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ABSTRACT

LATE PLEISTOCENE TO HOLOCENE EVOLUTION, SEDIMENTATION PROCESSES,
AND ANTHROPOGENIC IMPACT OF A COASTAL SYSTEM: RARITAN AND SANDY
HOOK BAYS, NEW JERSEY
by
ELANA A. KLEIN

Dissertation Advisor: Dr. Cecilia McHugh

The objectives of this study were: 1) to decipher the late Pleistocene to modern- day
evolution of a coastal system; 2) determine the impact of natural processes such as longshore
currents and storms on its sedimentary patterns; and 3) assess the impact of anthropogenic
activities due to the proximity of a large metropolitan region. An ultimate goal was to assess the
health of the ecosystems within the coastal environment.

The study area included the Raritan and Sandy Hook Bays, New Jersey, located just
south of the terminus of the maximum extent of the Laurentide ice sheet. The area has long been
affected by the growth of a spit, storms, and anthropogenic pollution.

Seismic reflection profiles provided a framework for the evolution of this simple-fill
estuary since the Last Glacial Maximum. Studies of Vibracores from Sandy Hook Bay revealed
that the latest Holocene sediment in the bay is dominated by low energy deposition in a back-
barrier environment created by the development of the Sandy Hook Spit, interrupted by storm
events (e.g., storm surge, fluvial flooding) which have either left unconformities due to erosion,
or mass-wasting deposits.

Radiocarbon ages of two shallow marine (i.e., low tide- 10 m) mollusks (Anomia

simplex; Anadara transversa) suggest sea level entered the Sandy Hook Bay at ~6.1 cal. ka BP,



similar to estimates by Fairbanks (1989), Siddall et al. (2003), and Wright et al. (2009) that sea
level reached its present day height ~ 6.0 ka BP. This suggests the land was not affected as
greatly by the forebulge than areas previously depressed under the glacial ice.

Five mass-wasting deposits were dated (from 970 AD, 1399 AD, 1525 AD, 1591 AD,
and 1778 AD; mean ages) with radiocarbon ages of shells retrieved from the cores and correlated
with storm deposits identified in previous studies of Long Island, NY, and the New Jersey coast.
These findings show that large areas of a coastline need to be studied to characterize a long-term
prehistoric record of storms.

Results from X- ray fluorescence, magnetic susceptibility, loss on ignition, and short-
lived radioisotopes, revealed that metal concentrations were greater in the upper sediments of the
bay, primarily in the backbarrier sections and proximal to the beaches. Coarser-grained
sediments near the tip of the spit were associated with less contaminants in the upper sediments,
most likely related to dredging, or the higher energy related to tidal currents and waves.

Initial results from wet chemistry (ICP Spectrometer) tests conducted by an independent
laboratory showed Pb was present at levels determined by Long et al. (1995) to have adverse
effects on organisms. Future research is necessary to identify and designate sections of the bay
where fish and shellfish should not be harvested from, due to metal concentrations that may

adversely affect the health of organisms that inhabit the substrate.
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INTRODUCTION

Estuarine environments are vulnerable to impact from natural processes such as tides,
storms and longshore currents (e.g., Donnelly et al., 2001a; 2001b; Zhang et al., 2002; Rosati,
2005), anthropogenic activities such as pollution from metals, PCB’s, and dioxin (Olsen et al.,
1978; Olsen et al., 1984; Renwick and Ashley, 1984; Feng et al., 1998; Cohen et al., 2000; Feng
et al., 2002; Rosales- Hoz, 2003; Tovar- Sanchez et al., 2004), and the effects of climate change
including eustatic rise of sea level (Gornitz et al., 2002; Pendleton et al., 2005; Miller et al.,
2011).

Estuarine sediment can preserve the record of past eustatic changes, storm activity, and
effects of urbanization providing a useful tool for deciphering the timeline of such changes (e.g.,
Zaitlin et al., 1994; Gaswirth, 1999). The evolution and historical impact of eustatic changes,
natural processes (e.g., storms, barrier/ spit growth) and anthropogenic activities related to
estuaries can provide a framework for mitigation of effects of storms, remediation of
contaminants and understanding of other urban estuaries world-wide.

More specifically, “simple-fill” estuaries that by definition preserved in their sediments
the record of one eustatic cycle (Zaitlin et al., 1994), also contain in their stratigraphy evidence
from previous storms and contaminants deposited since the onset of urbanization. The
sedimentary record in these estuaries can be used to better understand the impacts of natural
processes and anthropogenic activities.

The area encompassing the Sandy Hook and Raritan Bays is a simple-fill estuary, which
was located adjacent to the southeast terminus of the Laurentide Ice Sheet during the Last
Glacial Maximum (LGM). This coastal area was also subaerially exposed and incised by fluvial

systems during the LGM (Swift et al., 1980; Teller, 1987; Goss et al., 1995; Gaswirth, 1999;



Peltier, 1998; 1999; Gaswirth et al., 2002; Clark and Mix, 2002; Carey et al., 2005; Nordfjord et
al. 2005; 2006). After the ice retreated, eustatic rise flooded the region, sediments filled the bay
and estuarine conditions developed (Gaswirth, 1999; Nordfjord et al., 2005; Miller et al., 2011).
Previous studies of the Hudson River Estuary and Long Island Sound documented that the first
sea water incursions occurred at ~11.5 cal. ka BP and ~13.5 to 10.0 cal. ka BP, respectively
(Weiss, 1974; Lewis and DiGiacomo- Cohen, 2000; Uchupi et al.,, 2001; Thomas and
Varekamp, 2007). The discrepancy in the ages is related to glacial ice depressing the land. The
Raritan Bay, south of the ice front is expected to have experienced sea water incursion consistent
with estimates by Fairbanks (1989), Siddall et al. (2003), and Wright et al. (2009) that indicate
global sea level reached its present position ~6.0 ka BP.

Urbanization has left the estuary vulnerable to anthropogenic impact. The Hudson-
Raritan Estuary is presently one of the most urbanized estuaries on the East Coast of the United
States, with inputs from sewage treatment plants, industrial discharge, untreated wastewater from
combined storm overflow, as well as runoff from throughout the watershed (Tovar-Sanchez et
al., 2004).

This study will add to the knowledge of how contaminant metals are accumulating in the
sediments of the Sandy Hook Bay by examining the pre-industrial to modern depositional history
based on a chronology derived from short-lived radioisotopes and radiocarbon ages. Deposition
of contaminants will be analyzed in correlation with studies of the natural processes that occur in
the bay region, including transport due to longshore currents, storm activity, and the presence of
a sand spit. This will provide more information about how natural processes affect the fate of
contaminant accumulation in urban bays, which are partially protected from ocean waves by

barriers and spits.



The objectives of this study can be summarized as the follows:
Statement of the Research Problem
1. How did the Raritan and Sandy Hook Bays evolve since the Last Glacial Maximum in
the context of a eustatic cycle?
2. What are the impacts of storms and longshore currents on the evolution of Raritan and
Sandy Hook Bays? How does the growth of a spit affect processes that occur in the bay?
3. How is a modern bay located in an urban setting affected by anthropogenic processes?
How do natural processes such as the growth of a spit, and storms, affect the deposition

and transport of anthropogenic contaminants in a bay setting?



BACKGROUND

Geography of Raritan and Sandy Hook Bays

The Sandy Hook Bay is contained within Raritan Bay and both are adjacent to the Lower
New York Harbor (Fig. 1). The region forms part of the Gateway National Recreation Area
which includes more than 45 km of shoreline in Staten Island, Jamaica Bay, and Sandy Hook,

and 40 km? of Jamaica Bay salt marsh and tidal creeks (Ray, 2004; Pendleton et al., 2005).
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Figure 1: Map of coastal sections of New York and New Jersey, including the location of the
study area. Locations of tributaries including the Shrewsbury River, Navesink River, Arthur Kill,
Raritan River, and Hudson River are shown. (Adapted and modified from GeoMapApp ©).

The Hudson- Raritan Estuary is a two- layer estuary that is partially- mixed (Young and
Hillard, 1984). The bathymetry of the Raritan Bay is flat and shallow (average 8 meters) and is

deeper (3- 11 m) in dredged channels (U.S. Fish and Wildlife Service, 1997; Ray, 2004 and

references therein).



The major water currents in the Raritan and Sandy Hook Bays flow in a counter-
clockwise direction (Jeffries, 1962; NJDEP, 1998). The tidal range is microtidal, with an average
of 1.5 m. It takes approximately 32- 42 tides to flush out the bays, over the course of 16 to 21
days. As the ebb tide enters the system, water moves in from the ocean through the opening
between Sandy Hook and the Rockaway transect (e.g., Rockaway Beach), and then moves up the
Hudson River. As the tide recedes, water travels out to the ocean from the Hudson and Raritan
Rivers, and from the Raritan and Sandy Hook Bays (NJDEP, 1998; Ray, 2004; and references
therein). The Raritan and Sandy Hook Bays range in salinity of 32%., near the Sandy Hook, to 22
%o near the mouth of the Raritan River (Ray, 2004 and references therein).

The fluvial influx into the Raritan and Sandy Hook Bays is complex, as it includes
several tributaries and potentially many sources of contaminants, which may accumulate in the
bays (Paulson, 2005). The Raritan River is the major freshwater source to the system (Ray, 2004
and references therein). Other tributaries that flow into the Raritan and Sandy Hook Bays include
the Shrewsbury River, Navesink River, Arthur Kill, and Hudson River (Fig. 1; U.S. Dept. of
Interior, 1967; USGS Sandy Hook Quadrangle Topographic Map, 1998). There is also an influx
of saline water landward (towards the Upper and Lower New York Bays) via shipping channels

(e.g., Ambrose Channel; Paulson, 2005).

Late Pleistocene Glacial to Holocene Interglacial Evolution of the Coastal System

Last Glacial Maximum

The present- day Raritan Bay was located just south of the southeastern terminal moraine

of the Laurentide Ice Sheet during the LGM (e.g., Teller, 1987; Goss et al., 1995; McHugh and



Olson, 2002). The sediments of this region recorded the late Pleistocene to Holocene glacial to
interglacial history (Teller, 1987; Gaswirth, 1999; Peltier, 1998; 1999; Gaswirth et al., 2002;

Clark and Mix, 2002; Carey et al., 2005; Wright et al., 2009; Miller et al., 2010; Figure 2).

3 I |
Figure 2: Map of the southeastern terminus of the Laurentide Ice Sheet during the LGM. The
extent of the ice sheet is marked by a heavy black line. The location of study area is noted by a
red arrow. (Modified after McHugh and Olson, 2002, and references therein).

At ~20,000 years BP, global sea level was ~120 m lower than today. This was estimated
from sea level curves derived from various studies including those focused on corals (Acropora
palmata) from cores retrieved offshore Barbados, 5'®0 from benthic foraminifera. More recent
studies dated unconformities and related them to seismic stratigraphy and sequence boundaries in
the New Jersey continental margin, and offshore the eastern slope and shelf of New Zealand
(Fairbanks, 1989; Peltier, 1998; Siddall et al., 2003; Peltier and Fairbanks, 2006; Miller et al.,
2009; Wright et al., 2009; McHugh et al., 2010; Miller et al., 2011, and references therein;
Engelhart et al., 2011a).

The New Jersey continental shelf was subaerially exposed during the Last Glacial

Maximum (Swift et al., 1980; Gaswirth, 1999; Nordfjord et al. 2005; 2006; Wright et al., 2009).



Systems of braided streams meandered across the region beyond the margin of the ice and
paleochannels related to these fluvial systems are evident in seismic reflection profiles

(Gaswirth, 1999; Gaswirth et al., 2002; Gulick et al., 2005; Nordfjord et al. 2005; 2006).

Deglaciation

A transgression of sea level began as the ice sheet melted starting at 18,000 yrs BP
(Peltier, 1999; Gaswirth et al., 2002; Duncan et al., 2002; Carey et al., 2005; Wright et al., 2009;
Miller et al., 2009; Miller et al., 2011). According to Fairbanks (1989), sea level rose 24 m
during melt-water pulse 1A at approximately 13,000 yrs BP. This was followed by a eustatic rise
of 20 m from 17,100 to 12,500 yrs BP. The rate of sea level rise was lowest during the period of
11,000 — 10,500 yrs BP, associated with the start of the Younger Dryas cool period, with an
increase in rates through to melt-water pulse (1B) at 9,500 yrs BP (Fairbanks, 1989). The
meltwater associated with these 1A and 1B pulses entered the North Atlantic surface waters at
rates of 14, 000 km®yr (1A), and 9,500 km®yr (1B) (Fairbanks, 1989). The melt-water pulse
(1A) described by Fairbanks (1989) is consistent with minimum &0 values documented in Bard
(1987) and Broecker et al. (1988; 1989). The 8?0 can be used as proxy for glacial ice volume
because glacial ice has low 50 compared to seawater, which leaves the ocean water enriched in
180 when ice sheets expand (Fairbanks, 1989; Peltier and Fairbanks, 2006).

As the Laurentide ice sheet retreated from 18,000 to 13,000 yrs BP, the melt water runoff
became trapped by moraines and created glacial lakes along the ice margin in eastern North
American and the Hudson Valley region. In the general area where New York, Connecticut and
New Jersey states are today, several proglacial lakes were formed including Lake Connecticut,

Lake Hudson, and Lake Passaic (Uchupi et al., 2001). It has been proposed that the lakes were



breached and catastrophically drained on the continental shelf, forming the Hudson Shelf Valley
at ~10- 12 ka BP. The glacial Lake Hackensack drained through spillways in the moraine, into
the present- day Raritan Bay and Lower New York Bay, as evidenced by paleochannels located
where the drainage occurred. Glacial Lake Hackensack drained into the New Jersey continental
shelf at approximately 15,000 yrs BP, via the present- day Raritan Bay (Uchupi et al, 2001,
Donnelly et al., 2005; Rayburn et al., 2005; 2007; Thieler et al., 2007).

The exposed continental shelf was flooded at ~12,000 and 10,300 yrs BP when the
terminal moraine (Harbor Hill Moraine) was breached at the Narrows between Staten Island and
Long Island (Thieler et al., 2007). The breaching was possibly due to increased water levels in
the Hudson basin from the glacial lakes Iroquois, Vermont and Albany, which drained through
the Narrows, due to dam failure (Thieler et al., 2007). As a result, floodwaters from glacial Lake
Hudson and other lakes drained through the Hudson Valley into New Jersey and Southern New
England continental shelves and slopes (Uchupi et al, 2001, Donnelly et al., 2005, Thieler et al.,
2007).

