light Tower (top panel) all subsampled four times daily. Eastward wind stress refers to wind blowing from the

west off the New Jersey shore.

time. A complete distribution of current speed (unfil-
tered hourly averaged) vs. percent time for mooring 9
indicates that the peak in this distribution lies in the
5-10 cm/s range due to the presence of tides (Fig. 4).
However, it is the less frequent extreme currents that
are the focus of this investigation. The distribution of
current variability vs. frequency is presented in terms of
spectral density (Fig. 5). While the spectrum peaks as
expected for the semi-diurnal tides and its harmonic,
the highest energy is associated with the lower fre-
quency (wind-driven) cycles.

Progressive vector diagrams for all three current meter
deployments are plotted (Fig. 6). (To fit the complete
record, the scale is different from the mapped area.)
The two good records from 1986 indicate a north-
eastward and northward flow for the surface (14 m)
and mid-depth (28 m) layers, respectively, with most of
the distance covered during the last two months, Sep-
tember and October (Fig. 6a). Records from summer
1987 demonstrate the spatial variability that may be
observed over one to three summer months and the
relatively stagnant conditions of that season (Fig. 6b).
In the final deployment shown in the rightmost panel,
mooring records 1C, 3B, and 9B depict strong north-
ward flow from December through February (Fig. 6¢).
At site 9B, for example, approximately 500 km of water

(a) (b) (c)
Winter

Summer
Extremes

ALL  Extremes

# :
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-

©

Y I1093 of time

Wind 4 4

Figure 3

Distribution of unfiltered current with respect to direction at
sites 1b, 1c, 3a, 3b, 9b, and Ambrose Light Tower for June
1988 through June 1989 including (a) all, (b) extreme sum-
mer, and (c) extreme winter observations. “Extreme” repre-
sents observations of >20 cm/s current and >20 kt wind. The
arrow, as shown in legend on the right, refers to % time.
Extreme current is usually northward and occurs in winter.
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Progressive vector diagrams for (a) summer—fall 1986, (b) summer 1987, and (c) spring 1988-spring 1989. Arrows indicate the
general direction of flow. Note that vectors have a different scale than the map area, and the starting point for 1986 mooring is
offset to prevent clutter (see Table 1 for dates data were collected).
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flowed by the spotin three months. Apparently, there is
aregion of strong divergence north of the study area.

The current ellipses are depicted with the length of
their axes associated with the standard deviation of flow
in the respective directions (Fig. 7). Filtered current data
was used in this calculation. The wind stress variability,
represented by the hatched ellipses, is shown to be multi-
directional (low ellipticity) unlike the current variability
which is shown to have a larger N/S component.

The coherence and phase of current meter deploy-
ments 1C, 3B, and 9B is presented for the 2-10 day
band (Table 3). The values above the diagonal refer to
the (N/S) flow and those below the diagonal refer to
the cross-valley (E/W) flow. While the along-valley flow
is fairly coherent among the three mooring locations,
the cross-valley flow coherence is far less. Consequently,
while the cross-valley flow is small compared with the
along-valley flow, it is evidently more sensitive to the
different bathymetric gradients. The phases computed
for each pair (relative to the 2-10 day band) are given
in hours where, for example, the value “9.5 (5.8)” indi-
cates that the east/west flow at mooring 9B leads that at

mooring 1C by 9.5 hours * 5.8 hours with 95% confi-
dence. Since this is the largest lag(-) /lead (+) between
moorings, it appears that the mooring sites respond
almost concurrently within this frequency band. Table
4 includes the coherence, gain, and phase between the
eastward wind stress and the northward flow at all sites.
Values are listed for low-frequency (<0.5 cycles/day)
currents only because higher frequency relationships
were not significant.

Sediment Transport

Estimates of resuspended sediment transport are given
in Table 5. The units are vertically integrated sediment
concentration times velocity. This may be written as
(cm? of sediment/cm?® of water) x (cm/s) layer thick-
ness which reduces to cm?/s.

The results indicate a very sporadic occurrence of
transport that occurs primarily during the winter months
and most often towards the north. As discussed below
however, the “mean” values are the result of only a few

40.6

e

40.4

5cm/s @) 5 dyn/cm?

¢y

—
>

|
|
L\

&
2 / J
@
s
3 /
w02 | i
L' (a) Summer—Fall 1986 P (b) Summer 1987 (c) Winter 1988—Spring 1989
40.0 I.'! l - L ! i ! | | ) } ] | I
741 73.9 737 735

Figu

re 7

Directionality of current variability represented by the current ellipses for (a) summer-fall 1986, (b) summer 1987, and (c)
winter 1988-spring 1989. The length of the major and minor axes of each ellipse correspond to the standard deviation of
the flow in their respective directions. The hatched ellipses are associated with the wind stress for the Ambrose Tower site.
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events that are orders of magnitude larger than other
events and may not be representative of the long-term
character of the entire region.

Nevertheless, both the episodic (event-driven) and
seasonal nature of the estimated transport can be de-
picted in a stick plot presentation (Fig. 8). The upper-
most panel is the orbital wave velocity measured off
Delaware and Nantucket for the second and third de-
ployments, respectively (Fig. 8a). (Note that values <20
cm/s are not plotted.) In order to depict more than a
few large events, it was necessary to log-transform the
sediment transport data (Fig. 8b). (Note that values less
than 10”7 cm?/s are not plotted.) During the second
deployment there was evidently a single event in late

Table 3
Coherence and Phase (hours) between current meter
mooring sites for 2-10 day band. Values above and
below the diagonal refer to along-valley (N/S) and
cross-valley flow (E/W), respectively. Values within pa-
renthesis refer to the 95% confidence interval.

Station 1C 3B 9B

1C Coh. .83 (.33) .83 (.33)
Phase -5.5 (2.8) -1.8 (2.5)
3B Coh. .54 (.33) 94 (.33)
Phase -1.8 (6.3) 3.0. (1.3)
9B Coh. .57 (.33) .63 (.33)
Phase 9.5 (5.8) 8.5 (5.0)

May 1987, mentioned above, during which the orbital
wave velocities exceeded 20 cm/s simultaneous with a
strong downwelling event (Fig. 2). The third deploy-
ment documents another relatively quiet summer pe-
riod followed by several up-valley (northward) transport
events that occurred in the winter of 1988-89. If the
arithmetic values for sediment transport are plotted in
this way (rather than order of magnitude), the smaller,
multi-directional events, such as those observed in Oc-
tober 1988, appear insignificant compared with the up-
valley winter events. Whether they are indeed
“insignificant” or not is left for the discussion below.

Discussion

Wind-Current Relationship

Coherence estimates indicate that nearly half of the
low-frequency current variability is explained by the
wind. Gain factors range from approximately 4.0 at
mooring 1 to 13.0 at mooring 6, indicating that the
wind forcing is several times more efficient at the deeper,
HSV site. Phase factors range from 0 to 85 degrees,
indicating that there is a quick setup time (usually less
than one day) between the wind and current velocity in
the 2-10 day frequency band.

To determine the wind direction that was most effi-
cient in driving the along-valley flow, the coherence
and phase between the flow and wind rotated around
the compass in 15° intervals were calculated. The re-
sults demonstrate the effectiveness of winds from the
west-northwest (or towards the east-southeast) (Fig. 9).

Table 4
W/E wind stress and N/S current relationship averaged over 2-10 day cycles.
Coherence Transfer Function
Record
95% Confidence Confidence Phase Confidence Length
Mooring Estimate Level Gain Interval (deg.) Interval (days)
1A <27 44 4.3 1.7 29. 2%. 27
1B .51 .38 3.1 2.2 65. 25. 103
1C 71 B 7 5.0 & 50. 20. 220
2 .78 34 7.4 2:2 37. 14. 49
3A .48 24 6.5 2.9 78. 28. 114
3B .59 24 6.5 1.7 85. 26. 187
4 7, .26 5.2 113 9. 16. 88
5 .70 34 9.2 3.4 0. 14. 55 |
6 .66 24 13.0 3.8 3. 15 88
9B .63 13 11.6 1.9 il 23 337 \
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Table 5
Estimates of Vertically-Integrated Sediment Transport in (cm?/s).
Eastward Northward
Sta # pts Mean Std Min Max Mean Std Min Max
1A 837 0.000000 0.000000 -0.000000 0.000000 0.000000 0.000000 -0.000000 0.000000
1B 1660 -0.000003 0.000045 -0.001633 0.000067 0.000002 0.000034 -0.000003 0.001165
1C 5283 -0.001448 0.093110 -6.759000 0.008456 -0.000142 0.008543 -0.602000 0.0232401
3A 711 0.000000 0.000000 -0.000000 0.000001 0.000000 0.000000 —-0.000000 0.000006
3B 4501 -0.000194 0.002481 —0.054550 0.001362 0.000187 0.003582 —-0.038760 0.0632801!
4 2293 0.000000 0.000005 -0.000108 0.000060 -0.000007 0.000111 -0.003973 0.000000
5 1384 -0.000004 0.000039 -0.001033 0.000000 -0.000010 0.000103 -0.002605 0.000001
6 2568 0.000019 0.000229 -0.000088 0.005868 -0.000325 0.003781 -0.089830 0.000004
9B 7427 -0.000011 0.002537 -0.033610 0.072400 0.001506 0.022900 -0.088630 0.5650001
"Includes winter observations.
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(a) Root-mean-square (RMS) orbital wave velocities (>20 cm/s) and (b) sediment transport estimates (log,, [cm?/s]).
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To determine whether the winds recorded during
the study period were representative of the historical
mean wind, the winds recorded at Ambrose Light Tower
(1987-89) were compared with those recorded at New
York City (NYC) and JFK Airport (JFK) (1948-65;
NCDC!). Using a definition of “strong” winds as those
exceeding 11 kt at NYC or JFK and 12.2 kt at Ambrose,
strong winds occurred approximately 11% more fre-
quently (52% vs. 41% of the time) during the study
(Fig. 10). It is impossible to claim a significant differ-
ence in the magnitude, however, since the relationship
between the three different recording stations (NYC,
JFK, and Ambrose) is uncertain. Given the difference
in the long-term mean of the two datasets, a gain of 1.11
(Ambrose, NYC, and JFK) was used nevertheless. While
winds during the study period included anomalous
strong southwesterlies, most of the time, as in the his-
torical case, strong winds came from the northwest quad-
rant, which are most effective in driving upvalley flow.

Resuspended Sediment Transport

Determining the dominant forces governing bottom
flow is only the first step in a multi-phased project to
estimate sediment transport in and around the 12-mile
dumpsite. The estimated orbital wave velocities, an im-
portant sediment resuspension mechanism, along with
low-frequency bottom current records at all sites (ex-
cept for summer 1986 when near-bottom current was

! NOAA, NESDIS, National Climatic Data Center, Asheville, NC
28801-2696, July 1991.

94 2-10day band, mooring #9 \

o
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Figure 9
Transfer function ([cm/s]/[dynes/cm‘z]) of the wind-cur-
rent relation for mooring 9, with one point per 15° of the
compass. Dashed lines represent the 95% confidence limits.

unavailable) were input to an empirical bottom bound-
ary layer model.

Before interpreting the results (Table 5, Fig. 8), there
are several considerations to take into account. The
first is that since the standard deviations of transport
estimates are at least an order of magnitude greater
than the means, it is impossible to claim that the mean
values are representative of the long-term (climatologic)
mean. The “means” calculated in this study are highly
influenced by a few events that may or may not be
characteristic of the area. The single storm event which
exhibited 71 cm/s orbital wave velocities on 14 Decem-
ber 1988, for example, resulted in maximum westward
transport of 6.8 cm?/s at mooring 1C. This single event
produced a “mean” transport over the entire deployment
period that was larger than the mean at any other site by.
an order of magnitude. Only after a careful use of the
historical wind data and both wind-current and wind-wave
relationships (beyond the scope of this report) will it be
possible to build a dynamical model accurate enough to
integrate and define the long-term sediment transport.

A second consideration is that these vertically-inte-
grated transport estimates are not the same as the net
sediment transport. Estimates reported in this paper
simply represent a “flux” of sediment that passed a
single point. The spatial gradients of these transport
estimates, however, give us the deposition/erosion rate.

HISTORICAL
(1948—-1965)

I 13 of time

STUDY PERIOD
(1987—-1989)

Figure 10

Directional distribution of historical (1948-1965, New York
City [NYC] and JFK airport [JFK]) strong winds vs. study
period (1987-1989, Ambrose Light Tower) strong winds.
“Strong” winds for NYC and JFK are those greater than 11 kt.
“Strong” winds for Ambrose Light Tower are those greater
than 12.2 kt. A gain factor of 1.11 came from the difference
in the long-term mean wind speeds of the two data sets. Most
strong winds are from the northwest towards the southeast.
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In order to obtain a more realistic representation of the
spatial gradients (i.e. divergence), it will be necessary to
apply numerical box modeling techniques to a dense
station grid that accurately represents changes in
oceanographic and bathymetric environments. Spatial
derivatives (due to the changes of surficial sediments,
orbital wave velocities, and currents) are needed to
accurately estimate sediment deposition/erosion
throughout the region. A preliminary investigation of
deposition/erosion is presented in a subsequent section.

Finally, the sediment transport estimates have not
included a correction for a depth of erosion limit. As
the fine grain deposits are depleted during a particular
event, there is inevitably a change in the magnitude of
resuspension as the composition of the bedload is modi-
fied to include mostly larger sand grains. (Estimates of
bedload transport are not included in the numbers
reported here.) It is therefore possible that the smaller
events depicted in the stick plot (Fig. 8b) may be as
“significant” as the larger events in terms of reworking
the available fine-grained material.

These results do suggest, however, the frequency, the
direction, and the order of magnitude transport to be
expected at the mooring locations themselves. Although
several sensitivity tests were conducted (i.e. alterations
were made in the model input variables such as a) not
applying the nine-hour phase lag for Ambrose vs. Nan-
tucket waves, b) allowing sediment grain size distribu-
tions to be 100% silt, c) applying a correction factor for
the cohesiveness of the sediment, and d) using non-
filtered current velocities), the final results were af-
fected by less than an order of magnitude. Since the
spatiotemporal variability of the estimates spans several
orders of magnitude, it appears that the model is suffi-
ciently robust for purposes of this study.

The seasonality of sediment transport (Table 5) is in
fact what one might expect from the wind-current rela-
tions described above. Estimates from moorings de-
ployed during the winter of 1988-89 (1C, 3B, and 9B)
are at least an order of magnitude larger than the
estimates from summer deployments. (The only excep-
tion to this observation is the case of mooring 6 which,
because of a single down-welling event in late May 1987,
has a mean southerly transport of 0.000325 cm?/s.)
The model estimates zero transport, in fact, for the
month-long deployment at 1A in summer 1987.

The conclusion that winter storm events dominate
the overall annual transport is in agreement with other
recent findings on the northeast continental shelf.
Tracer studies conducted in this area (Lavelle et al.,
1978) found that for over 135 days in the fall of 1973
nearly 90% of the transport occurred within a single
two-day December storm.

Event Analysis

It is instructive to take a closer look at a few of the
“events” that are so important to the long-term sedi-
ment transport, beginning with a wind event (Fig. 11a).
When the eastward winds apply stress that moves the
surface waters to the right (southward), a compensat-
ing return flow at depth (dashed line in Fig. 11b) is
directed up the HSV to the north with a lag time of
approximately 18 hours. It so happened that, for the
up-valley events on 29 December and 4 January and the
down-valley event of 7 January, the surface waves simul-
taneously generated orbital velocities at the bottom on
the order of 20 cm/s (solid line in Fig. 11b). Synergism
resulted in considerable sediment transport (Fig. 11c).
If, however, the surface wave energy had been com-
pletely out of phase with the along-valley flow event,
little or no transport would have occurred. The events
shown have a typical duration of less than 24 hours.