The course of the Raritan River was also affected by the deglaciation. According to Goss
et al. (1995), and Gaswirth et al. (2002), the Raritan River used to flow northeastward before the

Last Glacial Maximum. It was repositioned due to draining of glacial lakes to an eastward flow

(Fig. 3).
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Figure 3: Locations of the paleo- Raritan and paleo- Hudson River, buried channels and
spillways for glacial meltwater in present- day Raritan Bay and Hudson Shelf Valley. RB=
Raritan Bay, LB= Lower New York Bay, CB= Christiansen Basin, RV= location of Richmond
Valley Spillway, UV= Upper Hudson Shelf Valley, PA= Perth Amboy Spillway, RR= Raritan
River, and UB= Upper New York Bay (Adapted with permission from Thieler et al., 2007).
Deglaciation of Long Island Sound

The present- day Long Island Sound was occupied by glacial Lake Connecticut that
contained in its sediments varves and deltaic deposits (Lewis and Stone, 1991; Stone et al., 1998;
Lewisand DiGiacomo-Cohen, 2000; Thomas et al., 2007). The lake formed as meltwater was
dammed by moraines as the ice sheet retreated. Lake Connecticut ultimately drained through a
spillway at the east end of the present- day Sound, (the Race) at approximately 15.5 ka BP
(Lewis and Stone, 1991; Stone et al., 1998; Lewis and DiGiacomo- Cohen, 2000). As sea level
rose through the Race beginning at ~13.5 ka BP, estuarine sediments were deposited on the lake
floor (Stone et al., 1998; Lewis and DiGiacomo- Cohen, 2000). A ravinement surface was
created by wave action as sea level rose into the region. The major sea level incursion that

occurred at ~10 ka BP was marked by gray marine silts and sands containing abundant oysters

(Varekamp et al., 2005; Varekamp and Thomas, 2005; Thomas et al., 2007).



Deglaciation in the Hudson River Valley

The local chronology for sea level change currently available for the Hudson River
region is based on studies of cores from the Hudson River Estuary by Weiss (1974).Weiss (1974)
used radiocarbon dates along with pollen, and foraminiferal assemblages, to determine that tidal
and estuarine conditions reached the lower Hudson River Estuary before 12,000 yrs BP.
Estuarine conditions did not developed upstream or the lower Hudson River until ~7,000 yrs BP.
Weiss (1974) determined that the maximum incursion of brackish water into the Hudson River

Estuary occurred ~6,500 yrs BP.

Deglaciation and Raritan Bay

In contrast to Long Island Sound and the Hudson River Valley, the Raritan Bay was
located just south of the ice margin, and therefore may not have experienced a pronounced
isostatic depression due to the weight of glacial ice. It has been proposed that the region located
beyond the edge of the ice to the south of the ice sheet margin was instead up-warped as a
proglacial forebulge (Dillon and Oldale, 1978; Peltier, 1998, Gornitz et al., 2002; Peltier and
Fairbanks, 2006; Milne and Mitrovica, 2008; Engelhart et al., 2011a). Such areas including the
regions south of the ice margin in present-day Raritan Bay would exhibit evidence of subsidence
after deglaciation (i.e., more rapid rates of relative sea level rise than areas that were not
previously up- warped; e.g., Peltier, 1998; Engelhart et al., 2011a). In contrast, the regions to the
north of the glacial margin that were previously depressed by the glacial ice began to rebound
(Dillon and Oldale, 1978; Peltier, 1999, Gornitz et al., 2002). This localized subsidence related to

the up-warping of the forebulge was lessened by 5,000 BP (Miller et al., 2009).
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Ages obtained from Long Island Sound, the Hudson River Valley and Raritan Bay
suggest that relative sea level rise may have occurred later in Raritan Bay than in other regions to
the north due to isostatic differences (Peltier et al., 1998; 1999; Miller et al., 2009; Wright et al

2009).

Isostasy and Holocene Sea- level Rise

It has been well documented globally that the eustatic rise reached the present shoreline
at ~6,000 yrs BP and continues to rise locally in part due to isostasy associated with the last
deglaciation and in part to the present melting of the ice sheets (Fairbanks 1989; Dillon and
Oldale, 1978; Peltier, 1999; Gornitz et al., 2002; Peltier and Fairbanks, 2006; Milne and
Mitrovica, 2008; Miller et al., 2009; Wright et al., 2009).

Recent studies have shown that the rate of pre- anthropogenic sea level rise for coastal
New Jersey (1.8 mm/yr from ~5 ka to 0.5 ka cal. yrs BP) is consistent with that of the coastal
regions spanning from southern New England to Delaware (~1.7 to 1.9 mm/yr, from 5,000 to
500 yrs BP) suggesting that the distance from the peripheral bulge has minimal impact after 5000
ka BP for this region (Miller et al., 2009). Furthermore, the rate of relative sea level rise at the
New Jersey coast post- industrialization (~3.3 mm/yr) suggests much of the modern-day relative
sea level rise (rates above the “background” rate of 1.8 mm/yr) is anthropogenically- driven
(Stanley et al., 2004 and references therein; Miller et al., 2009).

More specifically, tidal gauge data for Sandy Hook Bay indicates a relative sea level rise
rate of 3.8 mm/yr (Psuty, 1986; Gornitz et al., 2002; Pendleton et al., 2005; Miller et al., 2009).
The greater relative sea level rise here (as compared to the aforementioned rates determined for

the New Jersey coast; Miller et al., 2009) may be due to compaction of sediment (Psuty, 1986;

11



Gornitz et al., 2002; Stanley et al., 2004; Pendleton et al., 2005; Miller et al., 2009 and references

therein).

Seismic Stratigraphy; Eustatic Cycles

Raritan Bay

The evolution of the Raritan and Sandy Hook Bays will be discussed in the context of
seismic stratigraphy and previous seismic stratigraphic interpretations of the region related to the
last eustatic cycle (Gaswirth, 1999; Gaswirth et al., 2002). According to Vail and co-workers
(1977), a sea-level cycle is an interval of time during which a relative rise and fall of sea level
takes place (Vail et al., 1977, part 3; Vail, 1987; Van Wagoner et al., 1987).

The system tracts described in the Raritan and Sandy Hook Bays are associated with a
seismic stratigraphic sequence that is initiated with a Type 1 sequence boundary and includes
lowstand, transgressive and highstand system tracts. A Type 1 sequence boundary is an erosional
or non-depositional surface present between the lowstand and an earlier highstand system tracts
(Vail, 1987; Van Wagoner et al., 1987; Gaswirth, 1999; Boggs, 2001).

The system tracts present in the Raritan Bay were interpreted in Gaswirth (1999) from
primary reflection surfaces on the seismic profiles that were correlated to a well-documented
lithostratigraphy of the region. The system tracts include: 1) a Type 1 sequence boundary which
separates the Upper Cretaceous basement sediments from the late Pleistocene lowstand deposits;
2) late Pleistocene lowstand deposits; 3) Holocene transgressive sediments; and 4) Holocene

highstand deposits.

12



A “lowstand system tract” is the lowermost unit in a depositional system, and overlies a
Type 1 sequence boundary. Lowstand sediments are deposited at a lowered sea level relative to
the paleoshoreline (\Vail, 1987; VVan Wagoner et al., 1987; Gaswirth, 1999; Boggs, 2001).

In the case of Raritan and Sandy Hook Bays, a Type 1 sequence boundary overlies tilted
Cretaceous basement sediment layers, creating a significant unconformity between the
Cretaceous and late Pleistocene. The lowstand deposits are associated with paleochannels, which
are evident on the seismic reflection profiles of Raritan and Sandy Hook Bays. Fluvial deposits
were recovered from the sediment cores where the seismic lines reveal paleochannel surfaces
(Gaswirth, 1999).

Transgressive system tracts are associated with a eustatic sea level rise. The sea floods
the shelf and marine sediments accumulate above fluvial deposits, which dominated the exposed
shelf during a lowstand. However, if sediment supply is limited, incised valleys will not fill with
sediments during the transgression of sea level (Vail, 1987; Boggs, 2001). The transgressive
sequence is evident in the Raritan Bay where the paleochannels associated with gravels are
infilled with finer- grained estuarine sediments (Gaswirth, 1999).

Highstand system tracts are generally composed of three sections, which include early
highstand, highstand prograding complex, and late highstand complex. These can be associated
with the late period of sea level rise, a sea level standstill, or the early part of sea level fall (Vail,
1987). The highstand deposits in the Raritan Bay are evident above a seismic reflector that marks
the incursion of sea level, identified in sediments which penetrate the reflector by mollusk
species which typically inhabit the low tide to ~ 9 m marine environment (e.g., Anomia simplex,
Anadara transversa, Rehder, 1992), as well as a shift from silt and clay to medium sand

(Gaswirth, 1999) further indicating a change in depositional energy. The late highstand complex
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that according to Vail et al. (1987), occurs where sedimentation occurs above sea level is present

in Sandy Hook and represented by the Sandy Hook spit (Vail, 1987; Boggs, 2001).

Seismic Facies; Raritan and Sandy Hook Bays

Seismic Reflection Profiles

Seismic reflection profiles were recovered from Raritan and Sandy Hook Bays by the
Rutgers University and the New Jersey Geological Survey from the R/ V James Howard in 1994
(Fig. 4). The profiles are high- resolution Geopulse™ seismic profiles with approximately 100

m penetration (Gaswirth, 1999).
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The late Pleistocene lowstand is noted by a deep (6-13 m) and wide (~200 m) channel,
which incised Upper Cretaceous sediments (Gaswirth, 1999). The seismic reflector that marks
the lowstand paleochannel deposits and erosional surfaces has been traced in orange. A second
episode of channel incision is related to the initial flooding of the bay during the marine
transgression in the early Holocene. This marks the incursion of seawater into the bay. The
seismic reflector that denotes the second episode of channel incision has been traced in yellow.
These are interpreted as tidal channels. The Late Holocene highstand sediments deposited from
the initial transgression to the present are denoted by the seismic reflector traced in green

(Gaswirth, 1999; Sheridan, unpublished).

Estuarine Evolution

Within the context of seismic stratigraphy, estuaries evolve when sea level begins to rise
as deglaciation occurs and subaerially exposed river channels become tidal channels (Dalrymple,
1992; Gaswirth, 1999; Posamentier, 2001; Nordfjord et al. 2005; 2006). This estuarine evolution
can be explained by a generalized seismic stratigraphic model. A fluvial valley is first carved by
rivers during a lowstand of sea level. The floor of the river valley will later be marked by an
unconformity as river sediments are deposited above the erosional surface. As sea level rises, the
river valley is flooded with seawater and estuarine conditions are initiated. Estuarine sediments
are deposited on top of the fluvial sediments and estuarine conditions move landward as sea level
continues to rise. Holocene estuaries that are sediment starved such as the Hudson River estuary,
filled with sediment during the lowstand of sea level and have not formed delta deposits offshore

(Dalrymple et al., 1992; Posamentier, 2001; McHugh et al., 2004).
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Regions where one period of lowstand to transgressive deposition is preserved are
described as an estuary with a simple fill. Those described as a compound fill preserve more than
one record of lowstand to transgression (Zaitlin et al., 1994). The Raritan Bay estuary can be
described as a simple fill, only having preserved the latest cycle from the lowstand to present-
day Holocene high stand of sea level (Goss et al., 1995; Gaswirth, 1999).

The general model for estuarine sedimentation based on physical processes is described
in Dalrymple et al. (1992). Tidal and wave dominated estuaries have three separate zones based
on the type of energy that dominates the system. The three sections include the marine zone
which experiences wave and tide action, a central zone where marine and river energy are
balanced resulting in a low energy environment, and a fluvial zone where mainly river processes
dominate (Dalrymple et al., 1992). According to this model, the Raritan and Sandy Hook Bays

are part of the marine zone.

Global comparisons

The Gulf of Cadiz in Southern Spain has preserved the sedimentary record of its
evolution from the late Pleistocene to the Holocene and can be compared to the Raritan- Sandy
Hook Bay region. Both estuaries are partially enclosed by spits. In the Gulf of Cadiz region, as in
Raritan Bay, fluvial systems formed during the Last Glacial Maximum lowstand evolved into
estuarine systems with Holocene eustatic rise (Dabrio et al., 2000). In contrast, the Chesapeake
Bay described by Foyle and Oertel (1997), is a complex fill estuary with preservation of multiple

Pleistocene sea level cycles in the sedimentary record.
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Coastal Processes

Long Shore Currents

Sandy Hook spit has primarily formed as result of coastal processes: longshore currents,
tidal currents, and storms. Longshore currents which travel along the New Jersey coast led to the
development of the Sandy Hook Spit (Zhang et al., 2002; Gornitz et al., 2002; Hoffman, 2004;
Rosati, 2005). Such currents are caused when waves hit the New Jersey coast obliquely, resulting
in a current of water, which travels northward, parallel to the shoreline (Hoffman, 2004; Rosati,
2005; Pendleton et al., 2005). Sediments are transported by long shore currents along the coast in
a process called littoral drift (Davis, 1983).

Aerial maps and photographs can be used to calculate the movement of sediments along
the shoreline, and thus the rate at which sand spit is growing can be determined. Aerial
photography and map outlines show past shorelines that are used to determine the changes that
have occurred over time to the Sandy Hook Spit (Fig. 7). The northern tip of the spit has curved
westward, which commonly occurs on spits due to long shore currents (Easterbrook, 1999). The
western, bayside side of the spit has experienced erosion, as evident where past shorelines are
situated further into the bay than the present shoreline. In contrast, the eastern side, seaward of
the spit appears to be accreting and growing eastward. The sediment supply on the seaward side
is due to the longshore current that travels along the Atlantic coast from central New Jersey
northward to the Sandy Hook Spit (Ashley et al., 1986). The northern tip of the spit appears to
have grown ~1125 meters between years 1836 and 2002, an average rate of 6.8 m per year (Fig.
7). According to Hoffman (2004), the rate of growth of the spit can be determined using the

Sandy Hook lighthouse as a marker because the lighthouse was built in 1764, at a distance of
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152.4 m (500 ft) from the hooked tip of the spit. In 1864, the lighthouse was ~1207 m (3960 ft),
and is presently located ~2414 m (7920 ft) from the tip. The proximity of the lighthouse from the

tip of the spit indicates a growth rate of ~9.4 m per year (~31 feet per year).