Deposition/Erosion

As mentioned earlier, there is an important distinction
to be made between the sediment transport estimates
and actual deposition or erosion at individual sites re-
ported in this paper at the respective sites. A simple box
model was used to calculate the important cross-shelf
gradients. Increasing water depth in the offshore end
of the box for example (Fig. 12), decreases wave-in-
duced resuspension which, in most cases, tends to de-
crease the amount of sediment transport. (Because we
are only interested in cross-shelf gradient in this highly
idealized model, the alongshelf gradients are set to
zero so that the model “boxes” are actually two-dimen-
sional rectangles.) In this way it is possible to make
estimates of deposition or erosion since what comes
into one side of the box is not the same as what exits
from the other side. The difference is what gets depos-
ited or eroded to or from the bottom. Since the errors
that have accrued thus far in the transport modeling
processes likely exceed any estimates of net sediment
transport, this last calculation is not attempted here. A
single example is presented, however, to make esti-
mates of deposition/erosion.

A single box extends from mooring 3 (36 m) to
mooring 9 (44 m) over a 8.5-km cross-shelf distance.
Given the characteristics of this idealized box repre-
senting the area of the Christiaensen Basin, the model
estimates episodes of both deposition and erosion. While
deposition slightly exceeds erosion during this period
of investigation (November1988-May 1989) by 0.02 mm,
the difference is no greater than the storm-to-storm
variability.

Three different storms were examined in detail. On
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Example of three sediment transport events including (a) the wind stress, (b) the root mean square (RMS) orbital wave velocity
and the subtidal flow near the bottom, and (c) estimate of log-transformed resuspended transport in cm?/s.
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Figure 12
Schematic of cross-shelf differences in wave-induced resus-
pension with the lighter stippled area representing resus-
pended sediment especially heavy in the shallower sites. Cross-
shelf gradients in wave-induced resuspension and other model
input parameters are needed to estimate net sediment trans-
port (see text).
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Figure 13
Examples of (a) mixed, (b) depositional, and (c) erosional events due to cross-shelf gradients in orbital wave velocity and

observed currents.

21 November 1988, the model estimates an event (Fig.
13a) that was at first depositional and later erosional
(total = +0.01mm). During the first half of this storm,
the observed current was significantly less at mooring 3.
Despite the larger orbital wave velocities at mooring 3,
the sediment was deposited because the sediment flux
leaving the basin was less than that entering. Later in
the storm, however, the sediment was eroded because,
while the current speeds at the two locations were simi-
lar in magnitude, the increased wave-induced
resuspension at the shallower site tended to carry more
sediment out of the basin than that which entered. The
storm that occurred on 21 January 1989 (Fig. 13b) was a
depositional event (total = +0.021 mm) while that which
occurred on 14 April 1989 (Fig. 13c) was an erosional
event (total =—-0.0016 mm).

If the orbital wave velocity decrease offshore was the
only cross-shelf gradient of input parameters, one would
expect deposition and erosion during periods of down-
valley and up-valley flow, respectively, but, as close ex-
amination of these events indicates, the cross-shelf
gradient in bottom flow may be important as well. In

order to resolve the spatial variability of the model
input parameters, it will be necessary to implement the
three-dimensional circulation models (wind-driven,
time-dependent) currently under development at vari-
ous agencies (Blumberg and Galperin, 1990; Scheffner
etal., 1991; OeyQ).

Conclusions

The subtidal flow field in the vicinity of the 12-mile
dumpsite is coherent among sites, especially for the
along-valley flow (0.83-0.94) and less so for the cross-
valley flow (0.54-0.63). Phases between sites are all less
than a half day for the 2-10 day storm band.
West-northwest winds, dominant during the winter
months, are most efficient in forcing northward flow

2 Oey, L-Y. 1991. Development of a three-dimensional model for
prediction of transport of accidental spills and hazardous waste
through New Jersey coastal waters. Year II: final report to the New
Jersey Dept. of Environmental Protection.
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both within the Hudson Shelf Valley (40-60 m) and at
sites on the shallower flanks (20-40 m), often in excess
of 25 cm/s for several days duration. During the re-
mainder of the year, the magnitude of the flow is ap-
proximately half as large and the direction of flow is
more variable.

A continental shelf bottom boundary-layer model
was applied to the observations of bottom currents,
bottom wave characteristics, and sediment grain size
data in order to obtain order of magnitude estimates of
resuspended sediment transport at all sites. The most
significant conclusions in terms of sediment transport
are that a) very few events contribute to the annual
transport at any one site, b) the resuspended transport
estimates are dependent on the simultaneous occur-
rence of wave-induced resuspension and wind-induced
flow, c) the frequency and magnitude of the transport
increases in the winter and is usually directed up-valley,
and d) the transport of sediment past a single location
is not the same as the net sediment transport.

Only with careful attention to the direction of bot-
tom flow events, the statistical probability of flow events
occurring simultaneously with wave-induced resus-
pension events, and the spatial gradients of these events
throughout the inner New York Bight, may one con-
tinue the very difficult task of estimating the net trans-
port of sediment in this very complex environment. It
will be necessary to apply a three-dimensional circula-
tion model that may eventually be coupled to both
surface wind-wave and bottom boundary-layer models.
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Audience Questions

Question: The theme of this conference is recovery,

and part of what controls recovery is the turnover time of

the water column. Based on your model, can you give us
an idea of what the turnover time is of water north of NY11
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(the reference site) or somewhere around your station 3?

J. Manning: Approximately one or two times per
month, a strong wind-induced event could cause an
advection of the water mass outside of the study area,
particularly in the wintertime. Depending also on the
position in the water column, a parcel in the upper
layer can be advected more easily. In the bottom layer,
depending on which way the wind is blowing, you may
get advection out of or into the New York Bight. From
this information, I would estimate the turnover time is
a couple of weeks.

Question: Can you say whether the wave and wind
energy over the study period were typical for the area?
Were there more or fewer storms—bigger or smaller
storms—than you would expect in the inner Bight?

J- Manning: A lot of these storms that occurred once
or twice per month were about the same magnitude in
terms of stress at the air-sea interface. I would not say
that any one particular storm was anomalous. They
were in the range of two to three dynes per square
centimeter, typical of the inner Bight.
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ABSTRACT

One consequence of sewage sludge disposal at the 12-mile dumpsite in the New York
Bight was accretion of a regional sediment-sludge reservoir. An assessment of its precessation
extent and postcessation fate was undertaken to study the dynamics of this reservoir as a
consequence of changing input. This assessment involved annual cruises to gauge the status
of the reservoir through physical erosion experiments and measurement of chemical and
microbiological contamination of representative stations. The key stations, chosen to repre-
sent the central stable reservoir, or near field, were distributed along the Hudson Shelf
Valley from the northern extreme of the Christiaensen Basin to the southeasterly extreme
of the Valley or entrance to the Hudson Canyon. A combination of sediment erodibility,
Clostridium perfringens spore counts, and sterol chemistry were useful in portraying reservoir
changes.

Assessment of the reservoir before cessation of disposal indicates major accumulation in
the Christiaensen Basin as a watery, black sediment (i.e. sewage sludge), often covered with
a Beggiotoa spp. network, growing to several centimeters above the sediment surface. How-
ever, some cruises indicated an apparent loss of this accumulation, which left behind a
stable, anoxic silty sand. This pattern suggests that the area is a major deposition site for
sludge, and periodic events resuspend that reservoir. It is hypothesized that down-valley
turbidity plumes are the source of sludge deposition. Stations radiating out from the basin
appear to have similar temporal patterns of accumulation but have smaller extremes in
accumulation and loss. Deposition and temporary accumulation of silt-sized particles from
other sources may continue along the valley after cessation of disposal.

It appears that continuous disposal resulted in a temporary sludge-dominated surface
reservoir, primarily in upper valley depressions, that was highly susceptible to resuspension.

*Formally with Science Applications International, Corporation.
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ABSTRACT (continued)

An underlying anoxic sludge-sand reservoir was gradually winnowed and aerated over 1-2
years, following cessation, to an oxic silty sand. Disposal at the 6-mile dredged material
(mud) dumpsite to the west of the sewage sludge dumpsite confuses the interpretation of
survey results because of probable input of contaminants as well as bacterial spores from
New York Harbor sediment. Deposition of contaminated fine sediment, from the mud
dumpsite and the Hudson-Raritan Estuary, are likely to keep contaminants and biogeochemi-
cal rates at elevated levels in the uppermost surface sediments in the Christiaensen Basin.
However, biological recovery is likely due to lower mass deposition and less severe hypoxic
conditions, the postulated mechanism of damage of shallow water sludge disposal.

Introduction

For 64 years (1924-87), up to 8 million wet tons of
sewage sludge was deposited annually at the 12-mile
dumpsite (12-MDS) in the New York Bight (Fig. 1). The
planned closure of the 12-MDS by the U.S. Environ-
mental Protection Agency (EPA) by 31 December 1987
was seen by the National Marine Fisheries Service
(NMFS), Environmental Processes Division (EPD), and
the EPA’s Atlantic Ecology Division at Narragansett
(EPA-AED), as an opportunity to study the fate of sew-
age sludge-contaminated sediments in the area (EPD,
1988).

The EPA-AED has focused on those sediment-chemi-
cal reservoirs perceived to impact regional water quality
and its biotic resources and on those processes respon-
sible for changes in these reservoirs. In addition to local
seabed problems such as degraded habitats and re-

duced productivity, the redistribution of particulate
and dissolved components of these reservoirs may af-
fect regional water and sediment quality. Reservoir sol-
ids, including vertically distributed microbes and
low-solubility compounds (Fig. 2), represent the key
exposures to marine biota, especially particle feeders.
For instance, the transient fluid mud layer may contain
the richest concentrations of organic carbon and pol-
lutants, and the layer is commonly ingested by suspen-
sion and surface deposit feeders.

A bathymetric map of the New York Bight and lim-
ited lithologic studies (Freeland and Swift, 1978) sug-
gest that fine-grained particles are likely to accumulate
in the Hudson Shelf Valley (HSV), especially in the
wider and deeper regions. Thus, it has been assumed
and verified that sewage sludge disposed at the 12-MDS
would settle and accumulate in the central Christiaensen
Basin (CB) and portions of the upper HSV. Key indica-

e 7 e
CHRISTIAENSEN Cr\fy}\%—) 50°30—!
EEN
400 —
Figure 1
Map of New York Bight indicating sampling
] transect along axis of Christiaensen Basin-
Hudson Shelf Valley-Hudson Canyon. The 12-
7 mile dumpsite is located between NY-6 and
- AL-86 and the 6-mile dredged material (mud)
dumpsite is located west of the AL-66/AL-39
HUDSON
I transect (1-2 km).
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Figure 2
Near-bottom particle transport and exposure compartments
(C=suspended solids concentration, U = water velocity). Sew-
age sludge on the sediment surface behaves much as the fluid
mud layer and, when mixed into the bioturbation layer, as
anoxic sand-silt.

tors of sludge-contaminated sediment are the presence
of Clostridium perfringens spores (Cabelli and Pedersen,
1982) and elevated levels of the fecal sterol coprostanol
(Hatcher and McGillivary, 1979; Venkatesan and Kaplan,
1990). Understanding the distribution of these sludge
indicators is critical to differentiating sludge contami-
nation from that resulting from other sources of silt,
such as the Hudson-Raritan Estuary plume and the
dredged sediment disposal site (the 6-mile mud
dumpsite), just west of the Basin (Fig. 1).

While the regulatory focus of sludge disposal at the
12-MDS is the contamination of sediment and shellfish
with human pathogens, ecological effects may be the
consequence of high deposition of fine particles and
the biogeochemical consequences of the resulting res-
ervoir of organic matter (i.e. high biological oxygen
demand, low dissolved oxygen and sulfate, and the
resulting mortality to postlarval and adult fauna). This
hypothesis for ecological damage suggests that the im-
pact of sludge disposal could be far greater than indi-

cated by bulk chemical inventory. Consequently, recov-
ery, recruitment, and growth of endemic benthic fauna
may occur independently of any changes in bulk
chemistry.

The objective of this study was to identify the sludge-
sediment reservoir prior to and following cessation of
disposal and to interpret the results in a transport con-
text. Transport and fate of the sludge-sediment reser-
voir, following cessation of disposal, was interpreted
from studies of sediment erodibility and its inventory of
sludge markers (chemistry and microbial spores). A
shift from unstable (e.g. highly erodible watery silt) to
stable (e.g. sand-silt) could mean loss of a silty cap by
resuspension, bedload transport of sand, or bioturbation
mixing with underlying sand (Davis, 1993). Knowledge
of chemical and microbial spore concentrations can
add such new information, as would knowledge of re-
cent storm events or dumping activity.

Methods

The study approach included assessment of sediment
erosion potential and sediment inventory of sludge
markers (C. perfringens spores, sterols, PCB’s, and trace
metals). Annual sampling cruises (1987-89) were made
to determine temporal and spatial erodibility patterns
of surface sediments and related patterns in sediment
sludge markers. The final sampling cruise of the study
area was made in June 1989, one and a half years
following cessation of sludge disposal. The cruises as-
sessed a sediment transect of the inner Bight, including
the Christiaensen Basin (CB) and the Hudson Shelf
Valley (Fig. 1). On each location along the transect,
samples were taken for sediment chemistry (metals,
PCBs and sterols), microbiology (C. perfringens spores),
and physical erosion tests.

Sediment Erosion

Sediment erodibility was measured with shear tests per-
formed with an oscillating perforated grid shearing
device termed a Particle Entrainment Simulator (PES,
Fig. 3) (Rouse, 1938; Davis et al, 1984; Tsai and Lick,
1986; Lavelle and Davis, 1987; Abdelrhman et al, in
press). An undisturbed core taken from an undisturbed
grab (no visible disturbance or resuspension) is sub-
jected to a low shear level (2 dynes/cm?) for up to an
hour. Resuspension or erodibility is measured by the
temporal accumulation of suspended solids over the
sediment. The core is then similarly subjected to higher
shear levels. A single test measures overlying suspended
solids concentration with respect to time, permitting
calculation of resuspension rates with respect to time
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Figure 3
The Particle Entrainment Simulator, or PES. The grid is 0.25
in plexiglass, 11.0 cm diameter, with 36 1.20-cm holes drilled
1.50 cm apart.

and shear (Abdelrhman et al, in press). The PES is
empirically calibrated with an annular flume (Fukuda
and Lick, 1980). The experimental stress levels (a func-
tion of oscillation frequency) were calibrated over a
range including 2, 3, 4 and 5 dynes/cm2 (0.16, 0.12,
0.10 and 0.08 sec/cycle). Since most experiments reach
steady state (resuspension = deposition), net resus-
pension with respect to shear can be estimated. A series
of shear tests was performed and total flux in g/m? was
measured at several sites, including the inner Bight and
the HSV transect (Fig. 1). Three cores from each site
were tested during each cruise. An example of three
core experiments is shown in Figure 4.
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Figure 4
Experimental results of a Particle Entrainment Simulator
(PES) test (AL-36-89: R/V Albatross IV Station 36, 1989). The
test began at time zero and continued until suspended solids
concentration were at or near steady state. Included in Fig-
ure are results from 3 replicate cores, each tested at 2, 3, 4,
and 5 dyne‘s/ch.

Sediment Chemistry

Sediment samples were extracted for PCB’s using an
acetonitrile/pentane extraction scheme described by
Pruell et al. (1990). The internal standards included
octachloronaphthalene for PCB’s and 7, (5a-) cholesten—
3B-ol for sterol analysis. The concentrated extracts were
fractionated using a 0.9 cm x 45 cm column which
contained 11.5 g of BioSil A silicic acid (BioRad Labo-
ratories) that had been fully activated, then 6.75% de-
activated with water. The first fraction (f;) was eluted
with 45 ml of pentane. A second fraction of 35 ml of
30% methylene chloride in pentane was discarded, and
a third fraction (f;) was collected using 35 ml of 30%
methanol in methylene chloride. The f, fraction was
treated with activated copper powder to remove sulfur
and then the f| and {, fractions were reduced in volume
and exchanged to 1 ml of hexane.

The f1 fractions were analyzed for PCB’s as Aroclor
1242 and Aroclor 1254 (Pruell et al. 1990). Each sample
was injected (1 ml, splitless mode) into a Hewlett Packard
5890 gas chromatograph with an electron capture de-
tector and a 30 m DB5 fused silica capillary column (J +
W Scientific). Helium was the carrier gas at a flow rate
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of 1.5 ml/min; a flow of a 95:5 mixture of argon:methane
to the detector was maintained at 35 ml/min. The oven
temperature was held at 60°C for 1 min and then pro-
grammed from 60° to 315°C at 10°C/min. The injection
port temperature was 275°C, and the detector was held
at 325°C.

The 3 fractions were analyzed for sterols as above
with the following modifications: the gas chromato-
graph was equipped with a flame ionization detector,
and the oven temperature was held at 150°C for 1 min
and then programmed from 60° to 315°C at 10°C/min.
Measurement of total coprostanol (sum of coprostanol
[58-cholestan—3B-ol] and epicoprostanol [58-cholestan—
3a-ol]) was made by comparing component/internal
standard peak height ratios in chromatograms of the
sample extracts to those of the quantitative sterol
standards.

Trace metals were extracted from sediments by ultra-
sonic agitation with 2M HNO3, and the extracted met-
als were separated from the sediment residue by
centrifugation. Inductively-coupled plasma emission
spectrometry was used to quantify the extracted metals.
The extraction procedure dissolves metals present in
the sediment in most chemical forms but does not
attack the sediment mineral matrix; consequently, the
concentrations measured provided an estimate of the

2000
1987
AL-39 + 2dynescm-2
® 3dynes cm-2
0 4dynescm-2
A 5dynescm-2
L]
1500 - r
—
q
E
(=]
~
c
2
g 1000
o
o
(2]
=3
[7]
[
1=
©
-
(=]
[
AL-21
AL-1
T T ) —
0 AL-68 25 50 75 100 125 150

Distance along Hudson Shelf Valley (km)

Figure 5

A summary of 1987 sediment erodibility in relation to

Hudson Shelf Valley bathymetry. Each data set is labeled
with the station prefix (AL-, NY-, R- or BS-), the station
number (e.g. —39), and the cruise year (87, 88, or 89). The
zero value is AL-83 (see Fig. 1).

maximum environmentally available metal concentra-
tions, rather than the absolute total concentrations of
metals in the sediment.

Microbial Sludge Indicators

Clostridium perfringens spores in station grab samples
were determined using a sonicate and settle extraction
procedure (Emerson and Cabelli, 1982) coupled with a
membrane filtration enumeration method (Bisson and
Cabelli, 1979). Briefly, sediments were suspended in
sterile distilled water, pulse-sonicated for 10 sec using a
Branson Sonifier model 350 fitted with an 1/8 inch
microtip at a 2-mil amplitude, and allowed to settle.
Supernatants were examined by filtering through
0.45mm membranes, which were anaerobically incu-
bated on MCP agar plates at 45°C for 20-24 hours.
Colonies of C. perfringens on the surface of the mem-
branes were confirmed by an in situ phosphatase assay.
Spores of C. perfringens per gram wet weight of sediment
are calculated from confirmed colony counts, and the
densities shown are the means from triplicate determi-
nations for each sample.
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Figure 6
A summary of 1988 sediment erodibility in relation to Hudson
Shelf Valley bathymetry (see Fig. 4 legend).
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A summary of 1989 sediment erodibility in relation to
Hudson Shelf Valley bathymetry (see Fig. 4 legend).

Results

Sediment Erosion

Results of each erosion test provide a measure of resus-
pended sediment (g/m2) with respect to time (up to 60
min) and applied shear (2, 3, 4, and 5 dynes/ch; see
Fig. 4). The slope of a best-fit asymptotic curve for each
stress level is an experimental estimate of time-depen-
dentresuspension rate (g/m?sec?), and the final steady

state-value is an experimentally determined estimate of

total resuspension at each shear stress level (Abdelrhman
etal, in press). Sediment erodibility along the Christiaensen
Basin and Hudson Shelf Valley Transect (Fig. 1) is sum-
marized for representative stations along this transect for
1987 (Fig. b; precessation) and for 1988 (Fig. 6) and 1989
(Fig. 7; postcessation). Each curve estimates the steady
state value of the quantity of sediment resuspended as a
function of experimentally applied shear stress.
Erodibility of inner New York Bight stations was highly
variable in both space and time (Table 1). The sedi-
ment ranged from highly erodible (watery anoxic silt)
to highly stable (medium to coarse sand and trace silt).
Station erodibility along the CB-HSV transect varied
according to depth and basin characteristics, valley width
and distance from the 6 and 12-mile dumpsites and
Harbor entrance. Upper CB stations (AL-83, R-2) are at
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Figure 8
Summary erosion response at NY-6 (steady-state sus-
pended solids concentration with respect to applied shear).
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Figure 9
Summary erosion response at R-2 (steady state suspended
solids concentration with respect to applied shear).

the upper rim of a shallow depression and sediment
varied between sand and sand-silt, with occasional silt
(lowest erosion values in inner Bight) (Fig. 1). Mid CB
stations (e.g. NY-6) varied between watery, anoxic silt,
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S S . N — . —
Table 1
Replicate station sediment features and experimental erodibility (g/m™? at steady state).
STATIONS
NY-6 R-2 NY-11
2 3 4 5 2 3 4 5 2 3 4 5
dynes/cm?
10/20/86
Erodibility
2.1 2.8 9.2 121.0 (too porous to run)
18.6 93.2 149.0 294.0
24 it 93.0 192.0
Sediment features
Anoxic sand-silt; large detritus (100-200 w flakes);
non-cohesive; Cerianthiopsis Sand w/silt; shell frag. Coarse, oxic sand, trace silt
3/18/87
78.0 153.0 228.0 326.0 1.0 2.1 8.8 33.4 (too porous to run)
166.0 310.0 480.0 650.0 — 2.7 12.1 44.4
Watery anoxic silt w/ Beggiotoa sp. Coarse, oxic sand; trace silt
5/12/87
13.8 25.6 54.2 314.0 1.4 54 29.4 99.5 (could not sample)
4.3 15.9 53.0 128.0
8/18/87
S 9.7 19.2 45.2 0.5 4.0 16.8 62.6 1.2 7 33 82
0.1 1.0 31.0 93.0 1.1 4.1 22.6 67.4
2.1 4.2 6.6 12.6
Anoxic silt, trace sand; large fibrous material Anoxic sand; trace silt; black flakes Coarse, oxic sand; trace silt
detritous; hard sand-silt below 2 cm; dense (100-300 p) Pherusa, Nepthys dominant;
Beggiotoa Cerianthiopsis
6/27/89
0.3 0.4 2:2 129, 5.6 18.8 58.0 128.0 (too porous to run)
0.5 2.6 7.5 39.8 4.5 26.9 76.8 310.0
1.0 4.2 73 21.7 2:2 9.0 36.3 135.0
2.1 19.8 90.7 203.0
Aerobic sand; dense worm tubes above interface Aerobic sand Coarse, oxic sand; trace silt
6/6/89
3.2 7.0 19.0 44.1 9.9 20.8 49.0 118.0 8.5 13 23 51
5.1 34.2 69.0 148.0
13.3 39.0 70.0 120.0
Aerobic sand; very porous Aerobic sand; anoxic sand-silt Coarse, oxic sand; trace silt

below 1 cm; [R] silt sand below 6 cm;
mature Nepthys

and semi-stable anoxic flakes (both essentially sewage study. Stations in the upper HSV (AL-69 and AL-66)

sludge) in 1986-87 but shifted to anoxic sand-silt and, consisted of semi-stable silt-clay throughout the study,
finally, oxic sand in 1988-89. Sediments at CB-HSV suggesting slow accumulation of fines and minor
transition stations (e.g. AL-71), nearest to the 6-mile resuspension events. The mid-upper HSV (AL-39, AL-

site, were generally silt-clay (unstable) throughout the 36) was deeper, wider, and highly unstable in 1987
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(watery anoxic silt and high spore levels) and was prob-
ably a sludge deposition area. Stabilization and reduced
spore concentration after cessation (still silt) suggest that
de-watering and cohesion followed reduced sludge depo-
sition. Stability and sand content increased down valley
(e.g. AL-31) and remained unchanged at AL-21 and AL-1.

Total resuspension with respect to shear stress for
three inner Bight stations (NY-6, R-2, and NY-11, “repli-
cate” stations) is summarized in Table 1 and Figures 8 and
9 (EPD, 1988; Pikanowski, 1995). Station NY-6 (Fig. 8),
located in the Christiaensen Basin, was most contami-
nated by sewage sludge (as indicated by C. perfringens
spores). Prior to cessation, NY-6 was periodically found
to consist of mostly deposited sludge (25 cm grab depth).
This condition (e.g. March 1987) was characterized by
black, watery silt, covered with Beggiotoa spp., and high
erodibility (Fig. 8; Table 1). On other occasions NY-6
was characterized by a stable and homogeneous anoxic
sand-silt (e.g. September 1987); intermediate condi-
tions were just as likely (e.g. October 1986). Temporal
variability suggests strongly that NY-6 rapidly accumu-
lated sludge during calm periods and, possibly, lost its
silty cap reservoir during storm events. Since cessation
(December 1987) NY-6 has gradually lost its anoxic silt,
to become characterized by an aerobic sand with a
minor silt fraction (1988) and a well-sorted sand with
just a trace of silt (1989).

Station R-2 is located at the northern edge of a shal-
low depression in the Christiaensen Basin. The major
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Figure 10
Total coprostanol concentration as a function of distance
along the Hudson Shelf Valley.

pattern found at R-2 included (1) a precessation anoxic
and stable sand-silt, (2) little evidence of accumulation
of sludge-dominated sediments (anoxic watery silt), and
(3) a gradual shift to oxic sand, consistent with high
energy winnowing (Table 1, Fig. 9).

Sediment characteristics at stations not located on
the CB-HSV transect were spatially patchy and suggest
caution when interpreting any station. AL-86, located
in the northeast section of the 12-MDS, consisted of
aerobic coarse to medium sand throughout the study
(Fig. 1). The only evidence for sludge was occasional
deposits of anoxic sand-silt 2-5 cm beneath the surface.
Station AL-76, located between the CB and the mouth
of the Hudson-Raritan Estuary, varied between stable
clean sand (precessation) and highly erodible silt-clay
(postcessation). Station AL-73, located outside of the north-
west corner of the 6-mile site, varied between semi-stable
siltclay (cohesive) and unstable siltclay. Sampling (n=6)
at the 6-mile site in 1989 gave erodibility results similar to
the trend in AL-73 (Davis, unpublished data).

Sediment Chemistry

The decrease in levels of organic contaminants (as seen
in May 1987) as a function of distance down-valley is
consistent with a near coastal source of contaminants
and subsequent transport and dispersal down-valley.
The highly erodible sediments found at station AL-39,
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Figure 11
Total PCB concentration as a function of distance along the
Hudson Shelf Valley.
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Figure 12
Summary mean copper concentration (1887, 1988,
1989) as a function of distance along the Hudson Shelf
Valley (Warren Boothman, U.S. Environmental Protec-
tion Agency, Narragansett, RI, August 1992).

where the valley deepens, had elevated total coprostanol
concentrations ranging from 12 to 27 mg/gm (ppm)
(Fig. 10). These values are consistent with those reported
for sediments contaminated with sewage sludge (Hatcher
and McGillivary, 1979) and suggest the presence of a
significant amount of material of fecal origin. Concentra-
tions of PCBs and coprostanol for 1987 and 1989 along
the CB-HSV transect follow a similar pattern (Fig. 11).
Concentrations of trace metals in sediments from the
Christiaensen Basin were highly variable, both between
stations and among individual grabs at single stations
(e.g. copper, Fig. 12). Mean concentrations of copper
varied over two orders of magnitude within the basin
area. At some stations, concentrations varied by as much
as 100% between replicate grabs. The high degree of
variability indicates a very patchy distribution of metals in
the basin sediments. The highest concentrations of metals
were generally found at stations AL-73 and AL-71, adja-
cent to the dredged material dump site (Boothman'). In
addition to high contaminant metal concentrations,
these sediments had substantially higher iron and man-
ganese concentrations, indicating a high fine-grained
material content typical of many dredged sediments.
Somewhat elevated concentrations of metals were also
found in some of the 1988 samples from the NY-6 station,

! Boothman, Warren. U.S. Environmental Protection Agency,
Narragansett, RI. Pers. comm., August 1992.
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Figure 13
Trends in Clostridium perfringens spores along the CB-
HSV transect prior to 1982, and after cessation in sludge
disposal (1988, 1989).

possibly demonstrating a contribution from sewage sludge;
such elevated levels were not, however, apparent in 1989
sediments. Likewise, sediments from station AI-86, also in
close proximity to the 12-mile site, contained very low
concentrations of metals. Values peaked near the 6-mile
site (AL-71) and the wide depositional area (AL-39) but
were reduced to less than half of 1987 levels by 1989 (e.g.
copper; Fig. 12). Statistical analysis of relationships be-
tween metals concentrations and distance along the mid
and lower Valley transect indicates that there was no sig-
nificant difference among the years studied. Although
some of the data from station NY-6 suggest the possibility
that sludge from the 12-MDS could be contributing met-
als to the sediments of the HSV, the low metals concentra-
tions found in sediments in the vicinity of the 12-MDS and
the generally higher concentrations of metals in sedi-
ments from the dredged sediment disposal site (1-2 nm
west of AL-66 and AIL-39) implicate that site rather than
the 12-MDS, as a likely source for the transport of metals
to the HSV. Therefore, cessation of sludge dumping at the
12-MDS is unlikely to produce any significant change in
metals concentrations in HSV sediments.

Microbiological Sludge Indicators

Because the 1987 sediment collection was lost, a 1982
survey (Cabelli and Pedersen, 1982) is used to repre-
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sent the “steady state” dumping levels of Clostridium
perfringens spores (Fig. 13). The 1982 survey measured
decrease in spores with distance down the channel and
represents steady state sediment contamination after
years of sludge disposal. A survey approximately six
months after complete cessation of dumping in Decem-
ber 1987 showed a complex distribution indicating (1)
a 100-fold decrease in spores in the Christiaensen Basin
and upper Hudson Shelf Valley, (2) a graded change to
an order of magnitude decrease in the middle Valley,
and (3) a gradual merging to 1982 background values
at the base of the Valley. One year later (June 1989) the
down-channel trend showed (1) a return to 1982 values
in the CB, (2) wide fluctuations between 1982 highs
and 1988 lows at the CB-HSV transition, (3) upper HSV
values intermediate between 1982 and 1988 levels, and
(4) areturn to 1982 levels in the mid and lower HSV.

Discussion

Precessation

The observed patterns in erodibility in the Christiaensen
Basin (e.g. NY-6) suggest that sewage sludge accumu-
lated (possibly at a rate of 1 cm/day) during quiescent
periods and was then resuspended by storm events.
This temporary cap of black, watery silt (essentially
sludge) apparently does not compact possibly owing to
lack of time or bioturbation. When energy intensity and
duration were sufficient, this watery cap was apparently
resuspended, exposing an underlying base of anoxic
sand-silt. This stable matrix may represent the long-
term sludge-sediment reservoir that was regularly capped
with dumped sewage sludge or with any source of silt-
sized particles. It is hypothesized that down-valley depo-
sition may originate from turbidity plumes moving from
the Christiaensen Basin into the HSV, although no
evidence exists.

Postcessation

Following cessation of sewage sludge disposal this cycle
of accumulation and resuspension probably continues,
but because the temporary silt cap is aerobic, the un-
derlying base shifts toward aerobic sand-silt and, finally,
to sand from combined resuspension and winnowing.
A peak in measured erodibility shifted about 25 km
down the HSV from 1987 to 1989, and measured erod-
ibility declined in amplitude to about 30% of its 1987
values (Figs. 5-7). The key change may be a smaller
quantity of siltsized particle deposition, a less labile
carbon reservoir, and thus an oxidizing state. The relic
and future grain size of the CB-HSV may be sand (CB),
with a transition to sandy silt in the upper-middle HSV,

finally reversing toward sand in'the lower HSV with
deposition of fines consistent with suspended solids
and quiet conditions.

Changes in the CB-HSV transect spore distribution
after cessation suggest certain possibilities: (1) shallow
stations in the Christiaensen Basin may lose their sludge
markers rapidly due to greater resuspension activity,
especially with the loss of the black, watery cap (a shift
toward silty sand or sand support this contention) and
(2) the upper HSV, while of similar depth, may have
lost much less of its spore reservoir, as suggested by
studies of Phoel et al. (1995), who have shown that this
area has received more dredged sediment (New York-
New Jersey harbor origins) and possesses a greater oxy-
gen demand than expected; and (3) a depth-related
down-valley spatial gradient in spore concentration may
continue, but with a shifting baseline.