Sandy Hook
Unit

Figure 7: A compilation of aerial photos and historical data of Sandy Hook, New Jersey,
modified from Pendleton et al. (2005, with permission). Colored lines represent dates of previous
shoreline of the spit. Yellow= 1836- 1842, Red= 1855, Blue= 1932- 1936, Green= 1977, and the
photograph represents the year 2002. Orange labels show approximate locations of Sandy Hook
Bay cores used in this study (Cores SH 6, T 1, SH 5, SH 3, SH 9, and SH 10). The location of the
lighthouse is shown.
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Storms

Storms including Northeasters, tropical storms, and hurricanes have struck the east coast
North America in the past and continue to affect these coastal regions (Dolan et al., 1988; Smith,
1999; Donnelly et al., 2001a; 2001b; Zhang et al., 2002; Landsea et al., 2003; Dougherty et al.,
2004; Buynevich et al., 2004; Hill et al., 2004). Hurricanes hit the Northeast coast infrequently
(e.g., 14 hurricanes hit NY- NJ from 1851 to 2006 AD; Blake et al., 2007) with an apparent
frequency of impact of ~10 years during the period of 1851 to 1910 (Landsea et al., 2003).

Tropical storms impacted the Northeastern coast more frequently than hurricanes during
the same period (Landsea et al., 2003). In contrast, Northeasters are common occurrences in the
Northeast region and have been described as responsible for most of the annual storm- related
erosion along the U.S. east coast (Zhang et al., 2000; Donnelly et al., 2001a; Dr. Nicholas Coch,
person. commun. 2009).

It is important to determine historical effects of storms in the area because of its
vulnerability to storm surge, waves, and even sea level rise (Landsea et al., 2003; Pendleton et
al., 2005; Gornitz et al., 2002). In the study area, storm effects can be further augmented by the
funnel shape of the New York Harbor, which allows water (i.e., storm surge) to build up into the
harbor (Gornitz et al., 2002). Damage from storm surge has also increased due to man- made

alterations to coastal areas (Coch, 1994).

Coastal Impact
Sediment transport along the shoreline is dominated by on- off shore movement and is
accentuated during a storm, rather than the longshore currents which dominate fair- weather

conditions. This can cause greater erosion of the shoreline, resulting in loss of property through
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flooding, wind damage, and shoreline retreat (e.g., Donnelly et al., 2001; Gornitz et al., 2002;

Dougherty et al., 2004).

Storm Effects on Sandy Hook and Raritan Bays

Studies by Donnelly et al. (2001; 2004) and Scillepi and Donnelly (2007) show storms
have impacted the New Jersey coast in the past. These studies linked storm deposits from coastal
NJ, and Long Island to prehistoric and historically- recorded storms. The documented New
Jersey and Long Island washover deposits are characterized by sand layers interbedded with
fine-grained mud, peat deposits, with sharp contacts at the lower boundaries of the deposits, and
evidence of soft sediment deformation (Donnelly et al., 2001; 2004; Scillepi and Donnelly,
2007). For example, storm deposits from Whale Beach, NJ were dated as 1278- 1438 AD and
described as evidence of a prehistoric hurricane (Donnelly et al., 2001b). Deposits from
Brigantine, NJ, and Long Island were linked to a 1788 AD hurricane that hit the region
(Donnelly et al., 2004; Scillepi and Donnelly, 2007), and deposits from Whale Beach and
Brigantine, NJ, and Long Island were linked to an 1821 AD hurricane (Donnelly et al., 2001b;
2004; Scillepi and Donnelly, 2007).

A storm surge gauge at Sandy Hook recorded data from two Northeasters, which
occurred January 25-30, 1933, and March 5-10, 1962. The storm in 1933 had a maximum surge
of .92 m, and the 1962 storm had a storm surge of 1.3 m (Zhang et al., 2002). Another major
storm in December 11- 12, 1992 also impacted the coastal region. The storm coincided with
spring tides associated with the full moon, which allowed for great flooding. Tide gauges read

2.4 m above mean sea level (Gornitz et al., 2002 and references therein).
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It is also noted that the right angle formed by Long Island and the coast of New Jersey
could create a funnel effect, where storm surge would “pile” up in the direction of the New York
Harbor. This has the potential to amplify storm surge, increasing the vulnerability of the area to
flooding (Gornitz et al., 2002).

Hurricanes rarely hit the coasts of NJ and NY. Northeaster storms occur more frequently
in the region and account for most of the annual storm activity responsible for erosion along the
U.S. east coast (Zhang et al., 2000). Damage from storm surge has even increased due to man-
made alterations to coastal areas (Coch, 1994). In examination of the storm deposits in the
sediment cores, it is not known which deposits are related to a hurricane, and which are caused
by northeaster storms.

Human Modifications of Coastlines

Human modification of coastlines, such as seawalls or beach nourishment projects, can
also have an effect on the vulnerability to erosion (Pendleton, 2005). For example, when a sea
wall was built in Sea Bright, along the New Jersey coast, it lessened the northward long shore
current, which brings sand to Sandy Hook Spit. This allowed more erosion to occur on the coast

of the Sandy Hook Spit, and less accretion to the spit (Gornitz et al, 2002).

Anthropogenic Impact

Sediment Contamination
Estuaries are vulnerable to the accumulation of pollution overtime (Olsen et al., 1978;
Williams et al., 1978; Olsen et al., 1984; Renwick and Ashley, 1984; Wolfe et al., 1996;

Kennish, 1997; Feng et al., 1998; Cohen et al., 2000; EPA, 2003; Bianchi, 2007). Pollutants
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commonly become associated with highly- reactive fine particles (e.g., particles with an ionic
charge) including organic material, and layered aluminosilicate clay minerals with high surface
areas (Olsen et al., 1984; Lick and Huang, 1993; Stamoulis et al., 1996; Brady and Weil, 2002;
Kersten and Smedes, 2002; Bianchi, 2007). Contaminants can also adsorb to coatings (e.g.,
composed of organic matter or Fe/Mn oxides) on a clay particle (Kersten and Smedes, 2002).
Adsorption mainly occurs on the finer- grained fractions because coarse grains are generally
composed of quartz or carbonate, which do not readily react with contaminants (Olsen et al.,

1984).

Sediment Contamination in Raritan Bay

The mouth of the Raritan River has been described by Renwick and Ashley (1984) as a
sediment sink, where contaminated sediments (organic and inorganic particulates) originating
from landward sources (e.g., located between Perth Amboy and Bound Brook, NJ) can
accumulate within the Raritan Estuary. Other sources of contaminants to the Raritan and Sandy
Hook Bays include tributaries to the major waterways, runoff from urban areas, spills,
atmospheric fallout, and landfills (Breteler, 1984 and references therein; Renwick and Ashley,
1984; Kennish, 1997 and references therein; Safiudo- Wilhelmy and Gill, 1999; Mecray et al.,
1999; Gao et al., 2002; Tovar-Sanchez et al., 2004; Paulson, 2005).

More specifically, industries that may be point sources include organic chemical
processing facilities, metal plating, pigment manufacturing, oil refineries, sanitary landfills, and a
toxic waste landfill (Renwick and Ashley, 1984, and references therein). Sources might also be

located seaward within the Hudson Raritan Estuary (Renwick and Ashley, 1984).
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The toxicity of surface sediments (top 2 cm) within the Hudson- Raritan Estuary is
variable across the estuary, as determined using different techniques including measurements of
survival of organisms during exposure to the sediments collected from different sites in the study
area, and analysis for metals (trace and heavy), along with polycyclic aromatic hydrocarbons,
pesticides, polychlorinated biphenyls (NOAA, 1995; Wolfe et al., 1996; EPA, 1998, 2003).

Sections of the Hudson- Raritan Estuary were found to be toxic include an area near
Throgs Neck, as well as sites in the East River, Kill Van Kull, Arthur Kill, Verrazano Narrows
and Sandy Hook Bay based on survival rates of amphipods, bivalve larvae survival and
development, and microbial bioluminescence. Sites are characterized as either non-toxic, or
significantly toxic as compared to the control sediments in at least one test (NOAA, 1995; Wolfe

etal., 1996; US EPA, 1998; 2003).

Water Quality and Health of Fish and Shellfish

The water quality of the Sandy Hook and Raritan Bays contains contaminants, which
may affect the health of the ecosystem (e.g., Renwick and Ashley, 1984; Tiedemann, 1997;
Cerrato, 2006). For example, the Raritan River water has been found to transport Cd, Co, Cu, Pb,
Ni, and Zn in solution, and Al, Fe, and Mn as a solid, which can eventually become deposited in
the sediments (Renwick and Ashley, 1984). Sections of the Sandy Hook and Raritan Bays have
been described as “special restricted” and/or “prohibited” in regard to shellfish consumption
based on bacterial coliform levels detected in the water, related to runoff, combined sewer
overflows, and waste water treatment plants. Shellfish harvested from special restricted
waterways require treatment prior to consumption, while prohibited waters are not allowed to be

harvested for shellfish. Coliform, along with heavy metals and other chemicals, can accumulate
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in the tissues of shellfish as they filter feed (NJDEP, 1998; Yuhas, 2002). More specifically, the
Middlesex County Utilities Authority is one direct source of contamination to the bays, primarily
affecting the western Raritan Bay, classified as a prohibited waterway for shellfish harvesting.
This facility is permitted to discharge into the bay, therefore transporting viruses unharmed by
chlorination processes used by the facility. In addition, heavy metals are released into the Raritan
Bay at higher concentrations than Surface Water Quality Standards (NJDEP, 1998).

Water quality is also affected by influx of excess nutrients and organic matter into Sandy
Hook Bay. The decomposition of organic matter and phytoplankton blooms (which spike due to
excess nutrients) can lead to low dissolved oxygen, and subsequent fishkills. Major sources of
the nutrients to the Sandy Hook Bay include the Raritan River, Hudson River, Arthur Kill and

the Middlesex County sewage outfall (Reid et al., 2002, and references therein).

Negative Effects of Pollution on Wildlife

Survival, development, and reproduction of organisms can be adversely affected by
contaminated water and sediments (Gochfeld and Burger, 1982; Jones and Lee, 1988; Gottholm
et al., 1993 and references therein; NOAA, 1995; Wolfe et al., 1996; Tiedemann, 1997; Botton et
al., 1998; NJDEP, 1998; Chang et al., 1998; Itow et al., 1998).Studies of tissue from mollusks
which inhabit the study area (e.g., soft clams; Mya arenaria, and blue mussels; Mytilus edulis)
have determined the presence of toxic heavy metals including Pb, Cr, Cu, Hg, Ni, and chemicals
including DDT and PCB’s (NJDEP, 1998, and references therein). Metals were also present in
tissue from birds found within the proximity of the study area, as well as in livers of winter

flounder (Gottholm et al., 1993 and references therein; Chang et al., 1998; Cohen et al., 2000).
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METHODS

Seismic Facies; Raritan and Sandy Hook Bays

Seismic Reflection Profiles
Seismic reflection profiles described in the Background Section provide a framework for
sediment facies analysis and the chronology of the sea level changes associated with the

evolution of the Raritan and Sandy Hook Bays since the last glacial to interglacial cycle.

Sediment Cores

Two sets of cores were used for this study. Three long vibracores (3-5 m long; RB-04;
RB-05 and RB-S08; Table 1) recovered from the R/V Atlantic Twin from Raritan and Sandy
Hook Bays in September, 1994. The cores were first described by Gaswirth (1999) and sampled
for radiocarbon dating from the archives at the Livingston campus, Rutgers University, NJ. The
second set consisted of short vibracores recovered from Sandy Hook Bay onboard the R/V Lionel

Walford in 1998 and are being curated at Lamont-Doherty Earth Observatory Core Repository

(Table 1).
Core ID Latitude Longitude Core Length (cm) Water Depth (m)
RB 04 40°28'17.67" N 74° 02’ 11.15" W 370 14
RB 05 40°27' 28.43" N 74° 04' 15.40" W 520 6.1
RB S08 | 40°26'26.58" N 74°02' 31.38" W 500 4.6
SH 3 40°26'18.6" N 74°00' 30" W 187.5 6
SH5 40°27' 30" N 74°01' 00" W 165.5 6
SH6 40°28'30" N 74°1'48" W 95 9
SH9 40°26' .6" N 74° 02' 30" W 2155 6
SH 10 40°25'30" N 74°01' 30" W 145.5 7
T1 40°27'58" N 74°01' 20" W 138 7

Table 1: Core ID, location, core length, and water depth from which the cores were recovered
are shown. Core T1 was retrieved in 1997.
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The six short vibracores retrieved from Sandy Hook Bay were sampled every 5 cm to
characterize Holocene sedimentation. The sample volume was approximated by taking 2 cm of
sediment at each interval, for half the diameter of the core. These cores were retrieved parallel to
the Sandy Hook Spit and can be used to interpret the growth of the spit and its effect on
sedimentary environments within the bay. Visual description of the archived half of each core
included sedimentary structures, grain size changes, whole shells, and shell fragments. Effects of
the core retrieval process were noted where sand had washed out (bottom of SH 6), similar to

coring effects discussed in Psuty (1986).

Sediment Analyses

Grain Size

Grain size data was determined using wet and dry sieving techniques and the SediGraph
5100. Similar to methods used in McHugh et al. (2010), wet sediment samples were retrieved
from the cores at an interval of 5 cm, weighed, and dried overnight in the fume hood. Once dried,
samples were reweighed to calculate water content. Each sample was divided into two sections;
one to be used for grain size analysis and one to be used in X- Ray fluorescence (XRF) and Loss
on Ignition (LOI) analyses.

Dry samples were soaked in distilled water and in a solution of sodium metaphosphate to
break up flocs of clay. Sediment samples were wet sieved through 63 micron sieves in order to
separate samples into two fractions: coarse (>63 um) and fine (< 63 um). The dried fine- grained

sediments were weighed, and saved for use in SediGraph analysis. The coarse- grained fraction
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Table 2: (Boggs, 2001)

(>63 um) was further analyzed using dry sieving techniques, separated by grain sizes shown in

Sieve Size (diameter in um) | U.S. Standard Sieve Mesh # | Grain size (phi) | Wentworth size class
63-125 230 4 very fine sand
125-250 120 3 fine sand
250-420 60 2 medium sand
420-1000 40 1.25 coarse sand
>1000 18 0 > very coarse sand

Table 2: Sieve sizes used in grain size analysis (dry sieving). Diameter is shown in um, U.S.
Standard Sieve Mesh Number, Grain Size (phi) and the Wentworth size class (Boggs, 2001).

In general, shell fragments were not removed before sieving, and are included as part of
the coarse fraction. However, large shells were not sampled from the cores, and hence not
included in the sieving process. The abundance of each grain size was derived for each sample as
weight percent by dividing the weight of sediment left in each sieve by the total weight of the
sample.

The fine- grained sections (<63 um) were analyzed using a SediGraph 5100 with
Mastertech autosampler at Queens College to ultimately determine the weight percentages of
both clay, and silt grain sizes in each sample. The main purposes of this procedure were: to 1)
correlate and confirm, lithological changes noted in the core descriptions (Camerlenghi et al.,
1995; Meyer and Fisher, 1997), 2) link processes (e.g., shifts in transport energy) with temporal
variability of silt and clay (Poppe et al., 2000; Cavin et al., 2000) and spatial distribution in the
bay, and 3) correlate fine-grained data with metal contaminant variability (Kersten and Smedes,

2002).
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Initially, ~2 g of the <63 pm fraction of each sample was used. Samples were soaked
overnight in 50-60 ml of sodium metaphosphate solution of 0.5 g/l (Nichole Anest, person.
commun., 2008). Sediments were mixed manually prior to loading in Mastertech autosampler in
order to break up flocs of clay and analyzed at high resolution, using the sodium metaphosphate
solution as the analysis liquid. A baseline of the analysis liquid was run with every new batch of
solution and garnet was used periodically as a standard (Nichole Anest, person. commun., 2008;
Micromeritics SediGraph 5100 operator's manual). The SediGraph was set to determine
cumulative mass finer percent of each grain size (mm) for each sample interval for the following

grain size fractions (Table 3):

Wentworth size class diameter (mm) | diameter (um)
very fine to fine-grained clay <0.001 <1
medium clay .001- 0.002 1-2
coarse clay 0.002 -0.004 2-4
very fine silt 0.004 - 0.008 4-8
fine silt 0.008 - 0.016 8-16
medium silt 0.016 - 0.031 16-31
coarse silt 0.031-0.062 31-62

Table 3: Grain size intervals measured by the SediGraph, shown in mm and um (Boggs, 2001;
Nichole Anest, person. commun., 2008).

The weight percent data was derived from cumulative mass finer percent values using a
spreadsheet modified after a template provided by Rusty Lotti- Bond and Nichole Anest at
Lamont- Doherty Earth Observatory, Palisades, NY (person. commun. 2008). The weight
percent of the silt and clay fractions was ultimately calculated out of the mass of the total

sediment sample (i.e., fine and coarse grains).

31



Sediment Composition

The description of the sediment components was based on the >63 pum size fraction of the
sieved samples using a binocular microscope. The components for which percentages were
determined include: quartz, pyrite, iron oxide (present as both small pieces of cement and as
coating on smaller grains), shell fragments, and benthic foraminifera. These percentages were
graphed by depth to show vertical changes in sediment components of the cores. Additional
components noted in the sediments include gypsum, mica, glauconite, and organic material (e.g.,

periostracum fragments, Rehder, 1992).

Sedimentary Structures
Structures were noted upon visual description of the sediment cores, including soft
sediment deformation features such as contorted beds and mud clasts, current-generated

structures including micro ripples, and gas voids.

Mollusks and Other Shell Material

The quality of preservation of the shells was used to determine the energy of the
environments in which deposition occurred. For example, sediment reworking and storm activity
leads to deposition of broken shells, while the presence of well- preserved whole bivalves
suggests the shells were buried in situ without reworking (Miall, 1984; 1990; Kovanen and
Easterbrook, 2002).

The species of mollusks (Table 4) were used to determine the paleoenvironment, such as
water depth and salinity, based on habitat as well as local distribution within the Hudson- Raritan

Estuary (Tiedemann, 1997). The shells found in the cores include species of clams (Mercenaria
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mercenaria), slipper shells (Crepidula fornicata), jingle shells (Anomia simplex), mussels

(Mytilus edulis), and razor clams (Ensis directus).The presence of these shells was interpreted to

mean there were shallow marine environments (Rehder, 1992; Abbott and Morris, 1995).Shells

used to date the marine incursion into Raritan Bay included species which live at known salinity

and depth ranges and are ideal for tracking sea level changes by marking paleosalinity and depth

(e.g., Anomia simplex, Mulinia lateralis, Anadara transversa, Ensis directus; Figure 8, Table 4).

Mollusk Species

Common Name

Water Depth (m)

Salinity Range

Mercenaria mercenaria

Northern Quahog

intertidal flats to 15 m

Higher salinities, lower HR
Estuary

Anomia simplex

Common Jingle Shell

low- tide line to 9 m

Crepidula fornicata

Atlantic Slipper Shell

intertidal to 15 m

lower reaches of HR Estuary

Mulinia lateralis Dwarf Surf Clam 0.6 - 55 m deep bays, lagoons, by creeks
Atlantic Ribbed salt marshes, in mud flats,
Geukensia demissa Mussel intertidal lower reaches of HR Estuary
Slightly brackish, lower
reaches of HR Estuary, rocky
Mytilus edulis Blue Mussel near low- tide line places

Anadara transversa

Transverse Ark

tidal to 9 m

ocean; algae beds in bays

Ensis directus

Atlantic Jackknife
Clam

in sand, intertidal

estuaries

Table 4: Mollusk species discussed in this study. HR= Hudson- Raritan (Maurer et al., 1974;
Rehder, 1992; Abbott and Morris, 1995; Tiedemann, 1997).

Anomia simplex

Arcidae family

Mulinia lateralis

Figure 8: Photographs of select shells and shell fragments retrieved from the sediment cores.
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Physical Properties

Physical properties including bulk density, and magnetic susceptibility were measured at
an interval of 1 cm after the retrieval of the sediment cores from the bay using a GEOTEK Multi
Sensor Core Logger at the Lamont- Doherty Core Laboratory (Losefski, person. commun. 2008).
Physical property data is available for cores SH 3, SH 6, SH 9, SH 10, all representatives of the
different depositional environments found within the bay. Physical properties were graphed by
depth to show variations over time, and data were incorporated into multiple regressions as

predictor variables for metal concentrations in the sediments.

Loss on Ignition

Loss on ignition was conducted at Lehman College. The dried sediment samples were
grounded with mortar and pestle, and separated into three sections with approximate mass of 1 g
each. An interval of 5 cm was used. Each sample was weighed and put in a drying oven for one
hour at 100° C to ensure the analysis is conducted with completely dried sediments. Samples
were then placed in a muffle furnace to burn for 5 hours at 550° C. After the organic matter
burned off, the samples were reweighed. The percent of organic matter present in each sample
was calculated using the following formula, using a spreadsheet provided by Dr. Hari Pant
(person. commun. 2008): % Organic Matter = (loss in sample weight after 5 hours/ mass of
initial sediment sample) x 100.

Subsequently, the percent of total organic carbon was derived from the percent organic
matter results using the following formula: % Organic Carbon= 0.58 x (OM x 0.8 — 0.23) (Cohen
et al., 2000 and references therein). This formula was chosen because it was used in a previous

study performed proximal to this study area (Cohen et al., 2000). The correction factor applied to
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the formula (i.e., OM x 0.8 - 0.23) was derived from regression analysis using Loss on Ignition
data from soils in Pennsylvania (A. Wolf, person. commun., 2012). Results from each of the
three trials run for each sample were averaged and graphed to show trends over time in the

sediment cores (Veres, 2002; Hari Pant, person. commun., 2008).

Storm Deposits

Deposits were identified at depths in the Sandy Hook Bay sediment cores that exhibited
abrupt changes from low energy muds, or sands, to higher energy deposits composed of larger
clasts, with inclusions of mud clasts, pebbles, and broken shells. Sharp angular contacts were
also present. As discussed in Miall (1984; 1990), the depositional energy of clastic sediments can
be interpreted using grain size because larger grains (i.e. sand, pebbles) need higher energy mode
of transport than finer grains (i.e. clay). Furthermore, the presence of bioclastic debris (i.e.
broken shells) and concentrations of pebbles can indicate the possibility of storm activity (Miall,
1990).

Approximate dates associated with these deposits were determined from radiocarbon ages
derived from mollusk shells below each deposit. Results were compared with previous studies of
historical storms known to have affected the Northeastern coast, as well as prehistoric storms

documented in sediment deposits in nearby study areas.

Chronology
The chronology was based on radiocarbon dates from mollusks and woody material
retrieved from the cores as well as short-lived radioisotopes measured in the sediments (Figs. 8,

9). Radiocarbon dates were used to determine the timing of the sea level rise into the Raritan and
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Sandy Hook Bay region as well as to date storm deposits in order to link results with historical
and pre- historical storm events. Short- lived radioisotopes were used along with metal

contaminant data in order to study of the contaminant history of the bays.

Wood Fragment

Figure 9: Photograph of a select wood fragment retrieved from the sediments.

Radiocarbon Chronology

Radiocarbon dating was conducted by The National Oceanic Sciences Accelerator Mass
Spectrometry Facility (NOSAMS) at Woods Hole Oceanographic Institution, in Woods Hole,
MA. Radiocarbon ages were calibrated using Calib 6.0 (Stuiver et al., 2005; Hughen et al. 20009,
Reimer et al. 2009), CALIBomb (ages younger than 550 **C yr BP; Stuvier et al., 2005), and
CalPal-2007online (ages younger than 550 **C yr BP; Danzeglocke et al., accessed 2010). The
Marine09.14c calibration dataset for marine shells (which uses the 400 yr reservoir correction)
and the calibration Intcal09.14c dataset for woody material (Stuiver et al., 2005; Miller et al.,
2009 and references therein) were used in the calibration process. The local marine reservoir
correction for Shark River, New Jersey of AR 130 (AR 60 error) was applied to resolve the
deviation from the standard 400 yr correction due to local factors (Stuiver et al., 2005; McNeely
et al., 2006). Shark River is the closest location to the Sandy Hook Bay for which a AR value is

available (Stuiver et al., 2005; Calib Marine Reservoir Correction Database).
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Shells and woody pieces retrieved from the cores for radiocarbon dating were chosen
based on the quality of preservation, at depths based on facies classification (of shorter
vibracores; SH 6, T 1, SH 5, SH 3, SH 9, SH 10; Table 1), and approximated depths of the
seismic reflectors previously interpreted in Gaswirth (1999) and Sheridan (unpublished) to be the
incursion of sea level since the retreat of the LGM (longer vibracores; RB 4, RB 5, RB SO8;
Table 1).Shells that were whole and showed little evidence of weathering and transport were
preferred in the dating process to minimize possibility of using fossil shells of much older age
than the surrounding sediments (Miall, 1990; Rick et al., 2005). Furthermore, multiple shells
were dated from the same depths wherever possible to confirm ages and attain accurate results
(Rick et al., 2005).Shells were cut along multiple growth lines to incorporate an average age for

the shell, a procedure discussed in previous studies (e.g., Rick et al., 2005).

Short-lived Radioisotope Chronology

Sediments were initially sampled from the cores at 10 cm intervals from 0 to 30 cm and
analyzed for short- lived radioisotopes (i.e., **’Cs; half-life of 30 yrs; Valette-Silver, 1993). If
short-lived radioisotopes were detected, the cores were then sampled every 5 cm for better
precision. Wet sediments were weighed and dried for one week. Dried samples were weighed,
shells were removed, and sediments were ground with mortar and pestle and canned. Samples
were analyzed by gamma counting at the Lamont- Doherty Earth Observatory.

After graphing the results with depth, the following dates were assigned to the sediment
cores: The first appearance of *3'Cs, from the deepest part of the cores upwards, was assigned the
calendar year 1954, related to the beginning of global nuclear testing. The first peak in

concentration was assigned the calendar year 1963, related to a peak in global fallout (Olsen et
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al., 1978; Williams et al., 1978; Olsen et al., 1981; Bopp et al., 1982; Olsen et al., 1984- 1985;

Bopp and Simpson, 1989; Bopp et al., 1991).

Analysis of Metals

X-Ray Fluorescence (XRF)

The spatial distribution of contaminants among the different depositional environments
related to the Sandy Hook Spit in the bay was examined along with temporal changes in the
sediments in order to characterize the effects various physical processes (e.g., mass-wasting
events, growth of the sand spit) might have on the accumulation of metal contaminants.
Approximations of possible locations of contaminant sources, as well as changes in input over
time were also inferred from the spatial and temporal variability of the metals.

The metal concentrations in the sediments were determined using a handheld X-Ray
fluorescence spectrometer (Innov-X Systems Alpha Series™ X-Ray Fluorescence Spectrometer;
Queens College, NY) at an interval of every 5 cm, and subsequently every 2 cm for enhanced
resolution. Standardization was achieved by pointing the XRF at a metal alloy disk. The resulting
spectrum of this procedure was automatically compared with the known results by the XRF
software. XRF output data was verified using Standard Reference Materials manufactured by the
National Institute of Standards and Technology (NIST), for which concentrations of different
elements have already been determined from several analysis methods, including ICP-MS, ICP,
ID TIMS, and AAS (NIST Certificate of Analyses for SRM 2702, 2709, 2710, 2711, and 2781;

Kenna et al., 2011). For example, the known values of lead concentrations for SRM 2709, 2710,
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and 2711 vs. the concentrations measured with the XRF resulted in a linear relationship with

R?=0.999 (Fig. 10).

6000

5000

RI=0.999
4000

3000
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Pb Value Mearured by XRF (ppm)

1000

0 1000 2000 3000 4000 5000 6000
Pb Value Given For Standard Reference Material (ug/g)

Figure 10: The linear correlation (R?=0.999) of lead concentrations for known values for
Standard Reference Materials 2709, 2710, 2711 vs. results measured by the XRF. Plotted with
SPSS, 16.0 (Microsoft, 2007)
Resolution

The 5 cm analysis was conducted using the XRF mounted in the stand in the laboratory at
Queens College on all of the sediment samples that were previously dried and archived in clear
plastic bags. The purpose was to determine variability of metal concentration in all of the Sandy
Hook Bay sediment cores, as well as to constrain background levels characterized by minimal
metal concentrations present in deeper sediments. Four different NIST (National Institute of
Standards and Technology) standard reference materials including a blank (SiO;), SRM 2709

(San Joaquin soil), SRM 2711 (Montana Il soil), and SRM 2710 (Montana | soil) were used to

test the performance of the XRF (Stallard et al., 1995; Gill, 1997; Soil Appendix, Innov-X User
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Manual Version 2.2, 2006; Kenna et al., 2011). Each sample was analyzed for 60 seconds, with
the XRF set to “soil mode.” Output data included concentrations of elements in parts per million
(ppm).