Clostridium perfringens spores appear to be one of the
few reliable indicators available for assessing the “sani-
tary” quality of bottom sediments. Virtually all other
bacterial indicators of contamination are subject to
rapid density declines once deposited in the marine
environment. The maximum extent of spore survival
under such conditions is not known, however, viability
generally persists for many months, even in frozen sedi-
ment. The unexpected increases seen for C. perfringens
spores for the 1989 transect stations do not appear to
be errors. The impact is seen to varying degrees at all
stations along the HSV at a distance of more than 100
km. Analyses were carefully controlled, and because
spores are known not to divide in such environments,
these elevated levels are attributed to sewage sludge,
either recently deposited or resuspended. An alterna-
tive source of spores could he from redistribution and
resuspension of dredged sediment disposed at the 6-mile
site. The U.S. Army Corps of Engineers records show a
major increase in dumping of spoils in spring-fall 1989.

A variety of variables interact to result in transport-
loss of sludge from area sediments including (1) the
dramatic shift in input, (2) storm and tidal shear stress,
and (3) a shift in biology (Davis and Means, 1989; Reid
etal., 1995). However, chemical and spore data suggest
that other inputs (e.g. 6-mile site) continue to contami-
nate surficial sediments through resuspension and sub-
sequent deposition. Site processes (e.g. sludge disposal)
and its related sediment condition (anoxic watery silt
cap) are described as events that proceed sequentially,
facilitating the next step of recovery (Fig. 14). It is
speculated that the key impact of sludge disposal was a
combination of high deposition of fines and hypoxic
conditions related to its labile carbon. Rapid biological
recovery (infaunal larval recruitment) is therefore pre-
dicted. The recovery of the chemical inventory, although
beginning quite early, may be the last condition to
recover.
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' 12 MILE-SITE RECOVERY

1986 1987 1988 1989

Figure 14
Possible trend in recovery of the 12-mile
dumpsite. The first shift following cessation in
sludge deposition is speculated to be
resuspension of the anoxic watery silt top layer
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Conclusions

Erosion study results indicate that changes in sediment
structure (grain size, porosity, and biological cohesion)
have occurred in the HSV. The changes are consistent
with resuspension and redistribution of contaminated
particulates along the axis of the HSV. Long-term
changes in the sludge-sediment reservoir will be the
result of a complex interaction of various transport
processes such as particle flux and in-sediment mixing
(bioturbation). The following summary conclusions are
justified at this time:

1. Evidence from measurements of erodibility, or-
ganic chemistry, and fecal spores indicate a regional
sewage sludge-sediment reservoir with highest stability
in wide, protected depressions of the CB-HSV transect.
The reservoir rapidly declines with distance both away
from and down the transect. k

2. The surficial layer of the reservoir is highly tran-
sient because of major sludge accumulation followed
by eventrelated resuspension while deeper sediment is

a stable sand-sludge mixture.

3. Since cessation of sludge disposal, the sediment
regimes have shifted from reducing to oxidizing condi-
tions, from silt-dominated to sand-dominated sediments,
and have shown a reduction in indicators of fecal con-
tamination (sterols and spores).

4. Increased dumping of New York harbor sedi-
ments at the 6-mile site appears to have resulted in a
reversal in the declining trend in C. perfringens spores.

5. The experiments performed in this study suggest
that existing seabed maps of lithologic features (Freeland
and Swift, 1973) may be transformed to express resus-
pension potential or shear stress patterns.
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ABSTRACT

Net sediment accumulation rates were determined in the vicinity of the nearshore
dumpsites (Area 1) through measurements of radionuclide tracers in sediment core sec-
tions. The highest rates of accumulation (a few cm/y) were found along the axis of the
Hudson Shelf Valley (HSV) up to several kilometers down valley from the dredge spoil and
former sewage-sludge disposal sites. Observed levels of PCB’s, chlordane, and DDT-derived
compounds in surface sediment samples were highest in cores characterized by fine-particle
deposition. Contaminant levels were much lower in samples of recent sediment from the
HSV at mid-shelf (Area 2) and on the continental slope (Area 3), reflecting minimal
influence of the nearshore disposals. Analyses of samples from the continental slope
indicated that DDT contamination of recent sediments from Areas 2 and 3 reflected
regional inputs of unaltered DDT derived from atmospheric deposition. Evidence of the
atmospheric DDT signal, a high ratio of pp’-DDT to pp’-DDD, was also found in some
surface suspended particle samples from Area 1, near the dumpsites. This indicates that
analyses of DDT-derived compounds can provide useful information on the behavior and
fate of particle-associated contaminants in the nearshore environment. A few samples were
analyzed for 2,3,7,8-TCDD. The highest concentrations, a few hundred parts per trillion,
were found in the HSV between the sludge and dredge spoil dumpsites and were probably
derived from disposal of material dredged from the lower Passaic River and Newark Bay, the
site of a major incident of 2,3,7,8-TCDD contamination.

Introduction nated hydrocarbons (PCB’s, DDT-derived compounds,
chlordane, and dioxin).

This study was designed to provide information on the The study area (Fig. 1) receives multiple, potentially

distribution, fate, and sources of particle-associated pol- significant inputs of contaminants from a number of

lutants in the vicinity of the nearshore dumpsites sources. These include discharge from the Hudson,

through the application of a multi-tracer approach.
B i 1 1

oth sediment core (Table 1) and suspendEd, partlde *Lamont-Doherty Earth Observatory Contribution No. 5397.
samples W‘ere analyzed- The tracers empIO).'ed included **Current address: Rensselaer Polytechnic Institute, Department of
radionuclides (Cs-137 and K-40) and persistent chlori- Earth and Environmental Sciences, Troy, New York 12180.
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Table 1 ‘
Sediment core locations.
Water

Station Depth (m) Latitude Longitude ‘
Area 1 ‘
NY5 35 40°24.9'N 73°47.6'W
NY6 30 40°25.0'N 73°45.6'W
A4l 40 40°23.4'N 73°46.8'W
Ab6 55 40°19.0'N 73°47.4'W
HSV1 60 40°16.9'N 73°47.2'W
HSV2 60 40°15.4'N 73°46.8'W
HSV3 60 40°13.9'N 73°45.9'W
HSV4 50 40°12.0'N 73°45.4'W
HSV5H 60 40°10.3'N 73°42.0'W
Area 2
HSV6 80 40°02.3'N 73°26.4'W
HSV7 80 40°00.9'N 73°20.4'W
Area 3
HSV8 480 39°29.7'N 72°20.1'W
HSV9 980 39°28.4'N 72°15.2'W
EN-123 BC-E6 1640 39°45.8'N 70°55.4'W [

- |

Raritan, Passaic, and Hackensack Rivers (Hudson-
Raritan discharge), disposal of dredged material from
the lower Hudson River, Newark Bay, Raritan Bay, and
contiguous waters (the New York Harbor complex) and
past disposal of sewage sludge from New York City and
New Jersey (Stanford and Young, 1988). Construction
and demolition wastes, often referred to as cellar dirt,
have also been dumped in the study area. Loadings of
contaminants associated with this activity are believed
to be negligible compared with the other sources
(Stanford and Young, 1988). For many contaminants,
the sources are closely related. For example, lower lev-
els of DDT in sewage, resulting from the ban on domes-
tic use in 1972, would lower not only the levels in
sewage sludge but also levels in wastewater discharge, a
major source of contaminants to the New York Harbor
complex (Mueller et al., 1982). This would result in
lower levels of DDT in the Hudson-Raritan discharge
and in the recent sediments dredged from the harbor
and disposed of in the study area. Such considerations
make it difficult to quantify the relative importance of
these sources on the basis of contaminant analyses.
Only in the case of DDT-derived compounds and diox-
ins is some distinction of sources possible. Evidence for
an atmospheric source of DDT-derived compounds is
presented below and dioxin contamination in the study

area is probably related to an industrial discharge in
the lower Passaic River that significantly contaminated
sediments in Newark Bay (Bopp and Simpson'). A spe-
cific indicator of sewage-sludge-derived material in sedi-
ments of the HSV, the abundance of Clostridium
perfringens spores, is discussed in detail elsewhere in this
volume (Davis et al., 1995; O’Reilly et al., 1995).

Accumulation of particle-reactive contaminants would
be greatest in areas of recent deposition of fine-grained
sediment. Such areas are relatively uncommon on the
continental shelf off the northeast coast of the United
States where sandy surface sediments are the rule
(Schlee, 1973; Biscaye et al., 1978). These consider-
ations led us to focus our sediment core sampling on
specific areas along the axis of the HSV where the
surface sediments were known to be fine-grained.

It is common to establish the “recent” nature of fine-
grained sediment accumulation through the use of ra-
dionuclide tracers with known sources and input histo-
ries (Alderton, 1985). Cs-137 has been shown to be a
useful particle tracer in freshwater, estuarine, and coastal
systems (Olsen et al., 1989; Mulholland et al., 1992).
The major sources of Cs-137 to natural waters include
global fallout derived from atmospheric testing of large
nuclear weapons and effluent from nuclear reactors.
Sediment cores from areas of continuous, rapid net
particle accumulation (on the order of 1 cm/y or more)
can often be dated by their depth profile of Cs-137
activity (Olsen et al., 1981). In profiles that reflect the
delivery of fallout-derived Cs-137 to the sediment col-
umn, the initial appearance of that radionuclide corre-
sponds to approximately 1952, the beginning of
large-scale atmospheric nuclear weapons testing. Maxi-
mum concentrations of Cs-137 would correspond to
the fallout maximum of the mid 1960’s (Hardy, 1977).
Such detailed chronological information cannot be de-
rived from sediment cores from the vicinity of the
nearshore dumpsites because of the mixing inherent in
the process of dredged material disposal, a major source
of fine-grained particles to this area. For this study, the
presence of Cs-137 in a sediment core section has been
interpreted simply as an indicator of a post=1950 com-
ponent in that sample. In cores with high net accumu-
lation rates of fine particles, the Cs-137 penetration
depth, i.e. the depth to which Cs-137 activity can be
detected, would correspond to the amount of deposi-
tion since the early 1950’s.

In areas of lower net sediment accumulation, it be-
comes more likely that biological mixing of the sedi-
ments will be an important factor in determining the

" Bopp, R. F., and H. J. Simpson. 1991. Sediment sampling and
radionuclide and chlorinated hydrocarbon analysis in Newark Bay
and the Hackensack and Passaic Rivers. State of New Jersey Depart-
ment of Environmental Protection, Final report for contract P24096.
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Figure 1

Location of Area 1 sampling sites. The axis of the Hudson Shelf Valley falls
within the area bordered by the 27 m contour line. The cellar dirt dumpsite
is located between the dredged spoil and former sewage sludge dumpsites.
Approximate locations of sediment coring sites in Area 1 are indicated by
the x’s. The insert shows the general locations of Areas 2 and 3. Area 2
includes coring sites HSV6 and HSV7. Sites HSV8 and HSVY are in Area 3,
on the axis of the Hudson Canyon. Coring site EN-123, BC-E6, and the
sediment trap moorings were located along the SEEP-I transect. Latitudes
and longitudes of all coring sites are listed in Table 1.

Cs-137 penetration depth, (Goldberg and Koide, 1962;
Guinasso and Schink, 1975; Robbins and Edgington,
1975; Olsen et al., 1981). Biological mixing will pro-
duce lower Cs-137 activities by the dilution of recent
deposition with sediments that accumulated prior to
1952. Similarly, lower concentrations of particle-associ-
ated contaminants would result.

Sediments with higher proportions of sand-sized par-
ticles would also be expected to have lower Cs-137
activities and particle-associated contaminant levels than
their finer-grained analogs (O’Connor, 1988). Two pro-
cesses that could increase the fraction of coarser par-

ticles in a sediment sample are post-depositional win-
nowing of fine particles and biological mixing of recent
fine-particle deposition into older coarser sediments.
In either case, this sediment type would be character-
ized by lower activities of K-40, a natural radioactive
tracer of the distribution of stable potassium. Since
potassium is enriched in clay minerals relative to quartz
sands, the activity of K-40 in a sediment sample provides
a useful first-order indication of grain-size distribution.

Based on the preceding discussion, sediment cores
were collected to determine the depth of Cs-137 pen-
etration, average Cs-137 activity, average K-40 activity
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and contaminant concentrations. The radionuclide data
provided an indication of the extent and degree of
influence of Hudson-Raritan discharge and sewage
sludge and dredged spoil disposal on contaminant lev-
els in recent sediments of the study area.

Samples of suspended particles were collected to char-
acterize Hudson-Raritan discharge and to investigate
the possibility of particle resuspension from the dis-
posal sites. The ratio of pp’-DDT to pp’-DDD was used
as a tracer of the atmospheric input of DDT-derived
compounds. Such inputs are characterized by a high
ratio of pp’-DDT to pp’-DDD (Rapaport et al., 1985).
pp’-DDT is the dominant isomer in technical DDT and
is degraded to pp’-DDD under anaerobic conditions
that can be found in soils, sediments, and sewage treat-
ment plants.

Methods

Sediment samples were collected by gravity or piston
coring. Cores were sectioned at 1 to 8 cm intervals and
dried at 35°C under a flow of air filtered through Florisil
to minimize atmospheric contamination. Core sections
were ground with a mortar and pestle and stored in air-
tight aluminum cans. Radionuclide analysis was accom-
plished by non-destructive gamma counting, employing
lithium-drifted germanium and intrinsic germanium
detectors and multi-channel analyzers.

Suspended particle samples were collected with the
large volume in situ filtering system (LVFS) developed
by James Bishop of the Lamont-Doherty Geological
Observatory (Bishop et al., 1985). The filters used were
25.4-cm-diameter quartz fiber (Whatman QMA) that
were pre-combusted at 400°C for at least 42 hours.
Sediment trap samples were collected in traps deployed
on moorings, described in Biscaye et al. (1988), as part
of the first Shelf Edge Exchange Processes (SEEP-T)
experiment.

Subsamples of sediment core sections and individual
filters were soxhlet extracted, cleaned, and analyzed for
PCB’s, DDT-derived compounds, and chlordane by elec-
tron capture gas chromatography (Bopp et al., 1981
and 1982). Dioxin analyses employed isotopic spikes,
chromatographic clean up, and high resolution gas
chromatography/high resolution mass spectrometry as
described previously (Tong et al., 1990). All contami-
nant concentrations and radionuclide activities are re-
ported on a dry weight basis.

Sediment cores were obtained from three general
areas (Table 1; Fig. 1). The first (Area 1) was in the
immediate vicinity of the dumpsites. Specific coring
locations were chosen on the basis of surface sediment
textures determined during the Northeast Fisheries
Center’s 12 mile dumpsite Broadscale Survey (EPD [En-

vironmental Processes Division], 1988). Our desire to
obtain fine-grained sediments led to the collection of
cores at stations NYb, NY6, A41, and A56 (Fig. 1). Field
observations of sediment types at these sites made dur-
ing the 12-mile dumpsite surveys ranged from very soft
soupy mud (A41 and A56), to medium soft sludgy mud
(NY6), to compact mud (NY5) (Reid et al., 1989). Our
cores from station A56, in the axis of the HSV, about 6
km south of the dumpsites, were dominated by a fairly
homogeneous fine-grained mud throughout their en-
tire length. This observation prompted our collection
of cores at five additional sites along the axis of the
valley up to about 18 km down-valley from A56 (HSV1 -
HSV5).

The second coring area (Area 2) was located about
45 km down-valley from A56 (Table 1; Fig. 1). It was
chosen on the basis of grain-size maps prepared by one
of the authors (Biscaye) which indicated that it was one
of the few mid-shelf areas in this general region with
fine-grained surface sediments (40-60% <63 mm). Cores
were collected from stations HSV6 and HSV7 from
within this surface textural regime.