The higher resolution analysis (2 cm) was performed with the handheld XRF at the Core
Repository Laboratory at the Lamont- Doherty Earth Observatory. The upper sections of the wet
sediment cores were used, for depths where metal concentrations were previously detected above
background levels (determined from 5 cm resolution results). In order to maintain contact
between the XRF equipment and the cores, clear plastic wrap was used to prevent damage and
contamination of the analyzer. NIST standard reference materials used include a blank (SiOy),

NIST 2702 (inorganics in marine sediment), and NIST 2781 (domestic sludge).
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RESULTS

The main goals of this study were to: 1) determine the timing of when relative sea level
reached the present- day Raritan and Sandy Hook Bays and how it relates to relative sea level
rise in nearby regions and globally, 2) classify the sediment facies, 3) relate storm deposits to
historical storms and previous studies along the northeastern coast of the United States, 4)
decipher the anthropogenic history of metal contamination in the Sandy Hook Bay, and 5)
determine how sediment composition (i.e., grain size variability, total organic carbon) may have
affected the accumulation of metal contaminants in different depositional environments within

an urban bay The following is a compilation of the results used to answer these questions.

Sediment Analysis

The six sediment cores retrieved from Sandy Hook Bay represent varying depositional
environments. These include: 1) protected areas behind the spit dominated by low-energy
deposition of mud, 2) areas with punctuated high-energy deposition manifested by larger grains
(e.g. sand and gravel) and shell fragments such as those near the end of the spit and proximal to
the Sandy Hook Channel, and 3) offshore from the Sandy Hook Bay beaches (Table 5; Figs. 11-
13). Core SH 6 was retrieved from the bay 1 km west of the northwestern end of the spit and
proximal to Sandy Hook channel. Core T 1 was retrieved 0.4 km west of the spit; Core SH 5 was
retrieved 1 km west of the spit on the bayward side. Core SH 3 was retrieved 1.2 km west of the
spit and 3.5 km northwest of the mouth of the Shrewsbury River; Core SH 9 was retrieved 1.5
km north of the beaches. Core SH 10 was retrieved 1 km north of beaches and 3 km northwest of

the river mouth
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The sediment variability was analyzed to define the facies, which are described in the

Discussion section, based on the following: 1) grain size; 2) sedimentary structures; 3)

components (minerals such as iron oxide and pyrite and accessories such as woody material and

shells); 4) total organic carbon (TOC); and 5) physical properties (magnetic susceptibility, bulk

density). The sedimentary facies were defined based on an age model constructed from

radiocarbon derived from mollusk shells, and from short-lived radioisotopes (i.e.,**’Cs).

Tip of the Spit Backbarrier Offshore from Beaches
Core ID SH 6 T SH5 SH3 SH9 SH10
Latitude 40°28'30"N 40°27'58"N 40°27' 30" N 40°26'18.6"N 40°26' 6" N 40°25'30"N
Longitude 74°1'48"W 74°01'20" W 74°01' 00" W 74°00' 30" W 74°02' 30" W 74°01' 30" W
Core Length 95 cm 138 cm 165.5 cm 187.5cm 2155cm 145.5 cm
Water Depth 9m 7m 6m 6m 6m 7m

Table 5: The Sandy Hook Bay sediment cores are listed with their interpreted depositional
environments, latitude, longitude, core length, and water depths. See Figures 11- 13 for
locations of the cores, lithology, and photographs, according to depositional environment.
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Figure 11: Map of Raritan and Sandy Hook Bays showing location of cores: SH 6, T 1, SH 5, SH 3, SH 9, and SH 10. The Sandy Hook
Spit separates Sandy Hook Bay from the Atlantic Ocean. The locations of the Navesink River, Shrewsbury River, Arthur Kill, Hudson
River, Sandy Hook Channel, Raritan River, the borough of Atlantic Highlands, and Conover Beacon are indicated on the map. Plum
Island was deposited during a storm washover event (USGS, 2003) (Adapted from GeoMapApp©).
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Figure 12: Lithological interpretation of cores used to define depositional environments (Table 5). Sediments range in grain size from
mud to muddy very fine sand, muddy medium sand, and sandy mud. Oxidized sediment layers are marked in orange. Contorted beds
are marked by a curved black line. Gas voids (black triangle), mud clasts (black oval), pebbles (circle), micro ripples, shell fragments,
and marine shells are noted on the diagram. Grain size fines upwards across the bay. Mud clasts and shells are found within a muddy

sandy matrix.



Core Photos Representative of Each Depositional Environment

Sandy Hook Spit Backbarrier Beaches

Core SH 6 Core SH 3 Core SH 9

Figure 13: Core photos representative of each depositional environment; the spit (i.e., Core SH
6), behind the barrier (i.e., Core SH 3), and 1.5 km offshore from the beaches (i.e., Core SH 9).
The end of the spit is a higher energy regime associated with the Atlantic Ocean, tides, waves,
storms, and longshore current. This leads to deposition of coarser- grained sediments (i.e.,
gravel beds, sands). Behind the barrier, low energy leads to accumulation of finer-grained silts
and clays. The sediment near the beaches fines upwards from muddy very fine to medium sand,
to silt and includes whole shells and shell fragments, due to higher energy conditions as well as
fluctuations in energy levels from waves, storms, and river discharge.
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Deposits of Mass-Wasting and Sediment Reworking

Six deposits interpreted as mass-wasting and sediment reworking were characterized in
the cores from their sedimentary structures such as contorted beds and mud clasts, coarser grain
size of pebbles or sand, sharp upper and lower contacts, and broken shell fragments. Below is a
description of each of the following deposits; Deposits SH10-3 (122- 145.5 cm), SH9-2 (195-
215.5 cm), SH9-1 (110-195 cm), SH10-2 (102-122 cm), SH6-1 (10- 42 cm), and SH10-1 (40-84
cm) (Fig. 14).

Deposit SH10-3 is ~23 cm thick and characterized by muddy medium sand, shell
fragments, pebbles and a rock fragment (7 cm) of redbed sandstone (Figure 15). Its upper
boundary is marked by an abrupt change to muddy very fine sand with mud clasts.

Deposit SH9-2 is ~20 cm thick and characterized by muddy medium sand with sub-
rounded quartz pebbles, abundant shell fragments and whole shells including an intertidal
estuarine mollusk (Anomia simplex).The upper boundary of the deposit is marked by a change in
lithology from muddy medium sand with abundant shell fragments to sand without shell
fragments.

Deposit SH9-1, ~85 cm thick, is composed of muddy medium sand containing floating
mud clasts, a fish tooth, pebbles and shallow water marine shells such as razor clams (Ensis
directus). The upper boundary grades upward from muddy medium sand to muddy very fine
sand.

Deposit SH10-2, ~20 cm thick, is composed of muddy very fine sand, with contorted
beds and floating mud clasts, shell fragments, and pebbles. The lower boundary is marked by an
erosional surface, which separates two mass-wasting events. The upper boundary is gradational

and noted by an absence of mud clasts.
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Deposit SH6-1 is ~32 cm thick and composed of muddy medium sand with mud clasts,
shell fragments, quartz pebbles and iron oxide cement fragments. A sharp, angular dipping
contact marks the lower boundary of this deposit. The upper boundary is marked by a
repopulation of the seafloor by a mussel community.

Deposit SH10-1, ~44 cm thick is characterized by mud with abundant gas voids and
contorted floating mud clasts, overlying (with a gradational contact) muddy very fine sand. Its

upper boundary grades to mud.
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Figure 14: Lithology and photographs of sediment cores with mass-wasting deposits, including

Deposits SH10-1, SH10-2, SH10-3, SH9-1, SH9-2, and SH6-1, each outlined in red.
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Figure 15: Red sandstone fragment, 7 cm diameter, found in Core SH 10 (at 125-130 cm).

Grain Size

Grain size analyses show temporal and spatial variability: 1) there is spatial variability
from a dominance of sand at the tip of the spit, to silt in the backbarrier, to a significant shift
from sand to silt upwards in sediments offshore from the beaches (Fig. 16), and 2) temporal
variability shows fining upwards with the deepest sediments composed of coarser grain sizes
than the overlying sediments (e.g., Cores SH 5, SH 10; Figs. 18, 20) indicating changes in

depositional energy over time for the bay as a whole.
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Figure 16: Dominant grain size for each depositional environment (based on weight percent,
Figs. 17-20). From north to south along the bayside of the spit, sediments shift from sand at the
tip of the spit (i.e., Core SH 6), to silt in the backbarrier (i.e., Cores SH 5, 3). The sediments
offshore from the beaches (i.e., Core SH 10) are predominantly sand in the older sediments, with
a shift to greater silt composition upwards.

Results indicate that the spatial variability of the fine and coarse- grained sediments is

dependent upon the depositional environment (Figs. 16- 20; Table 5 for depositional

environments).

Sandy Hook Spit: These sediments are characterized from the base upwards by muddy

fine to medium sand (i.e., Core SH 6; Figure 12). Gravel beds are also present (Core SH 6; at 15

- 25 cm; Figs. 12, 14). The fine- grained fraction of silt and clay (< 1%) is limited to undisturbed
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sediment, indicated by layers of whole, well-preserved mollusk shells, the lack of ripple marks or
broken shell fragments (i.e., Core SH 6; 50- 80 cm; Figs. 12, 17).

Backbarrier: Sediments are relatively homogeneous throughout the core, indicating little
variation in depositional energy over time. Clayey silt coincides with a low energy regime
protected from the ocean waves (Figs. 18, 19). Sediments also contain shell fragment and shells,
and a slight increase in sand, near the core tops (i.e. Cores SH 3, SH 5; 0- 20 cm depth; Figure
12).

Beaches: The sediments fine upwards from medium to coarse sand, to sandy silt (Cores
SH 9, SH 10; Fig. 12). Shell fragments are also present (Core SH 9, 195-215.5 cm; Core SH 10,
0-40 cm, 125-145.5 cm; Figure 12). The overall depositional pattern of fining upwards is evident

in both cores recovered from this setting (Fig. 20).
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SH 6: Grain Size (um) vs Depth
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Figure 17: Grain size (weight %) versus depth (cm) results for core SH 6. Fine- grained sediments (< 63 um) were scarce at the top
of the core. The core is dominantly composed of fine sand (125- 250 um), and coarsens from 5- 35 cm to medium sand (250- 420 pm).
There is a punctuated increase in coarse and very coarse sand at 20 cm related to a thin layer of pebbles.
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SH 5: Grain Size (um) vs Depth
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Figure 18: Grain size (weight %) versus depth (cm) results for core SH 5. Results show that this location is dominated by very fine,
fine, and medium silt (i.e., range of 4- 31 um). The deeper sediments (i.e., 120 — 165.5 cm) have a greater coarse- grained content
(i.e., very fine and fine sand; 63- 250 um) than overlying sediments. Coarsening upwards from 30 cm to the top of the core is
coincident with an increase in shell fragments (Fig. 12).
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SH 3: Grain Size (um) vs Depth
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Figure 19: Grain size (weight %) versus depth (cm) results for core SH 3. The sediment is dominated by very fine, fine, and medium
silt (4- 31 um). The grain size appears to remain relatively constant throughout the core, except for coarsening upwards from 20 cm
to the top of the core, coincident with an increase in shell fragments (Fig. 12). This pattern of limited temporal variability of the
dominant grain sizes (i.e., range of 4- 31 um) suggests consistent levels of depositional energy over time at this core location.
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SH 10: Grain Size (um) vs Depth
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Figure 20: Grain size (weight %) versus depth (cm) results for core SH 10. The deepest sediments are predominantly composed of fine
to coarse sand (125- 1000 um). The sediments fine upwards from 75 cm to the top of the core to a grain-size range of coarse clay (2-4
pm) to coarse silt (31- 62 um).The fining upwards trend correlates with a lithology shift from muddy sand to mud upwards (Fig. 12)
and suggests a decrease in depositional energy over time.
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Minerals, Shell Fragments, Microfossils, and Accessories ( > 63 um)

Percentages of quartz, pyrite, and iron oxide in the coarse-grained fraction of the
sediment were determined by visual observation. The sediments are dominated by quartz, up to
90% (Figure 21). Quartz grains in the bay vary in size, roundness, surface texture, and color.
Grains are: 1) clear and angular, with fresh conchoidal fractures; 2) cloudy in appearance and
subangular to subrounded; 3) lesser amounts of pitted and/ or frosted and rounded; and 4) rarely,
quartz grains (orange and pink) are stained with iron oxide (< 1%). Other mineral components
include grains of black- dark gray pyrite (< 5%), and iron oxide (up to 20%; upper 35 cm of
sediments near the beaches) (Fig. 22).

Predominantly angular, sharply broken (and lesser amounts of rounded) shell fragments
(0.5 — 2 cm diameter), and well- preserved shells (1-7 cm diameter) are present in the sediments.
The shell layers (shallow marine mollusks; e.g. Anomia simplex, Crepidula fornicata; see
Methods for reference) are mainly found with the mass-wasting deposit near the tip of the spit
(SH 6; Fig. 14), in the upper sediments in the backbarrier, and in layers of sediment ~20-30 cm
thick offshore from the beaches and proximal to the Shrewsbury River (SH 10). Well-preserved,
whole Mussel shells (Mytilus edulis; see Methods for reference) were buried in-situ near the tip
of the spit (i.e., SH 6; ~6 cm diameter shells, 42- 90 cm depth; ~1.5 cm diameter 0-7 cm depth).
Benthic foraminiferal assemblages are present (5-15%) in the upper sediments in the backbarrier

section, and rarely (< 1 %) in sediments near the tip of the spit (Fig. 14).
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Quartz Percentages vs Depth
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Figure 21: Quartz percentages (>63 um) are relatively constant across the bay, at

approximately 80%. Decreases in quartz percentages are coincident with increases in shell
fragments, and therefore decreases in quartz are related to dilution by other components.
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Figure 22: Percentages of pyrite and iron oxide vs. depth. Near the beaches, pyrite and iron
oxide exhibit great variability in the upper 40 cm possibly related to increased organic carbon.
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Shell Fragments and Foraminiferal Percentages vs Depth

Sandy Hook Spit Backbarrier Beaches
SH 6 |T|1 - RSH‘S

SH,10

Percent = shell fragments
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Figure 23: Percentages of shell fragments and foraminifera vs. depth. Shell fragments are
present in all the sections of the bay, in varying amounts. The sporadic layers of shell fragments
coincide with mass-wasting deposits (Figure 14). The foraminifera are benthic, and are mainly
present in the lower energy environment of the backbarrier.
Total Organic Carbon

Results show that the organic carbon content varies depending on depositional

environment (Table 5; Fig. 24). Previous studies conducted in and near the Sandy Hook Bay

discuss that the elevated values of organic matter (which includes TOC) might be due to
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anthropogenic activities and this is considered as a cause for the elevated organic carbon found
in the Sandy Hook Bay sediments as well (Coch, 1986; Cohen et al., 2000).