Sediment cores were also collected from the conti-
nental slope (Area 3; Table 1; Fig. 1), an area known for
its fine-grained surface sediments. Coring sites HSV8
and HSV9 were on the axis of the Hudson Canyon
about 150 km down-valley from A56. In addition, re-
sults from core EN-123-BC-E6 will also be discussed.
This core was collected on the continental slope about
200 km northeast of the Hudson Canyon as part of the
SEEP program. It has been described in detail in a
previous publication (Anderson et al., 1988).

Results

Radionuclide Activities in Sediment Cores

Available grain-size information supports our assump-
tion that K-40 levels in our samples provide a first-order
indication of particle-size distributions (Table 2; Ap-
pendix Table 1). Average K-40 levels were highest (>18
pCi/g) in Area 3 cores from the Hudson Canyon (HSVS,
HSV9) where previous studies found that 80-100% of
the surface sediments were <63 mm (Schlee, 1973;
Biscaye et al., 1978). Much lower average K-40 levels
(<12 pCi/g) were found in cores from Area 2 (HSV6,
HSV7) where 40-60% of the surface sediments were
<63 mm. Additional measurements relating grain size
to K-40 activities in sediments from our study area would
be quite useful.

Cs-137 penetration depths were greatest in Area 1
along the axis of the shelf valley, reaching a maximum
of 2 meters in a piston core from site A56 (Table 2).
The average Cs-137 and K-40 values at sites A41, A56,



Table 2
Radionuclide data on sediment cores. (Cores are listed by location starting from the head of the Hudson Shelf Valley [NY5,
NY6] to the Hudson Canyon [HSV8, HSV9]. See Fig. 1 for location; Appendix Table 1 for all core section values.)
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Date of Cs-1372 Average Cs-137° Average K-40
Core! collection penetration (cm) (pCi/kg) (pCi/g)
AREA 1
NY5  #1 10/30/87 16 54 10.7
NY6  #1 10/30/87 12 38 8.5
A4l #1 10/30/87 20 290 13.9
A56  #3 09/01/87 >474 240 13.4
#4 09/01/87 >48 240 13.4
#5 09/26/88 >40 260 14.3
#6 10/04/89 >40 220 14.6
Pl 09/26/88 >80 240 14.7
P2 10/04/89 200 220 14.1
HSV1 #1 06/27/88 >19 330 15.7
#2 06/27/88 >16 4 16.3
HSV2 #2 06/27/88 >21 140 13.3
#3 10/04/89 20 59 11.7
HSV3  #1 06/27/88 >21 110 12.4
HSV4  #2 11/17/88 20 50 11.1
HSV5  #1 11/17/88 24 44 10.4
AREA 2
HSV6  #1 11/17/88 37 11.0
#2 11/17/88 25 11.5
HSV7 #1 11/17/88 20 27 10.2
AREA 3
HSV8  #1 11/17/88 85 18.7
HSV9  #1 11/17/88 0 18.5
EN-123 BC-E6 10/25/84 4 95 14.5
N.Y. HARBOR
-1.7 09/03/79 40 500 16.8
NB 13 08/21/85 32 260 13.5
RB 17 05/20/80 >29 140 11.7

'P indicates piston cores. All others were gravity cores except EN-123 BG-E6 which was a subcore of a box core.

?Cs-137 penetration is defined as the bottom of the deepest core section that contained Cs-137 at a level at least two standard deviations
greater than zero. Using this two sigma statistical counting error criterion, our minimum detectable Cs-137 activities were typically 15 to

30 pCi/kg.

*Cs-137 and K-40 activities are mass weighted averages from the top section of the cores to the Cs-137 penetration depths. The only
exception is core HSV9 #1 which had no detectable Cs-137. The K-40 activity reported for this core is the mass weighted average of the

0-1, 1-2 and 2-3 cm sections.

*> values indicate that Cs-137 was detected in the bottom section of the core except in the case of core A56 P1 where radionuclide
profiles indicated that a section of the core top was missing. While this is not uncommon in piston cores, our gravity cores all had
undisturbed sediment-water interfaces.

®Based on analyses of DDT-derived compounds, mixing in this core can be detected to a depth of about 7 cm, however, the Cs-137
activity was within two standard deviations of zero by the 4-5 cm section (24 pCi/kg with a standard deviation of 17 pCi/kg).
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and HSV1 are similar to those found in cores from
areas of fine-grained sediment deposition in the New
York Harbor complex (Table 2). These factors indicate
that the sedimentary regime is characterized by fine
particle accumulation. The rapid rate of recent net
fine-particle accumulation at A56 was confirmed by the
presence of significant Be-7 in the 0-2 cm sections of
several of the cores from this site (Appendix Table 1).
Be-7 is a cosmic-ray produced radionuclide with a half-
life of only 53 days, which means that its detection in a
sediment core section is an indicator of deposition
within about a year of core collection.

Cores from the remaining sites in Area 1, those down-
valley from HSVI1 and those from sites NY5 and NY6,
generally have lower average values of both Cs-137 and
K-40 (Table 2). This could be the result of post-deposi-
tional winnowing of fine-grained sediments or biologi-
cal mixing of recent, fine-grained deposition into older,
coarser sediments. Lower average Cs-137 and K-40 lev-
els were also seen in the cores from the mid-shelf, Area
2. The consistent variation of average Cs-137 levels with
average K-40 levels throughout Areas 1 and 2 (Fig. 2)
requires the blending of only two components; recent
fine particles (enriched in Cs-137 and K-40) and sands
(with low levels of Cs-137 and K-40).

Cores from Area 3, the continental slope, have much
higher ratios of average K-40 to Cs-137 activities (Table
2) deviate significantly from the trend defined by cores
from Areas 1 and 2 and those from New York Harbor
(Fig. 2). At the site of core EN-123-BC-E6, the sedimen-
tary regime has been described (Anderson et al., 1988)
as consisting of low rates (on the order of one centime-
ter per hundred years) of recent fine particle accumu-
lation. Profiles with depth of natural and fallout-derived
radionuclides in the sediments were interpreted as re-
sulting from biological mixing which typically occurs to
a depth of several centimeters. Over this interval, the
recent fines were mixed with much older, fine-grained
sediments, diluting the average Cs-137 activity while
retaining the high levels of K-40. Additionally, the rela-
tively low efficiency of Cs-137 sorption onto particles
from ocean water and the possible desorption of Cs-137
from particles into ocean water may contribute to the
relatively high K-40 to Cs-137 activity ratios in Area 3
cores. Mulholland and Olsen (1992) have proposed
that the former was responsible for lower Cs-137 activi-
ties observed on marine particles compared to particles
derived from a riverine drainage basin. They also con-
cluded that desorption of Cs-137 from the riverine par-
ticles upon transport into seawater was not significant
because most of the Cs-137 was at nonexchangeable
interlayer sites on clay minerals.

Data from cores collected at three sites in the New
York Harbor complex, chosen on the basis of their Cs-
137 profiles, indicated continuous deposition since the
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Average K-40 versus average Cs-137 activities in sediment
cores. Area 3 cores have the highest ratios of K-40 to Cs-137
activity. Statistical counting errors for K-40 levels in indi-
vidual core sections are on the order of +1 pCi/g (see Appen-
dix Table 1). This limits any attempt to distinguish between
Area 1 and 2 cores and New York Harbor cores on the basis of
this data.

early 1950’s (Fig. 2; Bopp and Simpson, 1989; Bopp
and Simpson? Bopp and Simpson'). Core -1.7 was
collected in 1979 from the Hudson River, 1.7 statute
miles down channel from the southern tip of Manhat-
tan Island. NB 13 was taken in Newark Bay in 1985, and
RB 17 was from Raritan Bay in 1980. The three cores
plot along the trend defined by cores from Areas 1 and
2, suggesting a Hudson-Raritan influence (either
dredged spoil disposal or river discharge) on Area 1
and 2 sediments. The rapid rate of net sediment accu-
mulation over the past three decades at some of our
Area 1 sampling sites (for example, the two meters of
recent sediment observed in piston core 2 at site A56;
Table 2), would be consistent with dredge spoil translo-
cation. The large volume of dredged material disposed
annually (on the order of four million m?®/y; Gross,
1976, Stanford and Young, 1988) within 6 km of A56
suggest it is the likely source of sediment. We would

2 Bopp, R. F., and H. J. Simpson. 1984. Persistent chlorinated hydro-
carbon contaminants in the New York Harbor complex. Hudson
River Foundation, First year final report for contract HUD 1183-
A38.



have difficulty arguing that such high net accumulation
rates could be supported by natural discharge of par-
ticles from the Hudson-Raritan Estuary.

Chlorinated Hydrocarbon Contaminants

Several core top sections were analyzed for chlorinated
hydrocarbon contaminants including PCB’s, DDT-de-
rived compounds, and chlordane (Table 3). As ex-
pected, the highest levels of contamination were found
in the cores from Area 1 that had the highest average
Cs-137 and K-40 levels (sites A41, A56, and HSV1). The
sections of the core from site A4l that contained mea-
surable Cs-137 were composited and analyzed. This
sample (A41, 0-20 cm, Table 2) should represent an
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average of the sediment deposited at this site since the
early 1950’s. Total PCB, pp’-DDD, and y-chlordane lev-
els were significantly higher than in the 0-2 cm section
from the same core. This core section would represent
the most recent deposition at this site. These results
indicate a recent decline in the concentrations of these
contaminants in sediments being deposited in Area 1.
Similar improvements have been reported for sediments
deposited in the lower Hudson River and were inter-
preted as the result of domestic restrictions on the use
of all of these substances during the 1970’s and, for
PCB’s, as a result of reduced transport from the upper
Hudson (Bopp and Simpson, 1989). These changes
would also decrease the concentrations of these con-
taminants in dredged material, sewage sludge, and
Hudson-Raritan discharge, and would explain the re-

Table 3
Contaminant concentrations in surface sediment core sections from areas 1, 2, and 3 (see Fig. 1 for location).
Depth y-chlordane! pp’-DDD pp’-DDT pp’-DDT PCB’s?
Core (cm) (ppb) (ppb) (ppb) pp-DDD (ppb)
AREA 1
NYs  #1 0-2 7 22 5.0 0.23 (400)*
NY6  #1 0-2 14 18 29 1.61 (400)3
A41 #1 0-2 19 38 10 0.26 (950)3
0-20% 24 117 75 0.64 1650
A56 #3 0-2 9 25 19 0.76 820
#4 0-2 13 25 5.4 0.22 (750)3
HSV1 #1 0-2 14 115 41 0.36 820
HSV2 #2 0-2 4 14 25 1.79 290
HSV3 #1 0-2 3 7 1.4 0.20 200
HSV4 #2 . 0-2 0.3 1.1 <0.2 <0.2 50
HSV5  #1 1 0-2 0.9 2.0 <0.4 <0.2 60
AREA 2
HSV6  #1 0-2 <0.1 0.5 - <0.2 <0.4 <10
HSV7 #1 0-2 <0.1 0.5 <0.2 <0.4 <10
AREA 3
HSV8 #1 ) 0-1 <0.1 1.3 <0.2 <0.2 <10
EN 123 BC-E6° 0-1 <0.1 0.11 2.95 27 <b

! Technical chlordane is a mixture containing over 100 compounds. y-chlordane, one of two major isomers, comprises about 15% of
technical formulations (Dearth and Hites 1991).

? Based on quantification of 22 components resolved by packed-column gas chromatography (tri- through decachlorobiphenyl) (Webb
and McCall 1973).

? Chromatograms contained significant interference from unidentified peaks. Concentration estimates are given in parentheses.

* This sample is a mass weighted average of the sections of this core that contained detectable activity of Cs-137. It represents an average
of the sediments deposited at this site since the early 1950’s. The 0-2 cm sample from this core should represent more recent deposition.

? The profiles of DDT-derived compounds with depth in this core were reported and modeled by Anderson et al. (1988).
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cent decline in chlorinated hydrocarbon levels in Area
1 sediments that was indicated by our results from site
A41.

Down valley from the sites of highest surface sedi-
ment contamination there is a decrease in contaminant
levels at Area 1, sites HSV2 through HSV5, that gener-
ally follows the drop in the average Cs-137 and K-40
levels (Table 3). This indicates a decreasing contribu-
tion of contaminated fine-particles.

In the uppermost section of cores from the mid-shelf
sites of Area 2, total PCB’s and y-chlordane were not
detected at 10 and 0.1 ppb levels respectively. This
decrease in contaminant concentrations relative to lev-
els observed at sites HSV4 and HSV5 is greater than
would have been predicted from the average Cs-137 or
K-40 activities in the cores. For example, the decrease
in average Cs-137 levels is at most a factor of two (Table
2), whereas the total PCB level drops by at least a factor
of five and y-chlordane drops by at least a factor of
three (Table 3). This indicates that the fine-grained
particles accumulating in Area 2 are significantly less
contaminated with chlorinated hydrocarbons than those
accumulating in Area 1.

Sediment core data from Area 3, the continental
slope, show similar evidence of a less contaminated,
recent, fine-grained component, i.e. undetectable lev-
els of PCB’s and y-chlordane in samples containing Cs-
137 (Table 3). Interpretation of the levels of
DDT-derived compounds in sediments from Areas 2
and 3 provides a means of characterizing this compo-
nent. In areas of low net accumulation, but significant
biological mixing, the Cs-137 activity in individual sedi-
ment core sections should correlate with the levels of
DDT-derived compounds. Consider, for example, a core
with net fine-particle accumulation rate of 0.01 cm/y.
The entire history of DDT and Cs-137 accumulation
would be contained in the last half centimeter of sedi-
ment that was deposited. Biological mixing to depths
on the order of a few centimeters would obscure any
detailed differences in the Cs-137 and DDT input histo-
ries. Mixing would be the major determinant of the
depth profiles of these substances and, at sampling
intervals of one to two centimeters, a very good correla-
tion would be expected between the activity of Cs-137
and levels of DDT-derived compounds. The picture is
complicated slightly by DDT geochemistry. Under
anaerobic conditions, pp’-DDT can be converted to
pp’-DDD (Guenzi and Beard, 1968). This can be taken
into account by seeking a correlation between Cs-137
activity and the sum of pp’-DDT and pp’-DDD concen-
trations. Data from the upper six centimeters of core
EN-123-BC-E6 and the surface sections of HSV 6, HSV7,
and HSV8 are presented in Figure 3. A ratio of approxi-
mately 1 ppb (pp’-DDT + pp’-DDD) per 60 pCi/kg of
Cs-137 is consistent with these data on recent deposits
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Figure 3
pp’-DDT + pp’-DDD concentrations versus Cs—137 ac-
tivities in sections of sediment cores from Areas 2 and
3. The Cs—137 data are plotted with error bars of + one
standard deviation based on counting statistics.

in Areas 2 and 3. Our surface sediment samples from
near the dumpsites had much higher ratios, i.e. en-
hanced relative concentrations of DDT-derived com-
pounds, which we interpret as an indicator of sources
related to dredge spoil and sewage sludge disposal and
Hudson-Raritan discharge. The most likely dominant
source of DDT-derived compounds to Areas 2 and 3 is
atmospheric deposition. Further evidence for the im-
portance of atmospheric inputs of DDT to Area 3, the
continental slope, is presented below.

DDT-Derived Compounds on Particles from the
Continental Slope

The profile of concentrations of DDT-derived com-
pounds in core EN-123-BC-E6 has been described pre-
viously (Anderson et al., 1988). This core, from 1640 m
depth on the continental slope, is particularly valuable
because of its well-defined and carefully sampled aero-
bic zone which provided a record of DDT deposition
unaltered by anaerobic conversion to DDD. The net
particle accumulation rate in the core was estimated to
be on the order of 0.01 cm/y. As a result of biological
mixing, DDT-derived compounds were found to a depth
of about 7 cm in the core. In situ conversion of DDT to
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DDD was observed at depths below 4 cm. Iron and
manganese pore water chemistry indicated that the
onset of anaerobic conditions occurred at about this
level (Buesseler, 1986). The total historical deposition
of DDT-derived compounds at this site was computed
to be 48 ug/m? for pp-DDT, 13 pg/m? for pp-DDE,
and 1.8 p.g/m2 for pp’-DDD. Such dominance of the
parent compound, pp’-DDT, has been shown to be
characteristic of atmospheric inputs (Rapaport et al.,
1985). Concentration data from EN-123-BC-E6 indi-
cate that such inputs can supply parts per billion levels
of DDT-derived compounds to recent sediments. Other
possible inputs to our study area, including Hudson-
Raritan discharge and dredge spoil and sewage sludge
disposal, would be vastly different and would be charac-
terized by pp’-DDT to pp’-DDD ratios less than unity, as
discussed below.

Assuming that most of the atmospheric input of DDT
recorded by core EN-123-BC-E6 occurred over the ap-
proximately twenty years of major domestic use, that
period would be characterized by average yearly atmo-
spheric pp’-DDT fluxes of about 2.4 ug/m?y. This value
falls within the range of peak atmospheric inputs esti-

mated from dated cores from peat bogs in central and
eastern North America (Rapaport et al., 1985). That
study also indicated a continuing atmospheric input
estimated for the early 1980’s at 10-20% of peak inputs.
Since the use of DDT was banned in the U.S. and
Canada in 1972, the source of the early 1980’s deposi-
tion was suggested to be DDT used in Mexico and
Central America (Rapaport et al., 1985).

An indication of the recent delivery of DDT to the
continental slope can be obtained by analyzing data
from sediment trap samples collected in 1984 as part of
the SEEP program (Biscaye et al., 1988). The results
presented in Table 4 are from two moorings on the
continental slope, one at 1250 m water depth and the
other at 2300 m. The traps were deployed for 175 days,
from 23 April to 15 October 1984. Typically, only a few
hundred milligrams of sample were available, which
made ppb-level DDT-derived compound analysis quite
challenging. Measured pp’-DDT fluxes ranged from
0.07 to 0.27 ug/m>y (n=7) with an average of 0.18 pg/
m?.y. This estimate of mid 1980’s flux is about an order
of magnitude lower than the flux during major domes-
tic DDT use that was inferred from the data for core

Table 4
DDT and DDD in SEEP sediment trap samples.!

pp’-DDT pp’-DDD
Mooring #/ Trap depth/ conc.? flux® conc. flux pp-DDT
Trap # Water depth (m) (ppb) (ng/m?/y) (ppb) (ng/m?/y) pp-DDD
Poisoned Traps*
5/5 167/1250 2.5x0.3 0.15 1.5+0.2 0.089 1.7+0.3
5/13 872/1250 2.9+0.4 0.21 1.2+0.1 0.090 2.4+0.4
5/14 1217/1250 1.9+0.2 0.27 0.68+0.06 0.10 2.8+0.4
6/8 468/2300 2.3+0.5 0.067 1.1£0.2 0.032 2.1+0.6
6/9 868/2300 3.1x0.4 0.17 1.3+0.2 0.070 4.1x0.8
6/12 1768/2300 2.8+0.4 0.18 0.69+0.08 0.044 6.3x1.1
6/17 2263/2300 2.420.3 0.18 0.38+0.05 0.028
Unpoisoned Traps®
4/3 158/500 1.3=0.4 2.6+0.3
4/20 498/500 0.1£0.1 1.3+0.1

al. (1982).

(175 days).

> Because of the likelihood of conversion of pp’-DDT to pp’-DDD in the unpoisoned traps during deployment and uncertainty about

! All samples were from the summer SEEP deployment described in detail in Biscaye et al. (1988).
2 Error estimates are based on the reproducibility of blanks and the precision of replicate analyses (about 10%) as reported by Bopp et

3 Flux calculations were based on the total mass fluxes, contaminant concentrations, trap openings (729 cm?), and deployment times

4 Traps were poisoned with a 10% solution of sodium azide in filtered seawater to which sodium chloride was added. The sodium azide
was used to inhibit biological activity in the traps, including the conversion of pp’-DDT to pp’-DDD. The sodium chloride was added to
increase the density of the trap solution to minimize mixing with the overlying water.

the sampling period represented by the trap 20 sample, no flux calculations or computations of the pp’-DDT to pp’-DDD ratio were made

for these samples.
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EN-123-BC-E6 (2.4 ug/m?y). This decrease in pp’-
DDT flux is in reasonable agreement with the peat core
data cited above.

Fluxes of excess Pb-210 in the trap samples appear to
vary directly with pp’-DDT flux (Fig. 4). We attribute
this to similar sources and behaviors of the two sub-
stances. The excess Pb-210 originates from decay of
gaseous Rn—222 in the atmosphere and, similar to DDT,
Pb-210 is quite particle reactive in natural water sys-
tems. The average Pb-210 flux in these trap samples was
about 1 disintegration per minute (dpm)/cm?y, simi-
lar to the long-term steady state average flux that would
be expected for core EN-123-BC-E6 based on other
cores taken along the SEEP transect (Biscaye et al.,
1988). This suggests that these trap samples, on aver-
age, provide a good representation of recent accumula-
tion at coring site EN-123-BC-E6.

The data from core EN-123-BC-E6 implied a total
flux of pp’-DDT (48 ng/m?) about 25 times greater
than that of pp-DDD (1.8 ug/m?), whereas the trap
data (Table 4) indicate the recent flux of pp’-DDT
exceeds the flux of pp’-DDD by only about a factor of
three. In absolute terms, the total pp’-DDD flux re-
quires an average yearly flux on the order of 0.05 ug/
m?y since the beginning of significant domestic DDT
use in about 1950. This long-term flux estimate for pp’-
DDD falls within the range of values determined for the
mid 1980’s flux from the sediment trap samples (0.03
to 0.10 ug/m?y, Table 4). This suggests that the pp’-
DDD flux is an indicator of non-atmospheric input
which has not experienced a major (order of magni-
tude) change over the past three or four decades. The
cross-shelf transport of contaminants derived from river
discharge or dredge spoil and sewage sludge disposal is
a likely source. A relatively constant pp’-DDD flux to

32~
T>, 17 pg °
B - dpm
£
Q °
o
Q °
== [ J
x< 16F
=)
_1
w
[
o =
=)
_l
Q

! 1
0.8 1.6

Pb-210 FLUX (dpm cm~2y-')

Figure 4
pp’-DDT flux versus Pb-210 flux derived from the sedi-
ment trap samples listed in Table 4.

sediments in Area 3 would suggest that the time be-
tween delivery of pp’-DDD to Area 1 and deposition in
Area 3 sediments is many years. Such long transport
times or water column residence times would obscure
the recent decreases in pp’-DDD levels observed in New
York Harbor sediments (Bopp and Simpson, 1989).
While DDT-derived compounds may provide an indica-
tor of cross-shelf contaminant transport, such transport
does not appear to be the dominant mid 1980’s source
of these compounds to the slope environment. The
excess of pp’-DDT over pp’-DDD in the trap samples
indicates that atmospheric inputs continue to be most
important.

It is possible that there was some anaerobic conver-
sion of pp’-DDT to pp’-DDD within the traps. In an
effort to guard against this, the traps were initially poi-
soned with a 10% sodium azide solution in filtered
seawater to which sodium chloride was added in order
to increase its density to minimize mixing with the
overlying water. This treatment was at least somewhat
successful in that it prevented the foul Hy,S odor and
almost complete loss of pp’-DDT that was observed in
some unpoisoned traps (Table 4), however, some con-
version of pp’-DDT to pp’-DDD in our samples cannot
be ruled out. Even a worst case scenario, however, would
not drastically alter our general interpretations of the
data. If all of the pp-DDD were produced from pp’-
DDT within the traps, our estimate of recent pp’-DDT
flux would increase by less than a factor of two, and the
argument that the principal input of DDT-derived com-
pounds to the slope environment is derived from the
atmosphere would be strengthened. If (pp’-DDT + pp’-
DDD) levels were used to determine the flux of pp’-
DDT to the traps, the correlation with Pb-210 fluxes
(Fig. 4) would still be very good. We hope to address
the concern about conversion of pp’-DDT to pp’-DDD
during trap deployment by analyzing samples of fresh
suspended particles from the shelf and slope that would
be collected by in situ filtration.

Sources of DDT-Derived Compounds to
Nearshore Particles

Data related to the pp’-DDT to pp’-DDD ratio in Hudson-
Raritan discharge, sediments dredged from the N. Y.
Harbor complex, and New York City sewage sludge are
presented in Table 5. We interpret the suspended mat-
ter samples as representative of Hudson-Raritan dis-
charge. New York City sewage sludge is represented by a
single sample from the Ward’s Island treatment plant
collected in the mid 1970’s. Data on samples of raw
sewage and primary treated effluent from the Yonkers,
N.Y., sewage treatment plant are also included. These
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Table 5
Ratio of pp’-DDT to pp’-DDD in selected samples.
pp-DDT
Sample pp’-DDD
Suspended Particles’

N.Y. Harbor, Hudson R. (GFF1060, 1981) 0.22

Newark Bay (F1049, 1985) 0.22

Newark Bay (F1054, 1985) 0.11

Newark Bay (F1077, 1986) 0.22

Newark Bay (F1091, 1986) 0.16

Arthur Kill (GFF1057, 1981) 0.19

Arthur Kill (F1089, 1986) 0.44

Kill van Kull (F1090, 1986) 0.25

Raritan Bay (GFF1055, 1981) 0.63
Sediment Cores from the N.Y. Harbor Complex?

-1.7 (CN1472, N.Y. Harbor, Hudson R.) 0.05

NB13 (CN1964, Newark Bay) 0.18

RB17 (CN1533, Raritan Bay) 0.16

KvKI1 (CN1959, Kill van Kull) 0.87
Sewage Samples

Secondary sludge from the NYC treatment

plant on Ward’s Island 0.2

Raw sewage from the Yonkers, N.Y.? sewage

treatment plant 0.3

Primary treated effluent from the Yonkers, N.Y.

sewage treatment plant 0.2

! Suspended particle samples are identified by the Lamont
control numbers given in parentheses.

2 The ratio reported is the average pp’-DDT level in the core
sections divided by the average pp’-DDD level. Sediment cores
are identified by Lamont control numbers given in parenthe-
ses. Control Numbers of cores collected for this study are
given in Appendix Table 1.

The city of Yonkers is located on the east bank of the
Hudson and is bordered on the south by NYC.

data can be used to investigate the possible sources of
DDT-derived compounds to the sediment cores from
Area 1 and to our suspended particle samples.

From the data in Table 3, we estimate that the surface
sediment samples from our Area 1 cores had an average
pp’-DDT to pp’-DDD ratio of about 0.5. It is tempting
to cite the much lower average pp’-DDT to pp’-DDD
ratio in cores 1.7, NB 13, and RB17 (Table 5) as evi-
dence that atmospheric inputs contribute significantly
to the DDT-derived compounds in Area 1 sediments
and that dredge spoil disposal was not the dominant
source of contaminants to our Area 1 cores. We believe,
however, that this argument is seriously flawed. Sedi-
ment samples from the N.Y. Harbor complex waters

bordering Staten Island had the highest levels of pp’-
DDT that we have observed in N.Y. Harbor sediments
and a relatively high ratio of pp’-DDT to pp’-DDD (core
KvK1, Table 5). In the case of the Kill van Kull, which
forms the northern border of Staten Island, sections of
a core that records deposition from approximately the
mid 1970’s to 1985 had an average pp’-DDD level of
580 ppb and an average pp’-DDT of 500 ppb (Bopp and
Simpson'). Comparable results have been obtained from
sediment core samples from the Arthur Kill, on the
western boundary of Staten Island (Bopp, unpublished
data). To put this in perspective, sediment deposited
along the main axis of the Hudson near the site of core
1.7 from approximately the mid 1970’s to 1986 had an
average pp’-DDD level of approximately 50 ppb (core
1.65, CN1923, Bopp and Simpson, 1989) and an aver-
age pp’-DDT level of approximately 5 ppb (Bopp, un-
published data). We have found no published
information that indicates the source of the relatively
high levels of DDT-derived compounds in recent Kill
van Kull and Arthur Kill sediments. From the above
discussion, it is evident that even a small component of
sediment similar to that found in the Kill van Kull core
would significantly increase the ratio of pp’-DDT to
pp’-DDD in material dredged from the N. Y. Harbor
complex. Data from the U.S. Army Corps of Engineers
indicates that in 1986, projects in the Arthur Kill and
Kill van Kull contributed about 14% of the volume of
material disposed of at the dredge spoil dumpsite.?
This indicates that the pp’-DDT to pp’-DDD ratio in the
surface sediment samples from our Area 1 cores does not
require a significant atmospheric input nor does it rule
out the possibility that dredged material disposal is the
dominant source of these compounds to the sediments.
Strong evidence for atmospheric inputs of DDT-de-
rived compounds to Area 1 was found in the pp’-DDT
to pp’-DDD ratios in our suspended particle samples
taken in Area 1 (Table 6). The fact that major inputs of
DDT-derived compounds to Area 1 with dredge spoil
and sewage sludge disposal and Hudson-Raritan dis-
charge did not totally obscure the atmospheric signal
underscores the power of the pp’-DDT to pp’-DDD
ratio as a tracer in the coastal environment. Figure 5
shows station locations and all of the pp’-DDT to pp’-
DDD ratio data. The majority of the data is easily inter-
preted. At the GI station, near Sandy Hook buoy Gl1,
the ratio is consistent with Hudson-Raritan discharge.
It is likely that this source continues to be the major
influence at site SB (at the bell buoy off Shrewsbury
Rocks) which is located within the plume of discharge
from the Hudson-Raritan that follows the New Jersey
coast (Ingham, 1989). Further south along the coast, as

3 U.S. Army Corps of Engineers, New York District, Mud Dump
Activity Listout, 1 December 1990.
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Table 6
Large volume filter samples.
Suspended pp’-DDT? pp’-DDD pp’-DDT

Station! Matter (mg/1) (ppb) (ppb) pp-DDD
August 24, 1987
Gl (S), F1099 2.7 4.8+0.7 25+3 0.19+0.03
Ab4 (S), F1097 0.16 24+3 7.2+1.5 3.320.8
Ab4 (D), F1098 1.4 5.2+0.6 142 0.36x0.06
LB3 (S), F1094 0.41 142 10=+1 1.4+0.3
LB5 (S), F1095 0.19 152 112 1.420.3
A56 (S), F1096 0.15 17+3 6.3+2.0 2.7x1.0
October 31, 1987
Gl (S), F1103 1.5 5.8+0.7 18+2 0.33+0.05
A44 (D), F1102 0.80 6.9+1.0 9.9+1.1 0.70£0.13
SB (D), F1100 1.3 8.7£1.1 22+2 0.40+0.07
A54 (D),F1101 1.0 : 3 0.23
June 27, 1988
Gl (S), F1105 1.3 162 36+4 0.43+0.07
Gl (D),F1106 1.4 9.6x1.1 253 0.38+0.06
SB  (S), F1107 0.87 9.3£1.4 313 0.30+0.06

! Station locations are shown on Fig. 5. A44, Ab4 and A56 are NOAA Broadscale designations. LB3 and 5 are along the NOAA Long
Branch transect. G1 is green buoy #1 off Sandy Hook and SB is the bell buoy off Shrewsbury Rocks. (S) indicates surface samples collected
atadepth of about 2 meters; (D) are deep samples collected at about 5 meters above bottom. F designations are Lamont control numbers
used for sample identification.

2Error estimates are based on the reproducibility of blanks and the precision of replicate analyses (about £10%) as reported by Bopp et
al. (1982).

% Individual concentrations are not reported due to an uncertainty in the total extraction volume.

the plume is diluted by mixing, there is evidence of an
additional source of DDT-derived compounds. At sites
LB3 and LB5 (Long Branch) the pp’-DDT to pp’-DDD
ratio increases to greater than one as a result of higher
levels of pp’-DDT. Near the dumpsites at stations A44
and Ab4, the pp’-DDT to pp’-DDD ratios in the deep
suspended particle samples are similar to those in near-
surface sediments from our Area 1 cores (Table 3). We
interpret this as an indication of resuspension. The pp’-
DDT to pp’-DDD ratios would also be consistent with a
Hudson-Raritan discharge source, although the great
difference between deep and surface samples makes
this unlikely. Surface suspended particle samples at
sites Ab4 and Ab56 had the highest levels of pp’-DDT
and ratios of pp’-DDT to pp’-DDD much greater than
one (Table 6). It should be noted that all of the samples
used to characterize Hudson-Raritan discharge, dredge
spoil disposal, and sewage sludge disposal had pp’-DDT
to pp’-DDD ratios of less than one (Table 5) and so an
additional source is indicated.