Results show that TOC fluctuates from 1 to 8 % close to the tip of the spit (Core SH 6),
remains relatively constant over time (2 to 5%) in the backbarrier sediments (Cores SH 3, SH 5),
and shows an increasing trend upwards from 1 to 6% in sediments near the Shrewsbury River
and the Atlantic Highlands beaches (Cores SH 9, SH 10). TOC concentrations also increase at
the tip of the spit and the backbarrier region (Core T 1). TOC have also been used to track two
different sediment sources. The floating mud clasts in Core SH 10 have TOC values of 2% at
122 cm. In contrast, the matrix has TOC values of 4.8%. This suggests a different origin for the

mud clasts than the mud in the surrounding matrix.
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Figure 24: Percent total organic carbon (TOC). Blue lines represent the standard deviation
derived from the three trials used in the analysis of each sediment sample. Cores T 1, SH 9 and

SH 10 show an increasing trend

in TOC. The TOC in the backbarrier sediments remain

unchanged. Core SH 6 shows great variability, ranging from 1-8%.

Physical Properties

Physical properties including

Bulk Density

bulk density and magnetic susceptibility were measured.
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Bulk density is related to the total amount of pore space in the sediments, which is related
to grain size and sediment consolidation (Gaugush, 1998; Westrich and Jancke, 2007). Overall
results show that bulk density of the sediments varies by depositional environment, evident by
increases in Core SH 6, and decreases in Cores SH 9, and SH 10 (Fig. 25).

Sandy Hook Spit: Near the spit, bulk density ranges from 1.4 to 2.2 g/cc, with greater
bulk density (> 2 g/cc in the upper 40 cm). This increase in bulk density is correlated with
coarser grain size (medium sand and pebbles).

Backbarrier: Here, the bulk density is lower than in other sections (1.4- 1.6 g/cc) with
the least variation over time. The low bulk density values correspond with clay and silt, as this
section of the bay contains sediments mainly composed of relatively homogeneous muds (Core
SH 3; Fig. 25).

Beaches: Bulk density decreases towards the top of the core, which corresponds with silt
and clay- sized sediments (~1.5 g/cc; Cores SH 9, SH 10). In contrast, the deeper, coarser

sediments (fine- medium sand) are characterized by greater bulk density (~2 g/cc; Fig. 25).
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Bulk Density vs Depth
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Figure 25: Bulk density values (in g/cc) for Cores SH 6, SH 3, SH 9, and SH 10 analyzed at a
resolution of 1 cm. Near the spit, the bulk density is variable, ranging from 1.4- 2.2 gl/cc
increasing to > 2 g/cc towards the top of the core. Behind the spit, bulk density is more constant,
and lower (1.5 g/cc). Near the beaches, the deepest sediments are characterized by greater bulk
density, with fluctuations in the mid section, and a decrease in the upper part of the core similar
to grain size.
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Magnetic Susceptibility

The magnetic susceptibility signal can be indicative of the presence of ferrimagnetic iron-
oxides (i.e., magnetite) formed as byproducts of coal combustion, including combustion-related
oxidation of materials rich in Fe, Pb, Cu, or Zn, such as oxidation of pyrite to magnetite
(Martins et al., 2007 and references therein). Previous studies have also shown that increased
magnetic susceptibility signal in sediments could be an indication that the source of the fly ash
and other byproducts of burning of fossil fuels are proximal to the depositional environment
from which the sediments were recovered (Kapicka et al., 1999). In addition to the combustion
of fossil fuels, magnetic susceptibility has also been linked to smelting of iron ore to make steel,
and cement manufacturing, in recent studies (Plater et al., 1998; Hoffman et al., 1999; Kapicka et
al., 1999; Petrovsky et al., 2000; Chan et al., 2001; Schmidt et al., 2005; Martins et al., 2007).

In the study area, magnetic susceptibility ranges from 2 x 10” Sl to 48 x 10 Sl units in

the bay in all three depositional environments, with distinct increases upwards (Figure 26).
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Magnetic Susceptibility vs Depth
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Figure 26: Magnetic susceptibility values for Cores SH 3, SH 9, SH 10, and SH 6 analyzed at a
resolution of every 1 cm. Values are given in 10° SI units. Overall trends reveal an increase in
magnetic susceptibility towards the top of the cores.
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Age model for Sandy Hook and Raritan Bays

A chronology derived from radiocarbon dates and short-lived radioisotopes was
developed for the Sandy Hook Bay cores (1-2 m long), and for the cores from Raritan Bay (4- 5
m long). The Raritan Bay cores were previously studied and described by Gaswirth, (1999) and
Gaswirth et al. (2002). The chronology based on the shorter Sandy Hook Bay cores was used as
a framework for dating storm deposits and contaminant accumulations. Results from radiocarbon
dating of the longer Raritan Bay sediment cores were interpreted within the context of seismic
and stratigraphic descriptions of Raritan Bay previously discussed in Gaswirth (1999) in order to
date the sea level changes from the LGM through the Holocene.

Radiocarbon Dating

Shells and woody material were used for radiocarbon dating. Mollusk species used for
dating, include Mercenaria mercenaria, Crepidula fornicata, Mulinia lateralis, Anomia simplex,
Anadara transversa , and Ensis directus. Knowledge of the habitats in which these mollusks live
was used to date paleoenvironmental changes. The ages of mollusks and woody material
recovered from both the Sandy Hook, and Raritan Bay Cores, are late Holocene in age (6520 **C
yr BP - 270 *C yr BP; Tables 2, 3; Figs. 27, 28).

Gaswirth (1999) determined an older radiocarbon age (31.7 ka **C yr BP) from one of the
Raritan Bay cores (Core RB S08, 350-370 cm). Gaswirth (1999) identified an unconformity
separating Late Cretaceous sediments from late Pleistocene strata. Results from this study further
show this by dating a wood fragment and obtaining an age of >48,000 years (Core RB 5; 488

cm) representing dead carbon. These sediments could be much older (Table 6; Fig. 28).
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L9

Core I.D. Sample Core Water Typel Species 14C age Age Error Age Range Medial Age Age Range Medial Age

Depth (cm)  Depth (m) (+-) (cal.yrs BP)  (cal. yrs BP) (yrs AD, BC) (yrs AD, BC)
Mollusk/
SH5 104 6 Mercenaria mercanaria (clam) 550 35 539-625 582* 1325-1411 AD 1368*
SH6 42 9 Crepidula fornicata (slipper) 270 40 297-420 356* 1530-1652 AD 1591*
SH6 74 9 Crepidula fornicata (slipper) 660 35 81-252 157 1698-1869 AD 1793
SH9 84 6 Mulinia lateralis (Dwarf surf clam) 530 40 529-619 574* 1331-1421 AD 1376*
SH9 167 6 Ensis directus (razor clam) 1070 40 496-607 546 1343-1454 AD 1404
SH9 209 6 Anomia simplex (jingle shell) 1590 35 925-1078 1012 872-1025 AD 938
SH9 213 6 Anomia simplex (jingle shell) 1590 40 923-1083 1013 867-1027 AD 937
SH9 215 6 Anomia simplex (jingle shell) 1560 40 903-1057 982 893-1047 AD 968
SH10 59 7 Mercenaria mercanaria (clam) 605 40 0-145 112 1772-1784 AD 1838
SH10 109 7 Ensis directus (razor clam) 920 40 338-341 419 1458-1592 AD 1531
SH10 142 7 Anomia simplex (jingle shell) 2210 30 1559-1733 1656 217-391 AD 294
T1 100 7 Mercenaria mercanaria (clam) 485 35 514-539 527* 1411-1435 AD 1423*
RB04 362 14 Anomia simplex (jingle shell) 5820 40 5999-6179 6095 4230 -4050 BC -4146
RB04 362 14 Anadara transversa (ark shell) 5850 40 6027-6213 6127 4264-4078 BC -4178
RBO5 159 6.1 Shell Fragment 6520 45 6766-6961 6867 5012-4817 BC -4918
RB0O5 475 6.1 Woody Material 3770 35 4087-4159 4138 2278-2251 BC -2189
RBO5 438 6.1 Woody Material >48000 - Dead carbon - -
RBS08 170 4.6 Ensis directus (razor clam) 1250 30 621-739 679 1211-1329 AD 1271
RBS08 178 4.6 Ensis directus(razor clam) 1250 40 618-748 679 1202-1332 AD 1271
RBS08 178 4.6 Ensis directus(razor clam) 1260 30 629-746 688 1204-1321 AD 1262
RBS08 207 4.6 Mulinia lateralis (Dwarf surf clam) 805 30 266-405 328 1545-1684 AD 1622

Table 6: Radiocarbon ages of mollusk shells and wood retrieved from Sandy Hook Bay and Raritan Bay (See Table 1 for Core
details). Ages were analyzed by National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS), Woods Hole and
calibrated (1 sigma) using Calib 6.0, with the Marine09.14c and Intcal09.14c calibration datasets (Stuiver et al., 2005; Hughen et al.
2009, Reimer et al. 2009). *4ges < 550 "“C yr BP were calibrated using CalPal-2007 online (Danzeglocke et al., accessed 2010) and
CALIBomb (Stuiver et al., 2005); Mean age is listed for these samples instead of medial age.



Mollusk Species Mollusk Habitat

Mercenaria mercanaria (clam) In sand or mud in bays or inlets; intertidal flats to water 15 m deep

Crepidula fornicata (slipper) Found on rocks and other shells; intertidally to water 15 m deep

Mulinia lateralis (Dwarf surf clam) | In sand & mud, water 0.6- 55 m deep

Ensis directus (razor clam) In sand in bays and inlets; intertidal

Anomia simplex (jingle shell) Found on rocks, shells, logs, boats & piers, from near low- tide line to 9 m deep
Anadara transversa (ark shell) Shallow water, sandy bottoms

Table 7: Mollusk species and their corresponding habitat (Rehder,1992; Abbott and Morris,
1995). Mollusks for which habitat conditions are known (i.e., water depths) were used to track
relative sea level rise in the region, with the appearance of estuarine mollusk species.
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Figure 27: Lithology of sediment cores with ages as radiocarbon (noted in red) and mean calibrated years AD (noted in blue).
*Indicates multiple mollusk samples were analyzed for radiocarbon dates at that depth and resulted in similar dates. For these

samples, only one age is listed on the figure; see Table 6 for further details.
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Figure 28: Lithology modified after Gaswirth (1999) and Sheridan (unpublished) with
permission. Ages are shown in radiocarbon (red) and mean calibrated years AD (blue).
Cretaceous sands are overlain unconformably by Pleistocene sand and Holocene mud.
*Indicates multiple mollusk samples were analyzed for radiocarbon dates at that depth and
resulted in similar dates. For these samples, only one age is listed in the figure; see Table 6 for
further details.

Short- lived Radioisotopes
Sediments from Cores SH 9, SH 10, and T1 were analyzed for short-lived radioisotopes,
including *’Cs. Results indicate the upper 50 cm sediments in the bay contain short- lived

radionuclides. Age estimations (calendar dates) are based on previous studies that interpret the
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first appearance of **’Cs in sediment cores (from global fallout) to be from the initiation of
nuclear weapons testing (1954), a peak in *¥'Cs concentration to be from a maximum of nuclear
weapon testing (1963), and a second peak of **'Cs associated with a peak in ®Co (1971) to be
related to a release of nuclear material from the nuclear reactor at Indian Point (Olsen et al.,
1978; Williams et al., 1978; Olsen et al., 1981; Olsen et al., 1984- 1985; Bopp and Simpson,
1989; Figure 29). Micro-ripples and shell fragments in the cores indicate sediment reworking,

and this is consistent with the peaks seen in the **’Cs measurements (Figs. 27; 29).
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Figure 29: Short-lived radioisotope *'Cs (pCi/kg) detected in sediments from Cores SH 9, SH
10, and T 1. Results indicate the upper 50 cm contain short- lived radionuclides and were
deposited post 1950°s. The first appearance of *'Cs, as well as subsequent peaks in
concentration, mark the 1950’s initiation of nuclear testing, the 71960°s peak in global fall out
(Olsen et al., 1978; Williams et al., 1978; Olsen et al., 1981; Olsen et al., 1984- 1985; Bopp and
Simpson, 1989).
Sedimentation Rates

Results show sedimentation rates are highly variable (ranging from 0.03 — 4.0 cm/yr)

even in cores recovered from similar depositional environments (e.g., Core SH 10; 2.22 cm/yr

vs. Core SH 9; 0.12 cm/yr over past ~200 years; Fig. 30). These trends are consistent with a
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shallow water dynamic sedimentary environment. A trend of increased sedimentation rates up-
core is noted with greatest in the upper 1 m for all cores (Fig. 30).
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Figure 30: Sedimentation rates calculated from calibrated radiocarbon dates and short- lived
radioisotopes (Table 6). Sedimentation rates are highly variable across the bay, ranging from
0.03 — 4.0 cm/yr. Sedimentation rates increase in sediments younger than 500 years.
Chronology for Mass-wasting Deposits

Ages of the events related to six deposits of mass-wasting and sediment reworking in the
cores were determined from mollusk shells sampled beneath the deposits. In some cases where
dateable material was absent, samples were taken from within the deposit. It is recognized that
the samples from the mass-wasting deposits are reworked and could be older but the confidence

of the ages of these shells is based on the dates being in appropriate chronological order up-core,

despite apparent sediment reworking (i.e., Core SH 10). Where possible, dates were confirmed

72



by adjacent samples, which yielded similar age results (i.e., Core SH 9; 209 cm, 213 cm, 215 cm;
Table 8).

The deposits include (with mean age AD): Deposit SH10-3 (304 AD), Deposit SH9-2
(949 AD), Deposit SH9-1 (1399 AD), Deposit SH10-2 (1525 AD), Deposit SH6-1 (1591 AD),
and Deposit SH10-1 (1778 AD) (Figs. 27, 31; Table 8). The ages of the deposits indicate there
are erosional unconformities present in the sediments that range from 250- 1220 years.

The upper boundary of Deposit SH10-3 is marked by an abrupt change to muddy very
fine sand with mud clasts and represents a 1220 year gap with Deposit SH10-2, while the
unconformity between SH10-1 and SH10-2 spans 250 years. The upper boundary of Deposit
SH9-2 is marked by a change in lithology from muddy medium sand with abundant shell
fragments to sand without shell fragments, and represents an unconformity of 450 yrs with
Deposit SH9-1. The sediments above Deposit SH9-1 (i.e., 1376 AD; 84 cm) are close in age to
the lower boundary of this thick deposit (~80 cm thick) (Figs. 27, 31; Table 8), indicating a
mass- wasting event. Sediment reworking and/or bioturbation are evident where a younger shell
was retrieved from a deeper section than an older shell (i.e., Core SH 6, 1785 AD at 74 cm; 1591

AD at 42 cm; Figs. 27, 31; Table 8).
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Figure 31: Lithology of sediment cores SH 6, SH 9, SH 10. The chronology based on
radiocarbon dates (Table 6) is shown to the right of each lithology column as the mean
calibrated age in years (AD). Mass-wasting deposits are bounded by red boxes.
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Deposit SH10-3 124 145.5 142-143 cm/ 304 AD
Deposit SHI-2 198 2155 209 cm/ 949 AD

Deposit SHI-1 118 195 84 cm/ 1376 AD & 167 ¢cm/1399 AD
Deposit SH10-2 124 113 109 cm/ 1525 AD

Deposit SH6-1 13 41 42 cm/ 1591 AD & 74 cm/ 1785 AD
Deposit SH10-1 42 83 59 cm/ 1778 AD

Table 8: Storm deposits labeled in Figure 32, with depths of upper and lower boundaries, and the depth from which ages were
obtained. Ages listed are the mean calibrated age in years (AD).