As mentioned above, a most likely source of enhanced
pp’-DDT is atmospheric input. The ratios of pp’-DDT
to pp’-DDD in the surface suspended particle samples
from sites A54 and A56 were similar to those observed

in sediment trap samples from the continental slope
(Table 4). However, the concentration of pp’-DDT
(Table 6) on these suspended particle samples was
much higher than in the trap material. The surface
suspended particles at A56 and A54 had about 20 ppb
pp’-DDT while the trap samples averaged about 2.5
ppb. This could reflect differences in sample type (traps
collect the larger, sinking particles), in location and
collection period, or perhaps in pp’-DDT sources. Analy-
sis of suspended particle samples from the continental
slope environment would help to limit these possibilities.

For Area 1, our data indicate that the contaminant
regime in surface waters can be vastly different than
that found near the bottom. The pp’-DDT to pp’-DDD
ratio on particles appears to have significant potential
in the nearshore environment as a tracer of water masses
and the fate of particle-associated contaminants. Spe-
cific application to onshore transport of pollutants and
deposition in coastal embayments and estuaries as dis-
cussed by Olsen et al. (1989) is indicated. At this point,
however, it must be remembered that our interpreta-
tions are based on a limited number of samples and
that other possible sources of pp’-DDT have not been
ruled out. While the collection and analysis of addi-
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1991). It was estimated that sediments deposited in the
Table 7 bay over the past four decades averaged between 600

2,3,7,8-tetrachlorodibenzo-p-dioxin concentrations in
area 1 samples.

2,3,7,8-TCDD

Sample (parts per trillion)

Core Sections

A4l #1, 0-20 cm 400

A56 #4, 0-2cm 41

A56 P1, 72-80 cm ND(18)!
Suspended Matter

Gl (S), F1099 120

Ab54 (D), F1098 ND(33)

I ND indicates not detected and is followed by the detection
limit in parentheses.

tional samples is necessary, the potential for increasing
our understanding of pollutant behavior in this important
environment indicates that such an effort is warranted.

2,3,7,8-TCDD on Particles from Area 1

A major incident of 2,3,7,8-Tetrachlorodibenzo-p-di-
oxin (2,3,7,8-TCDD) contamination in sediments of
Newark Bay has been described recently (Bopp et al.,

and 1200 parts per trillion (ppt) 2,3,7,8TCDD. This
study indicated that discharges from an industrial chemi-
cal manufacturing plant on the lower Passaic River (a
major tributary of Newark Bay) could account for much
of the 2,3,7,8-TCDD contamination in the N. Y. Harbor
complex. Major inputs of 2,3,7,8-TCDD to Area 1 asso-
ciated with Hudson-Raritan discharge and Newark Bay
dredge spoil disposal would be expected. The data in
Table 7 confirms the presence of significant levels of
2,3,7,8-TCDD on particles from Area 1.

Based on our analyses, it appears possible that levels
of 2,3,7,8-TCDD could provide a specific indicator of
the dredged material disposal source to the sediments
of Area 1. The 120 ppt level in the 1987 sample of
suspended matter from near Sandy Hook at the mouth
of the Hudson-Raritan estuary is an indicator of mid
1980’s input from discharge. Samples of mid 1980’s
particles from the vicinity of the dumpsites included
the deep suspended matter sample from site A56 that
contained <33 ppt 2,3,7,8-TCDD and the 0-2 cm sec-
tion of core A56 #4 that contained 40 ppt. This sedi-
ment core section was among those mentioned above
that contained detectable levels of Be-7 indicating depo-
sition within about a year prior to collection (1987).
The concentration of 400 ppt 2,3,7,8-TCDD found in
the composite sample from site A41 indicates that past
inputs were significantly greater, an observation sup-
ported by the Newark Bay sediment data and chemical
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production records of the industrial facility (Bopp et
al., 1991). Most interesting was the low level of 2,3,7,8-
TCDD in the 72-80 cm sample from piston core P1 at
site A56. In this particular core, Cs-137 penetrated to 88
cm (Table 2). The 72-80 cm sample contained a signifi-
cant recent component (115+16 pCi/kg of Cs-137).
This core section represents an attempt to sample sedi-
ment from approximately the late 1950’s. Bopp et al.
(1991) indicate that, compared to the mid 1980’s, the
period between the mid 1950’s and early 1960’s would
be characterized by much higher levels of 2,3,7,8-TCDD
contamination, both in sediments depositing in New-
ark Bay and the lower Passaic River and in Hudson-
Raritan discharge derived from the bay. It would be
difficult to explain the low level of 2,3,7,8-TCDD in the
sample under consideration if Hudson-Raritan discharge
were the major contributor to the contamination ob-
served in our cores from Area 1. Our observations are
consistent with dredged material disposal being a ma-
jor source. Prior to 1970, material dredged from New-
ark Bay was disposed of primarily in upland sites adjacent
to the bay (Suszkowski, 1978). Only since 1970 has the
dumpsite located in our study area been the dominant
repository for Newark Bay dredged materials (Suszkowski,
1978; HydroQual, Inc.?). If A56 P1 (72-80 cm) does in-
deed represent dredged material dating from approxi-
mately the late 1950’s, it would not have a large Newark
Bay component and would be expected to contain a
relatively low level of 2,3,7,8TCDD, consistent with value
reported (Table 7). At present, this interpretation is quite
speculative due to the limited amount of applicable data.

Conclusions

The conclusions of this study can be summarized as
follows:

1) High rates of fine particle and associated pollut-
ant accumulation were found along the axis of the HSV
from the vicinity of the dredge spoil and former sewage
sludge dumpsites to sites several kilometers down-val-
ley. The high rates of net particle accumulation, data
on 2,3,7,8TCDD, and trends in Cs-137 and K-40 activi-
ties in sediments are consistent with the conclusion that
the major source of accumulating particles is the trans-
location of material dredged from the N.Y. Harbor
complex and dumped at the dredge spoil disposal site.
Other studies (Davis et al., 1995) indicate that sewage
sludge derived material has also been deposited at these
sites. Any estimate of total recent particle and contami-
nant deposition down valley from the dumpsites would
require additional sediment cores from transects across

4 Hydroqual. 1989. Assessment of pollutant inputs to New York
Bight. Job No. DYNM0100, Hydroqual, Inc., Mahwah, NJ.

the axis of the HSV to complement our along-axis samples.

2) Cs-137and K-40 activities and contaminant analy-
ses in sediment core sections indicate that fine particles
that have accumulated in a mid-shelf region (Area 2)
and on the continental slope (Area 3) over the past
four decades are relatively uncontaminated. Analyses
of DDT-derived compounds in these samples indicate a
dominantly atmospheric source. Cumulative and mid
1980’s fluxes of DDT-derived compounds calculated
from sediment trap and core data are consistent with
other estimates of regional atmospheric inputs
(Rapaport et al., 1985).

3) The pp’-DDT to pp’-DDD ratio on particles is a
useful tracer of atmospheric inputs and processes asso-
ciated with particle-reactive pollutant behavior in the
continental slope and coastal environments. Indications
of atmospheric inputs have been found on suspended
particles collected within a few kilometers of the Hudson-
Raritan discharge and the dredge material and former
sewage sludge disposal sites. Further exploitation of
this tracer is recommended.

4) Based on four samples, there appears to be sig-
nificant 2,3,7,8-TCDD contamination on particles from
Area 1 that is probably related to industrial discharges
to the lower Passaic River. Additional samples should
be analyzed to test this provisional conclusion.
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Appendix Table 1
Radionuclide data on sediment core sections.!

Depth Weight Cs-137 Be-7 K-40
Location (cm) (g) (pCi/kg) (pCi/kg) (pCi/g)
NY5 #1 0-2 51.2 49x14 167+103 10.9+£0.9
CN 2032 2-4 51.1 7514 -26+104 10.8+0.6
10/30/87 4-6 62.4 66+16 10.7+0.6
6-8 67.9 56+15 10.2+0.6
8-12 129.6 738 10.7+0.6
12-16 133.2 21+7 10.9+0.6
16-20 130.3 11+6 11.320.6
20-24 130.9 0+6 10.7+0.6
NY5 #2 0-0.5 15.0 50+£20 178+209 11.60.7
CN 2033
10/30/87
NY6 #1 0-2 40.0 54x12 195+95 8.6x0.5
CN 2030 2-4 67.5 37+7 7+60 8.3+0.4
10/30/87 4-6 70.0 4710 8.1+0.4
6-8 66.7 37+14 8.7+0.5
8-12 145.1 2919 8.7+0.5
12-14 66.9 8+7 9.0£0.5
NY6 #2 0-0.5 7.4 55+31 335+341 10.2+0.7
CN 2031 0.5-1.0 8.5 75+30 -33+338 10.7+0.7
A25 #1 0-2 26.3 418+31 127+143 16.7+£0.9
CN 2034 2-4 31.3 536+35 276149 17.8+1.0
10/30/87 4-6 31.0 230+22 21+123 15.3+0.8
6-8 26.1 370+33 15.7£0.9
6-82 26.1 403+32 17.5£1.0
6-82 26.1 362+25 18.1+1.0
6-82 26.1 318+30 17.8+1.0
8-12 51.2 419+29 17.6x1.0
8-122 51.2 420+29 17.2+0.9
12-16 56.6 32025 17.3+0.9
16-20 55.9 163+18 17.4x0.9
16-202 55.9 192+20 17.6£1.0
20-24 61.4 198+19 18.2+1.0
24-28 57.9 23423 18.9+1.0
28-32 66.4 126+12 15.6+0.8
28-322 66.4 127+15 15.5+0.8
32-33 29.1 220+18 13.2+0.7
A25 #2 0-0.5 11.8 20131 33+261 14.9+0.9
CN 2035
10/30/87
A25 P3 0-4 77.6 277 -11+61 10.6+0.6
CN 2075 4-8 57.8 2319 9.00.5
10/4/89 8-12 55.0 45x10 9.5+0.5
12-16 55.8 2110 10.1+0.6
16-24 60.6 192+14 14.1+0.7
24-32 58.2 180+15 12.5+0.7
32-40 90.4 39+7 7.6x0.4
40-48 60.9 32119 12.7+0.7

Continued
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Appendix Table 1 (continued)

Depth Weight Cs-137 Be-7 K-40
Location (cm) (g) (pCi/kg) (pCi/kg) (pCi/g)
A4l #1 0-2 22.8 129+18 70+123 12.5+0.7
CN 2028 2-4 28.6 227+21 =77+120 12.9+0.7
10/30/87 4-6 19.0 387+37 17369 14.5+0.9
6-8 17.3 394+34 16.1+0.9
6-82 173 420+46 15.4£1.0
6-82 17.3 351234 15.7+0.9
8-12 39.3 342428 13.2+0.8
12-16 40.8 361+30 14.0£0.8
16-20 51.0 180+18 14.6+0.8
20-24 80.4 1311 12.8+0.7
24-28 58.4 10£13 15.8+40.9
28-32 51.5 -10+11 16.9+0.9
32-36 60.8 —5+9 15.8+0.8
36-40 99.4 17+11 11.7£0.6
40-44 118.0 -7+9 11.5+0.6
44-47 111.8 47 11.2+0.6
A4l #2 0-0.5 4.4 162+60 -369+759 13.9+1.1
CN 2029
10/30/87
A56 #1 0-2 16.3 151225 386+205 13.0+0.8
CN 2024 2-4 18.3 214+34 109+240 13.7+0.9
9/1/87 4-6 20.1 256+36 -55+236 14.3+0.9
6-8 21.6 229+29 12.9+0.8
8-12 36.8 158+18 12.0+0.7
40-42 18.2 196+26 14.6+0.9
Ab6 #2 0-2 16.2 15720 1008+179 14.3+0.8
CN 2025 2-4 13.9 191+29 65+244 15.6+0.9
9/1/87 4-6 14.6 173+20 -12+211 14.1+0.8
6-8 15.4 206+28 13.9+0.8
40-42 17.5 228+35 12.9+0.9
Ab6 #3 0-2 15.3 180+38 610+239 13.8+0.8
CN 2026 2-4 18.8 334+34 -200+252 14.0+0.9
9/1/87 4-6 20.0 18830 -11+253 13.3+0.9
6-8 18.8 217+29 13.1+0.8
8-12 32.7 30425 16.2+0.9
12-16 3219 27825 13.5+0.8
16-20 40.1 280+19 12.8+0.7
20-24 32.7 267+25 11.8+0.7
24-28 30.4 408+30 12.0£0.7
28-32 29.9 338+28 14.6+0.8
32-36 36.8 252+23 14.2+0.8
36-40 53.0 148+13 13.1+0.7
40-44 42.0 19122 12.4+0.7
44-47 36.4 77+15 13.2+0.7
A56 #4 0-2 15.2 186+21 636+193 14.2+0.8
CN 2027 2-4 15.8 249+29 -182+234 14.2+0.9
9/1/87 4-6 24.3 194+20 13.4+0.8
6-8 27.3 139+17 13.5+0.7
8-12 36.1 219+19 13.7+0.8
12-16 34.8 225423 12.6=0.8
16-20 34.8 285+25 13.8+0.8

Continued
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Appendix Table 1 (continued)

Depth Weight Cs-137 Be-7 K-40
Location (cm) (g) (pCi/kg) (pCi/kg) (pCi/g)
AbB6 #4 20-24 30.1 365+30 13.4+0.8
CN 2027 24-28 32.4 348+26 13.420.7
9/1/87 28-32 34.2 260+20 14.8+0.8
32-36 41.3 225x19 13.9+0.7
36-40 35.4 209+17 13.8+0.7
40-44 39.7 168+19 11.8+0.7
44-48 44.5 12317 12.8+0.7
Ab56 #5 0-2 17.9 174%23 302+191 15.4+0.9
CN 2053 2-4 16.7 17321 -216£177 15.0+0.8
9/26/88 4-6 20.1 229+26 15.2+0.9
6-8 23.1 203+20 14.2+0.8
12-16 34.4 213423 13.7+0.8
16-20 31.6 279+26 15.2+0.9
20-24 31.2 282+27 14.6+0.9
24-28 37.5 233+23 14.3+0.8
28-32 39.1 27225 15.0+0.9
32-36 34.4 27426 13.5+0.8
36-40 29.1 326+30 13.4+0.8
40-43 27.6 371+30 13.4+0.8
Ab56 #6 0-2 14.8 137+24 702+174 14.9+0.9
CN 2076 2-4 17.5 133+23 268+206 12.1+0.7
10/4/89
A56 P14 0-4 20.7 279+29 —274%210 14.6x0.8
CN 2052 4-8 8.8 32737 14.0+0.9
9/26/88 8-12 9.8 312+38 12.9+0.8
12-16 9.5 42242 14.6+0.9
16-24 22.4 429429 14.1+0.8
24-32 20.6 30027 16.420.9
32-40 20.6 261+26 15.4x0.9
40-48 25.3 20720 15.6+0.8
48-56 19.9 194+24 15.5+0.9
56-64 25.3 184+21 13.5+0.8
64-72 26.2 157+20 13.8+0.8
72-80 31.6 115+16 15.0+0.8
80-88 28.2 36+18 17.0+0.9
88-96 34.4 28+16 16.8+0.9
96-104 35.9 -13+13 16.5+0.9
104-112 34.3 18+16 16.7+0.9
112-120 38.1 -16=13 15.7+0.9
136-144 53.9 —4+10 14.0+0.7
160-168 46.7 711 14.6+0.8
Ab56 P2 0-4 10.1 158+47 17.0+1.2
CN 2077 4-8 12.8 188+43 13.3x1.0
10/4/89 8-12 19.8 110+28 13.2+0.8
12-16 14.3 101+33 12.8+0.9
16-24 22.6 215+29 13.0+£0.8
24-32 18.2 251+34 14.6+0.9
32-40 19.8 229+29 15.5+0.9
40-48 21.4 235+30 14.9+0.9
48-56 23.5 290+30 14.8+0.9
56-64 17.5 262+32 14.520.9
64-72 23.3 304+23 14.6+0.8

Continued
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Appendix Table 1 (continued)

Depth Weight Cs-137 Be-7 K-40
Location (cm) (g) (pCi/kg) (pCi/kg) (pCi/g)
A56 P2 72-80 22.1 31126 14.7+0.8
CN 2077 80-88 16.1 315+28 13.7+0.8
10/4/89 88-96 14.5 315+33 13.7+0.8
(continued) 96-104 18.2 314+28 13.2+0.8
104-112 24.6 415+28 13.4+0.7
112-120 25.7 386+28 15.1+0.8
120-128 21.5 262+22 14.6+0.8
128-136 20.6 206+23 14.0+0.8
136-144 22.2 20122 15.7+0.9
144-152 22.0 17022 15.3+0.9
152-160 21.56 192423 14.5+0.8
160-168 28.8 162+18 13.1x0.7
168-176 40.2 6311 11.6+0.6
176-184 26.7 182+21 13.8+0.8
184-192 25.2 92+17 14.2+0.8
192-200 31.0 143+17 14.2+0.8
200-208 26.1 24+16 15.3+0.8
208-216 33.2 22+12 15.6+0.8
216-224 38.3 —-6+13 15.6+0.8
224-232 40.1 1011 14.2+0.8
232-240 31.3 -2+13 16.2+0.9
240-248 30.7 -5x14 16.8+0.9
248-256 52.0 311 14.0+0.8
HSV1 #1 0-2 24.5 202+18 180+140 14.7+0.8
CN 2042 2-4 19.7 394+31 -311+279 16.9+1.0
6/27/88 4-6 25.0 423+29 17.2+0.9
6-8 248 382425 17.0£0.9
8-12 43.4 435+32 15.7+0.9
12-16 57.7 314+23 15.0+0.8
16-19 42.6 228+22 15.2+0.9
HSV1 #2 0-2 25.9 339424 172167 17.120.9
CN 2043 2-4 20.5 444+38 258+380 16.4x1.0
6/27/88 4-6 22.5 44735 17.3+1.0
6-8 21.5 453+35 16.0+0.9
8-12 47.1 409+24 16.2+0.8
12-16 48.7 360+28 15.7+0.9
HSV2 #1 0-2 26.9 130+16 86+126 13.8+0.7
CN 2040 2-4 25.4 156+19 -181+217 15.0+0.8

6/27/88

HSV2 #2 0-2 23.0 132+17 159+159 15.1+0.8
CN 2041 2-4 25.5 16025 133+311 15.1+0.9
6/27/88 4-6 25.9 189+20 14.9+0.8
6-8 254 15120 14.9+0.8
8-12 62.1 202+18 13.7+0.8
12-16 719 141+15 12.60.7
16-18 39.6 56=11 12.2+0.7
18-21 93.0 12113 12.3+0.7
HSV2 #3 0-2 32.4 7013 12.3+0.7
CN 2078 0-22 32.4 60+14 61109 12.4+0.7
10/4/89 2-4 379 67+13 -101+123 12.5+0.7
242 37.9 66+16 14.2+0.8

Continued




Session II:  Physical Oceanography

81

Appendix Table 1 (continued)

Depth Weight Cs-137 Be-7 K-40
Location (cm) (8) (pCi/kg) (pCi/kg) (pCi/g)
HSV2 #3 4-6 40.6 106+17 13.7+0.8
CN 2078 6-8 35.6 13815 12.8+0.7
10/4/89 8-12 70.6 155+14 13.0+0.7
(continued) 12-16 90.9 90+9 11.420.6
16-20 108.1 58+8 10.9+0.6
20-24 122.5 28+8 11.7+0.6
24-28 124.0 16+6 10.4+0.5
28-32 123.1 157 11.0+0.6
32-36 126.8 47 11.6+0.6
HSV3 #1 0-2 23.7 10516 417132 14.7+0.8
CN 2038 2-4 24.3 115+17 166+191 14.6+0.8
6/27/88 4-6 29.9 145+21 13.7+0.8
6-8 30.7 15521 13.7+0.8
8-12 66.3 116+18 11.5+0.7
12-16 73.2 10416 12.00.7
16-19 67.6 98«15 12.2+0.7
19-21 47.7 106+16 11.7+0.7
HSV3 #2 0-2 25.7 134+16 272142 15.0+0.8
CN 2039 2-4 27.0 147+19 —2+214 12.60.7
6/27/88 4-6 28.7 134+16 14.7+0.8
24-26 53.9 539 11.7+0.6
HSV4 #1 0-2 48.0 53+10 11878 11.3+0.6
CN 2059 2-4 56.2 579 -35+77 11.1+0.6

11/19/88

HSV4 #2 0-2 39.6 48+11 156100 12.4+0.7
CN 2060 2-4 4].1 7711 54+98 12.3+0.7
11/19/88 4-6 52.4 50«10 12.2+0.6
6-8 55.0 72+11 12.4+0.7
8-12 108.6 56£10 10.5+0.6
12-16 117.0 40+10 10.2+0.6
16-20 119.2 3611 10.4+0.6
20-24 122.4 -9+9 10.0+0.5
HSV5 #1 0-2 43.9 53«13 -39+103 11.7+0.6
CN 2061 2-4 32.2 107+18 15146 12.5+0.7
11/19/88 4-6 41.1 7712 11.8+0.6
6-8 54.5 68+10 11.2+0.6
8-12 104.6 54+10 10.4+0.6
12-16 113.8 36+7 10.4£0.5
16-20 127.3 279 9.8+0.5
20-24 131.2 207 9.50.5
24-28 143.6 3+6 9.4+0.5
28-28.5 31.1 1513 11.9+0.7
HSV6 #1 0-2 50.6 40+12 597 10.8+0.6
CN 2062 2-4 59.2 50«10 -16+87 11.3+0.6
11/19/88 4-6 72.3 23+8 10.8+0.6
6-8 71.1 1248 10.70.6
8-12 145.7 6+6 9.8+0.5
12-16 134.6 —46 10.5%0.5

Continued
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Appendix Table 1 (continued)

Depth Weight Cs-137 Be-7 K-40
Location (cm) (g) (pCi/kg) (pCi/kg) (pCi/g)
HSV6 #2 0-2 56.2 35+7 -32+73 12.0+0.6
CN 2063 2-4 60.0 20+9 11.6x0.6
11/19/88 4-6 74.0 22+7 11.1£0.6
6-8 77.1 77 11.120.6
8-12 149.8 -5%6 10.5+0.5
HSV7 #1 0-2 54.5 52+10 54+102 11.7+0.6
CN 2064 2-4 50.9 42+13 11.5+0.6
11/19/88 4-6 59.2 42+12 11.420.6
6-8 66.0 42+11 11.2+0.6
8-12 125.6 349 11.0+£0.6
12-16 142.7 166 10.9+0.6
16-20 139.5 157 11.2+0.6
HSV8 #1 0-1 10.0 70+28 91+284 18.2+1.1
CN 2065 1-2 12.3 63+25 106+259 17.5£1.0
11/19/88 2-3 12.2 88+26 148+306 19.3+1.1
34 11.8 124+28 20.1+1.1
4-6 22.4 8017 18.51.0
6-8 24.9 -15+24 17.1£1.0
HSV9 #1 0-1 8.7 4+49 358+455 17.0£1.2
CN 2066 1-2 10.7 33x41 -298+396 18.4+1.2
11/19/88 2-3 9.8 0+31 20.4+1.2
NBS Std.> 2675+136 14.7+0.8
2643+133 14.3+0.7
2656+134 14.5+0.7

! Activities are reported with error bars of + one standard deviation based on statistical counting errors.

2 These are results of replicate analyses.

3 Site A25 is on the dredge spoil disposal site. The relatively low Cs-137 and K-40 activities in the top 40 cm of A25 P probably result from
emplacement of a sand cap at that site after our collection of cores A25 #1 and 2 (10/30/87) and prior to collection of the piston core
(A25 P, 10/4/89). Capping with relatively clean sand is known to have been performed at times at this disposal site. This procedure is an
attempt to stabilize contaminated dredge spoil deposits and isolate them from the overlying water.

4 This piston core overpenetrated. Based on the other cores from this site, we estimate that the top 60-120 cm were lost.

5 These results are for NBS standard reference material 4350 (river sediment). NBS reported activities are 2703+122 pCi/kg for Cs-137
and 14.6+1.3 pCi/g for K-40.
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Audience Questions

Question: I wonder if you have any idea where the
atmospheric DDT comes from?

R. Bopp: Yes. It doesn’t look like recycled DDT. If it
were recycled from soil applications, it would have sig-
nificant DDD associated with it. What Rappaport et al.
(1985) suggested was that the current source was from
spraying in Mexico and Central America and atmo-
spheric transport as nearly pure DDT. Our study looked
at areas near major sewage sludge and dredge spoil
dumpsites and we saw that influence in near-bottom
suspended particle samples and in the sediments. It’s
astounding that the DDT signal in the surface water
right above the dumpsites at some times of the year
appears to be dominated by an atmospheric signal. I
find that incredible.

Question: Did you say that you had data from deep
ocean sites?

R.Bopp: Atthe shelf break. When you get to the deep
ocean, there is little net deposition. You only have to
look at the top few centimeters, and you can find cores

where this layer is aerobic. The DDT that gets there
doesn’t get converted on site. And, yes, we have a superb
core from about 1,700 meters depth. So, we don’t have
deep ocean data, but from the shelf break at 1700 meters.

Question: With respect to the DDT compounds found
in that core, how long ago would you say they were laid
on the surface of the ocean?

R. Bopp: The entire history of DDT deposition is
contained within the top four centimeters. The first
possible input would be 1939, but the maximum inputs
would have been in the fifties and sixties.

The only other thing thatI’d like to leave you with is the
power of the atmospheric tracer, the DDD to DDT
ratio. You could be sitting on the top of the dredge
spoil sites in August 1987 looking at the particles that
are in that water column and barely recognize the
influence of either the disposal sites or the Hudson/
Raritan discharge in terms of the DDT signature. I was
amazed to find that it’s predominantly atmospheric.
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The coastal waters in the apex of the New York Bight
(NYB) receive enormous anthropogenic inputs gener-
ated by the domestic and industrial activities of ap-
proximately 20 million people. During the early 1980’s,
before the closure of the 12-mile sewage sludge dumpsite
(Fig. 1), the three largest sources of pollution to the
apex were the outflow from the Hudson—Raritan estu-
ary, and the dumping of sewage sludge and dredged
material from barges. Relatively minor inputs came
into the apex from coastal New Jersey and Long Island
and from aerial or atmospheric deposition (Fig. 2).

For some wastes, such as nitrogen and organic car-
bon, the Hudson—Raritan estuarine plume overwhelmed
the contribution from other sources during the early
1980’s. For example, approximately 58% of the anthro-
pogenic organic carbon was from the estuarine plume,
and 5% from sewage sludge (Mueller et al., 1976; Fig.
2). For other inputs such as lead, dredged material was
by far the largest source at 51%, while sewage sludge
provided 21% and the estuary about 24% of the load-
ings (Stanford and Young, 1988). The contribution of
sewage sludge to total loadings of PCB’s was relatively
minor in comparison with inputs from the estuary and
dredged material (Fig. 2). Inputs of colliform bacteria
from the plume were more than 100 times the inputs
released by dumping of sewage sludge (Mueller et al.,
1976). Inputs of the major contaminants from sewage
sludge were generally subordinate to those from the
estuary and from dumping of dredged material.

While the major sources of pollution to the apex
were reasonably well quantified, their fates in the NY
Bight were not well understood. A number of earlier
studies (e.g. Hatcher and McGillivary, 1979; Zdanowicz,
1991) documented highly elevated concentrations of
sewage-derived contaminants in the sediments of the
Christiaensen Basin, a topographic depression (the
Hudson Shelf Valley) between the sewage sludge and
dredged material dumpsites (Fig.1). The proximity of
the dumpsites and the mouth of the Hudson-Raritan
Estuary to the basin makes these sources potentially

significant. Further, resolution of their relative impor-
tance to the habitat quality of the Christiaensen Basin
becomes even more difficult because sewage sludge,
dredged materials, and the estuarine plume share many
of the same sewage-associated contaminants. Young et
al. (1985) suggest that the highly dispersive circulation
in the NYB results in particle-associated contaminants
from a variety of sources seeking the same naturally
muddy sediments, such as those in the Christiaensen
Basin, regardless of their point of introduction.

Studies of Landsat satellite images of turbidity (Fedosh
and Munday, 1982) indicate that the seaward edge of
the estuarine plume extends over the basin and reaches
the 12-mile dumpsite 12% of the time. Despite the high
contaminant loadings in the estuarine plume, the
plume’s influence on bottom habitat quality in the
Christiaensen Basin could be minor or major, depend-
ing on the location of the plume and the efficiency of
its delivery of particle-associated pollutants to the basin
seabed. Similarly, the delivery efficiency of sewage sludge
and its contaminants to sediments in the Christiaensen
Basin was not well understood. Sewage sludge contains
about 5% solids, is diluted several-thousand fold shortly
after release from the barge (Calloway et al., 1976;
Proni, 1976; Draxler, 1979), and is rapidly dispersed
over an area much greater than the nominal size of the
dumpsite. The fate of the dredged material, the largest
source of contaminants to the apex, seems more cer-
tain (Fig. 2). It is generally believed that most of the
material remains at the site (Dayal et al., 1981). Some
of the contaminated fine-grained sediments at the
dredge site may be resuspended and dispersed by storms
(Young etal., 1985). How much of this finds its way into
the adjacent Christiaensen Basin is unknown.

The studies of seabed sediments reported in this
volume had several objectives. The first was to evaluate
twelve hypotheses formulated prior to the initiation of

* Present address: U.S. Department of Commerce, NOAA, NEFSC,
Narragansett, RI 02882.
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Figure 1
The locations of the 12-mile sewage sludge (S) and dredge material (D) dumpsites, the Christiaensen Basin (depths
>25m), the mouth of the Hudson-Raritan Estuary, and the bathymetry of the inner New York Bight.

the study (EPD [Environmental Processes Division],
1988). These dealt with anticipated changes in sedi-
ment biogeochemical processes and contamination fol-
lowing the cessation of sludge dumping and were
evaluated by conducting statistical comparisons of data
from the dumping and post-dumping periods.

The second objective was to characterize the tempo-
ral and spatial changes in the contaminants and pro-
cesses and to resolve abatement trends from seasonal
and other sources of variation. Investigators were most
optimistic about being able to quantify changes in sedi-
ments resulting from the closure of the site because 1)
historical data were particularly abundant and of high
quality, and 2) the pollution signal in the sediments was
exceptionally strong from many decades of dumping.

Another objective was to resolve sources of sediment
contaminants in the Christiaensen Basin. What is the
relative importance of contaminants from sludge dis-
posal activities, dredge disposal activities, and the con-
taminants brought into the area from the estuarine
plume? It was uncertain whether contaminants from

the estuarine plume and dredge disposal would mask
the responses from cessation of sludge dumping.

The last major objective was to develop empirical
models relating sediment processes to carbon loading
and to benthic community responses. The unprec-
edented monthly sampling frequency and the
multidisciplinary nature of the study made this possible.

We expected changes in sediment biogeochemical
processes and that decreased contamination would ac-
company reductions in sludge inputs to the apex, but
many of the details of the response were uncertain or
unknown. A few of the questions investigators had in
mind in 1985 and 1986 were the following:

How long after cessation would change be evident?

How fast would the rates of “recovery” be (years,
decades)?

How much of the NYB would be affected?

How deep in the sediment column would changes
be apparent?
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Figure 2
The distribution (%) of annual loads of various pollutants to the New York Bight apex. Data for lead, oil and grease,
suspended solids, and PCB’s are from Stanford and Young (1988). The distribution of organic carbon loads includes

the entire New York Bight area (Mueller et al. 1976).

Could effects from sludge abatement be resolved
easily from seasonal variation?

How would bathymetry, sediment type, and dis-
tance from the dumpsite affect the responses?

Would the rates of change be similar for a num-
ber of indices of sewage pollution?

What happens when one of the major sources of
pollution to the NY Bight ceases, as happened in
December 19877

How significant was dumping at the 12-mile site to
sediment processes in the apex and in the
Christiaensen Basin?

The following papers address these questions.
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