Spatial and Temporal Heavy Metal Distribution

Results for x- ray fluorescence elemental analysis (at 5 cm and 2 cm resolution) indicated
that heavy metals are detectable, above background levels, in the upper 100 cm of the sediment
cores (Figs. 32- 37). Results reveal the link between increased magnetic susceptibility and metal
concentrations above background levels in the upper sediments, denoting an anthropogenic

origin of these metals, and are herein described as contaminants (Fig. 26).

Distribution of Metals Relative to Depositional Environment in the Bay
Overall, results from XRF analysis indicate that metal contaminant variability is related

to depositional environment in the bay. The following trends were observed:

Tip of the Spit
Results show metal concentrations near the tip of the spit (i.e., Core SH 6) are greater in
the muddy sediments from 50 to 80 cm and decrease in the upper 50 cm, coincident with the

changes to coarser grain sizes (i.e., sand, pebbles; Core SH 6; Figs. 27, 32).
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SH 6: Metal Concentration vs Depth
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Figure 32: Metal contaminants (Cu, Pb, and Zn) in Core SH 6 are greater in the deeper

sediments (i.e., 50- 80 cm depth) and decrease upwards, coincident with the coarser grain size
up-core (i.e., pebbles, sand).

Cu and Pb concentrations also increase from 80 to 50 cm in Core T1 (Fig. 33). This
interval is composed of sandy mud, with adult, whole, and well- preserved mussel shells,

suggesting an undisturbed interval of sediments with mollusks buried in situ (Fig. 27).
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T 1: Metal Concentration vs Depth
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Figure 33: Metal contaminants (Cu and Pb) in Core T 1 are slightly higher between 50 — 80 cm,
but generally show variability throughout that is related to sediment reworking as evidenced by
microripples present in the core (Fig. 28).

Backbarrier

In contrast with results from near the tip of the spit, metal concentrations detected here
(specifically Cu and Zn) increase above background levels in the upper ~25 cm of the sediments

(Cores SH 5, SH 3; Figs. 34, 35).
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SH 5: Metal Concentration vs Depth
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Figure 34: Metal contaminants (Cu, Pb, and Zn) in Core SH 5 are greater in the upper (0- 25 cm
depth) sediments. A peak in Zn is also noted at 50 cm.

SH 3: Metal Concentration vs Depth
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Figure 35: Metal contaminants (Cu, Pb, and Zn) in Core SH 3 are greater in the upper (0- 20 cm
depth) sediments. This increase also corresponds with increased magnetic susceptibility for the
same depth interval (Fig. 27).
Beaches

The pattern of increasing contaminant concentration up-core of Cu, Pb, and Zn, seen in

the backbarrier sediments is also found offshore from the beaches (Cores SH 9, SH 10; upwards

from 50 to 60 cm depth to the top of the cores; Figs. 36, 37). Consistent with results from the
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backbarrier sediments, the increased concentrations of metal contaminants in the upper
sediments also correspond with increased magnetic susceptibility for the same depth interval

(Fig. 26).

SH 9: Metal Concentration vs Depth
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Figure 36: Metal contaminants (Cu, Pb, and Zn) in Core SH 9 increase above background levels
in the upper (0- 50 cm depth) sediments.

SH 10: Metal Concentration vs Depth
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Figure 37: Metal contaminants (Cu, Pb, and Zn) in Core SH 10 increase above background
levels in the upper (0- 60 cm depth) sediments.
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Multi-proxy Approach for the Interpretation of Sedimentation and Environmental Impact

Results for magnetic susceptibility, grain size variability, total organic carbon, metal
concentration, and lithology were correlated and interpreted within the context of an age model.
This multi-proxy approach for studying metal concentration in sediment deposits revealed the
following trends in each depositional environment.

Near the tip of the spit, metal concentrations are greater in the deeper sediments,
coincident with increased silt and clay content (< 1%) and greater TOC, related to lower-energy
deposition (marked by well-preserved mussel shells; e.g., SH 6; 40- ~90 cm depth; Fig. 38).
TOC and metal concentrations are decreased in the sand-rich sediments at the top (0 - 40 cm)
coincident with rapid deposition associated with the mass-wasting deposit. Magnetic
susceptibility and coarse-grained composition remain relatively high throughout the core. Results

show metal concentrations are related to the TOC content in this section of the bay.
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Figure 38: Elements of the study, lithology, magnetic susceptibility, grain size variability, TOC and metals for sediments deposited
near the tip of Sandy Hook Spit (Core SH 6). Key for lithology symbols is shown in Figure 27. The metal concentrations are lower in
the upper sediments (0 - 40 cm), coincident with low TOC, and a mass-wasting deposit. The deeper sediments exhibit greater metal
concentrations coincident with greater TOC, and lower- energy deposition.



Greater metal concentrations in backbarrier sediments (e.g., Core SH 3) are associated
with increases in fine grains, and magnetic susceptibility (Fig. 39). The TOC content remains
relatively constant throughout the core. This is in contrast to findings near the tip of the spit,

where metal concentrations were greater coincident with greater TOC (Fig. 38).
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Figure 39: Elements of the study, lithology, grain size variability, magnetic susceptibility, TOC and metals Zn, Pb, and Cu for
sediments deposited in the backbarrier setting of Sandy Hook Bay (Core SH 3). Key for lithology symbols is shown in Figure 27.



Furthermore, sediments deposited offshore from the beaches (e.g., Core SH 10; Fig. 40)
reveal a pattern of greater metal concentrations that increase with greater magnetic susceptibility,

TOC, and clayey silt.
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Figure 40: Elements of the study, including lithology, magnetic susceptibility, grain size variability, TOC and metals Zn, Pb, and Cu
for sediments deposited offshore from the beaches (Core SH 10). Key for lithology symbols is shown in Figure 27.



DISCUSSION
Sea level Rise in Raritan and Sandy Hook Bays from the Last Glacial Maximum to the
Holocene
Sediment facies interpretations, seismic reflection profiles, and a chronology based on
radiocarbon dates, were used to decipher the changes that occurred from when the sea was at its
lowest level (i.e., during the Last Glacial Maximum), to when it entered the Sandy Hook and

Raritan Bays, and as sea level rose to its present-day height.

Late Cretaceous to late Pleistocene Unconformity

In a previous study of the Raritan and Sandy Hook Bays, an unconformity was identified
in the sediment cores and interpreted to be a contact between Late Cretaceous and late
Pleistocene strata dated as 31.7 **C ka BP (Vibracore RB S08, 350-370 cm; Gaswirth, 1999). In
this study, the unconformity was further confirmed by the radiocarbon dating of mollusk shells
and woody material taken from the same Raritan Bay cores. An age of > 48.0 *C ka BP
indicates dead carbon and a late Pleistocene or older age (Vibracore RB 5, 488 cm depth).
Results suggest that the unconformable contact between Late Cretaceous and late Pleistocene
strata may be evidence of shelf exposure and erosion during lowstands of sea level. This is
consistent with Gaswirth (1999) interpretation of a major paleochannel, which remains from

fluvial systems that cut into Cretaceous basement sediments during the late Pleistocene.

Late Pleistocene to Holocene Relative Sea Level Rise
Previous studies have shown that the region that is presently the Raritan Bay was located

just south of the glacial ice margin, in the proglacial forebulge, and is not influenced by glacial
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rebound as much as the Long Island Sound and the Hudson River regions, both depressed under
the weight of the glacier (Dillon and Oldale, 1978; Peltier, 1998, Gornitz et al., 2002; Peltier and
Fairbanks, 2006; Milne and Mitrovica, 2008; Engelhart et al., 2011a). The up-warped land in the
proglacial forebulge is expected to exhibit evidence of subsidence, i.e., more rapid rates of
relative sea level rise after deglaciation than areas that were not previously up- warped (e.g.,
Peltier, 1998; Engelhart et al., 2011a). In contrast, land previously depressed by the glacial ice
would present evidence of isostatic rebound (Dillon and Oldale, 1978; Peltier, 1999, Gornitz et
al., 2002).

Ages of estuarine bivalves (e.g. Anomia simplex) retrieved from sediments which filled a
paleochannel (Gaswirth, 1999) suggest sea level first flooded the Raritan Bay region ~6.1 cal. ka
BP, consistent with estimates by Fairbanks (1989) and Siddall et al. (2003). This is in contrast to
estimates of sea level rise in Long Island Sound (~13.5 to 10.0 cal. ka BP) and the Hudson River
(~11.5 cal. ka BP) possibly related to isostatic depression due to glacial ice (Weiss, 1974; Lewis
and DiGiacomo- Cohen, 2000; Varekamp, 2005; Peltier and Fairbanks, 2006; Milne and
Mitrovica, 2008; Engelhart et al., 2011b). This suggests the study area was not affected greatly
by the glacial ice. Furthermore, the mixed ages of shells retrieved from the long Raritan Bay
cores (i.e., Core RB 5; 6.9 cal. ka BP at 159 cm depth above 4.1 cal. ka BP at 475 cm depth)
indicate abundant reworking of sediments following the initial flooding of sea level into the bay.
The reworking is interpreted as being due to shoreline processes.

Studies from other regions have shown that as the sea reached its approximate present-
day level, modern coastal sedimentary features (e.g., barriers, spits; infilling of incised valleys)
developed and still persist presently around the world (Dabrio et al., 2000; Covelli et al., 2006).

For example, the Gulf of Cadiz in Southern Spain has been described by Dabrio et al. (2000) as
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an incised valley, which developed during the lowstand of sea level associated with the Last
Glacial Maximum. The region was subsequently flooded as sea level rose, creating estuaries
(e.g., Odiel-Tinto, Guadalete) that were partially enclosed (similar to the Sandy Hook Bay) by
the formation of spits 4,000 to 6,000 years ago due to littoral transport along the Gulf of Cadiz
coast (Dabrio et al., 2000). The estuaries have since been infilled with sediments (Dabrio et al.,
2000). The Gulf of Trieste, in the Adriatic Sea, has had a similar evolution since the Last Glacial
Maximum, with the formation of coastal lagoons due to littoral drift as sea level rose to its

present height (Covelli et al., 2006).

Sediment Facies

Facies analysis revealed that the latest Holocene sediment in the bay is dominated by low
energy deposition in a back- barrier environment created by the development of the Sandy Hook
Spit, interrupted by storm events (e.g., storm surge, fluvial flooding) which have either left
unconformities due to erosion, or mass-wasting deposits.

The deposition patterns in the Sandy Hook Bay are comparable to that of the models for
partially-closed, bar-built estuaries (typically wave- dominated and microtidal), and bays related
to spits (Kumar and Sanders, 1974; Davis, 1983 and references therein; Reinson, 1992;
Dalrymple et al., 1992; Dyer, 1994; e.g., Fig. 41). More specifically, bar-built (or bar-mouth)
partially-closed estuaries generally exhibit a fining-upwards signature in sections influenced by
marine energy as sea level rise continues, filling in the bay with silts and muds (Davis, 1983 and
references therein; Reinson, 1992; Dalrymple et al., 1992). Such a fining-upwards trend of grain

size is evident in Sandy Hook Bay by thick homogeneous clayey- silt, which is punctuated by
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mass wasting deposits (i.e., washover and debris flow deposits) characterized by thinner sections

containing concentrations of pebbles, shell fragments, and mud clasts.

X Marine-Fluvial

Raritan

River Sandy Ht?ok

marine)

Shrewsbury
River

Figure 41: Sandy Hook Bay with depositional environments dominated by mixed marine and
fluvial influence labeled according to the model of a typical partially-closed estuary described in
Reinson (1992). Map outline modified from GeoMapApp®©.

Three sedimentary facies have been characterized based on properties such as grain size
variability, components, such as shells, (fragments, and whole), and evidence of soft-sediment
deformation (e.g., contorted mud clasts) (Table 9; Figs 42 - 44). The facies include the
following:

Facies 1: fine- grained homogeneous mud to sandy mud with marine shells and gas voids

Facies 1 is characterized by clayey- silt in the upper sediments of the bay, with contains

shell fragments (e.g., thin layers ~10-20 cm thick; single fragments are also found sporadically),

whole well- preserved shells include clams, mussels, oysters, rare gastropods, and whole slipper
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shells (Fig. 42). In some cases, whole clam shells are ~5 cm diameter, mussels are ~ 6 cm. Rare
fish parts (e.g., teeth, piece of vertebrae) are present. Also present are gas voids, sporadic micro-
ripples, and areas of oxidized reddish- orange sediment. Rare pyritized woody material and
pyritized planktonic foraminifera are present. Aeolian (subrounded, frosted) quartz grains were

present in some sections, possibly associated with dunes on the spit.

Facies 1:
fine- grained homogeneous mud to sandy
mud with marine shells and gas voids

Figure 42: Photograph representing a section of Facies 1, lagoonal deposits; Core SH 3

Interpretation of Facies 1; Lagoonal Backbarrier Deposits

Sediments classified as Facies 1 are interpreted as having been deposited in a relatively
low-energy environment setting behind and protected by the Sandy Hook Spit. The sediment
originated from mixed sources of suspended marine, fluvial, and in some cases, aolian
sediments. These homogeneous fine-grained sediments are comparable to modeled subaqueous

backbarrier lagoonal deposits composed of thick sections of mud and silt (Reinson, 1992). The
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presence of gas voids indicates the formation of gas bubbles due to the biodegradation of organic
matter in the sediments (Schubel, 1974), further suggesting a calm environment, which allows
for the build-up of organic-rich sediments.

Foraminifera are present in some sections where low- energy muds are present,
suggesting in- situ deposition rather than sediment transport. Rare pyritized planktonic
foraminifera are present indicative of reducing conditions in the organic rich mud (Miall, 1984;
1990).

Ripple marks, layers of broken shell fragments, and whole shells indicates occasional
occurrences of higher-energy sediment transport. This temporary increase in energy may be due
to tidal currents, offshore beach processes, episodes of storm surge, or flooding related to nearby
rivers. In some cases thin (~20 cm) deposits at the base of the core (Cores SH 5, SH 9, SH 10)
are composed of drier, more indurated sediments, marked by an erosional surface contact with
overlying sediments . These sections are interpreted as either related to deposition when the spit
was shorter and those locations were less protected from open ocean, or may be indicative of a
erosion related to a past storm event (as opposed to a storm event that causes increased

deposition to occur).

Facies 2: Muddy very fine- to medium sand with contorted mud clasts

Facies 2 is characterized by muddy very fine- to medium sand with mud clasts (some of
which are contorted), and sporadic gas voids (Fig. 43). Also present are rounded pebbles (quartz
composition), fish teeth, and a single red bed sandstone fragment ~7 cm in diameter, flat,

trapezoidal in shape, with subrounded edges. The muddy clasts are more reddish in color, and
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have a slightly greater total organic content than the muddy sediments of Facies 1. Sporadic

sandy pockets are present. The absence of shell fragments is noted.

Facies 2:
muddy very fine- to medium sand
with contorted mud clasts

Core SH 10

Figure 43: Photograph representing a section of Facies 2, debris flows, Core SH 10

Interpretation of Facies 2; Debris Flow Deposits

Facies 2 is interpreted as debris flow deposits related to storm events, possibly due to
flooding from upriver, which affected the distal beach environments. TOC results show that the
floating mud clasts (e.g., SH 10, 122 cm depth) have a higher TOC content than the surrounding
matrix, suggesting a terrestrial origin for the mud clasts (e.g. transported from a tributary). The

absence of shell fragments in the deposits also suggests a non-marine origin.
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The single, large sandstone fragment is interpreted as having been eroded from the
underlying Englishtown sand (an Upper Cretaceous rock formation containing sand beds
cemented by iron oxide), related to a meander in a paleochannel (6-13 m deep) near where Core
SH 10 was recovered (Lewis and Kummel, 1940; Minard, 1969; Gaswirth, 1999). An alternative
interpretation is that the fragment originated upstream from Cretaceous sandstones exposed
along the river-beds of the Navesink and Shrewsbury Rivers, or along the shore of the Atlantic
Highlands, NJ (Cook, 1889; Lewis and Kummel, 1940). The large size of this fragment, and the
lack of other similar samples in the cores, suggests the mode of transport was a short interval of
discharge with high energy (such as due to a flood) from the river. The flat, oval- shape, and sub-

rounded edges further suggest fluvial transport (Boggs, 2001).

Facies 3: muddy medium sand with mud clasts, shell fragments, and pebbles

Facies 3 is a thin deposit (20- 30 cm thick) composed of described as muddy medium
sands which contain floating mud clasts, well- rounded pebbles with a surface oxidization
residue, and shells fragments (Fig. 44). A sharp angular contact with underlying sediments is

noted.
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Facies 3:
muddy medium sand with mud clasts,
shell fragments, and pebbles

CoreSH6

Figure 44: Photograph representing a section of Facies 3, washover deposit; Core SH 6

Interpretation of Facies 3; Washover Deposit

Facies 3 is interpreted as a washover deposit based on the presence of an abrupt, angular
dipping contact at the base of the deposit, shells and shell fragments, thin concentrated layer of
pebbles, and mud clasts, and is comparable to descriptions of washover deposits in previous
studies (Miall, 1984; 1990; Reinson, 1992; Sedgwick et al., 2003 and references therein;
Foxgrover, 2009 and references therein). In contrast to Facies 2, interpreted to be related to
fluvial flood deposition, Facies 3 contains shells and is therefore interpreted as a washover
deposits. Washover deposits generally form when storm surge breaches a barrier or spit,
resulting in the transport of barrier (i.e., from erosion of dunes) sediments into the backbarrier

facies (Reinson, 1992). There is evidence seen on aerial photographs and maps of historic
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shorelines of a prior overwash event related to Sandy Hook Spit that formed the washover fan

Plum Island located on the eastern coastline of Sandy Hook Spit (Fig. 45; USGS, 2003).

Plum Island
Overwash Fan

1837-1848 AD

1,000 feot

Figure 45: Aerial photograph of Plum Island, and a map showing its location along the Sandy
Hook Spit. Plum Island has been identified as a washover deposit. (Modified after USGS, 2003).
The washover deposit both overlies and underlies deposits classified as Facies 1. The
older sediment below the washover deposit (upper boundary marked by an abrupt angular
dipping contact) is characterized by a thick sandy mud deposit with whole, well-preserved
mussel shells (~6 cm diameter; Fig. 46). The sediments overlying the washover deposit (at the
top of the core) contain small (1.5 cm diameter; Fig. 46) whole, well-preserved mussels which
suggest the recolonization of the previous mussel community. Upon further investigation of the
mussel species, it is apparent that the presence of smaller mussel shells (Mytilus edulis; blue
mussels) is related to a regrowth of the community rather than a shift to a different mussel
species, which would have suggested a habitat shift. This process indicates that the washover
deposit is related to a short-lived event that buried the mussels in situ, and once deposition

associated with non-storm conditions was restored, the mussel community was reestablished.
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Mussel shell from the 42-95 cm depth interva Mussel shells from the 0-13 cm débth interval

Figure 46: Photographs of Mytilus edulis (blue mussel) shells found in muddy-sandy beds
recovered from near the tip of the spit (Core SH 6, Facies 1). The mussels taken from above the
washover deposit are smaller than those found below the washover deposit, indicating a
recolonization of the mussel community after a mass-wasting event.

Type of Deposit Facies | Core Depth Intervals
muddy- sandy mussel beds 1 SH 6 0-13; 42- 95 cm
mud beds 1 T1 40- 83 cm
mud beds 1 SH5 0-5; 15-143 cm
mud beds 1 SH 3 0-2; 24-187.5 cm
mud; muddy- sandy beds 1 SH9 0-5; 22-110 cm
mud; muddy- sandy beds 1 SH 10 0-18; 83- 100 cm
mud; muddy-sandy beds; related to tidal currents near the tip of the spit 1 T1 0- 40; 83- 138 cm
possible storm deposit; past deposits related to less-protected area 1 SH5 | 5-15; 143- 165.5 cm
possible storm deposit 1 SH3 2-24cm
possible storm deposit; deposition related to beach processes 1 SH9 | 5-20; 195- 215.5cm
deposition related to beach processes; mouth of Shrewsbury River 1 SH 10 | 18-40; 125-145.5cm
debris flow deposit 2 SH9 110- 195 cm
debris flow deposit 2 SH10 | 40-83;100-123 cm
washover deposit 3 SH 6 13-42 cm

Table 9: Sedimentary deposits and facies classification in the Sandy Hook Bay.

Growth of the Sandy Hook Spit

The Sandy Hook Spit was formed during the Holocene by northward movement of
sediment along the New Jersey coast due to longshore currents (Ashley et al., 1986 and
references therein; van Gaalen, 2004 and references therein; Hoffman, 2004; Rosati, 2005 and

references therein; Pendleton et al, 2005; Psuty and Pace, 2008 and references therein).
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Widening of the spit is related to overwash events, which formed washover fan deposits (Davis,
1983).

The characterization of the growth of the spit over time has previously been documented
using aerial photography, including the direction of growth of the tip as well as widening and/or
narrowing of the spit (Minard, 1969; Pendleton et al., 2005). As discussed in detail in the
Background chapter, the rate of growth of the spit has been estimated to be ~9.4 m/yr (~31 ft/yr)
using aerial photography and location of the lighthouse on the Sandy Hook Spit (Hoffman,
2004).

The data collected and analyzed documents changes over time and in depositional energy
at each core site in the bay. From north to south along the spit, the core presently located by the
tip of the spit is composed of coarser sediments, as it is exposed to wave activity, and tidal
currents. It is also located near a channel in the bay (Core SH 6). This suggests that when the
Sandy Hook Spit was younger and shorter, core sites to the south would have at one time been
near the tip of the spit. This is illustrated by Core T1 and SH 5, which have coarser sediments at
the base with fine sediment above.

Using Cores T 1 and SH 5 as references for the time it took for the spit to grow, the
fining upwards shift occurs at an approximate depth of 100 cm and was dated as 514- 539 cal.
yrs BP (1423 mean age AD). This date is interpreted as the approximate timing of when the tip
of the spit grew past the location of Core T 1, resulting in its fining-upward trend more closely
associated with backbarrier deposition. The spit grew approximately ~1875 m (derived from Fig.
7; Background chapter; (Fig. 47)) from 1423 AD to 1997 (the year of core recovery). The
calculated growth therefore occurred at an approximate rate of ~3.3 m/yr. Based on Core SH 5,

dated as 539- 625 cal. yrs BP (1368 mean age AD) at a depth of 104 cm, the tip of the spit grew
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~2300 m at a rate of 3.7 m/yr (Fig. 47). Dates derived from two different cores indicate a rate of
growth of the spit that is a far slower rate than estimated using the Sandy Hook Lighthouse as a
marker for growth, as well as estimates made using the change in the shoreline of the spit (6.8-
9.4 mlyr; Fig. 7, Background Chapter; Hoffman, 2004; Pendleton et al., 2005). The discrepancy
in growth rate may be due to changes that occur over short time periods to a coastline, including
accretion and erosion, which may result in less accurate growth estimates derived from aerial

photos.

SH 6: At the tip of the
spit, present day SH &

T1: Estimated tobeat —  \{@ie-om TANA  Sandy Hook
the tip of the spit oy '
~1423 mean age AD _ fTom tip;

SH 5: Estimated to be at ., «.from

Bay

the tip of the spit
~1368 mean age AD

Figure 47: A compilation of aerial photos and historical data of Sandy Hook, New Jersey,
modified from Pendleton et al. (2005, with permission). See Figure 7 for details. Estimated dates
(mean age AD) are shown of when Cores SH 5, and T 1 were at the tip of the spit before it grew
to its present-day position. Distance from the present-day tip of the spit to Cores SH 5, and T 1
are shown in meters (derived from the bar scale provided with the aerial photograph).
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Sedimentary Record of Storms

The mass wasting deposits (i.e., washover, debris flow deposits) exhibit characteristics
typical of intervals of increased energy (e.g., concentrations of pebbles, broken shell fragments,
distorted mud clasts) and are unconformable with sediments related to lower-energy transport
and deposition (Miall, 1990). These deposits are interpreted as having been deposited during
storm events. By identifying and dating the debris flow and washover deposits, the objective was
to determine the effects of storms on the area (i.e., deposition, erosion), to link the deposits with
previous storm events that have affected the Northeastern coast, and to quantify the frequency of
storm occurrence in the study area.

Six deposits of reworked sediments (i.e., washover and debris flow deposits) found in the
Sandy Hook Bay cores were identified as evidence of storm occurrences. These deposits include
(with mean age AD): Deposit SH10-3 (304 AD), Deposit SH9-2 (970 AD), Deposit SH9-1 (1399
AD), Deposit SH10-2 (1525 AD), Deposit SH6-1 (1591 AD), and Deposit SH10-1 (1778 AD),

and are described in detail in the Results Chapter.

Links to Historical and Prehistorical Storms

The storm deposits identified in this study exhibit similar characteristics to those
identified in previous studies of the Northeast coastal region described as having distinct sand
layers interbedded among fine-grained mud with sharp contacts at the lower boundaries of the
deposits(Donnelly et al., 2001a; 2001b; 2004; Dougherty et al., 2004; Buynevich et al., 2004;
Scillepi and Donnelly, 2007), as well as “soft sediment deformation in adjacent muds (Donnelly
et al., 2004).” Past studies focused on marsh and backbarrier sediments where evidence of storm

activity (e.g. washover events related to storm surge) is expected to be found (Donnelly et al.,
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2001a; 2001b; 2004; Buynevich et al., 2004; Dougherty et al., 2004; Scillepi and Donnelly,
2007). The Sandy Hook Bay cores were also recovered from a backbarrier environment, along
with areas proximal to beaches and the mouth of the Shrewsbury River, which makes it likely
that evidence of storm events would be preserved in the sediment record.

More specifically, the deposit related to Facies 3 (washover deposits; Core SH 6) is
comparable to washover deposits described in previous studies (Donnelly et al., 2001a; 2001b;
2004; Dougherty et al., 2004; Buynevich et al., 2004; Scillepi and Donnelly, 2007), as it is
composed of muddy very fine sand with concentrated pebbles, angular shell fragments, and mud
clasts that overlies homogeneous muddy sediments with a well-preserved mussel population
buried in- situ. The sharp, angular contact at the base of the washover deposit further suggests a
rapid interval of coarser-grained deposition. Soft sediment deformation in the form of contorted
mud clasts (with slightly higher TOC than surrounding muddy sediments) identified in sediment
cores as debris flow deposits recovered from near the beaches, and near a subaqueous channel
(e.g., Core SH 10, Gaswirth, 1999; Sheridan, unpublished data), suggesting a fluvial source
related to storm- related river flooding.

The storm deposits dated as 970 AD, 1399 AD, 1525 AD, 1591 AD, and 1778 AD can be
linked with prehistoric storms, and recorded hurricanes, that struck parts of New Jersey and Long
Island during the periods of 550- 1400 AD, 1034-1190 AD, 1278-1438 AD, 1477-1642 AD (or a
1693 hurricane), and 1788 AD and/or 1821 AD (Donnelly et al., 2001b; 2004; Scillepi and
Donnelly, 2007; Table 10). More specifically, the 970 AD event is correlated with deposits
found at Brigantine Beach, NJ (550- 1400 AD), and Hicks Beach, Long Island, NY (1034-1190
AD) (Donnelly et al., 2004; Scillepi and Donnelly, 2007; Table 10). The 1399 event can be

correlated with hurricane deposits discovered at Whale Beach, NJ (1278-1438 AD) suggesting
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that the hurricane impacted ~150 km of coastline (Donnelly et al., 2001b; Table 10). The
deposits dated as 1525 AD and 1591 AD, from two separate cores (SH 6, SH 10) indicates there
was a storm event that occurred in the study area (Table 10). This storm is possibly related to an
event found in Hicks Beach, NY (1477-1642 AD) which the authors interpreted to be related to
either a prehistoric 16™ century storm, or a 1693 hurricane (Scillepi and Donnelly, 2007; Table
10). The 1778 AD storm deposit is correlated to deposits found in both Whale Beach, and
Brigantine Beach, NJ, and western Long Island, NY, which were attributed to either a 1788, or
1821 hurricane (Donnelly et al., 2001b; 2004; Scillepi and Donnelly, 2007; Table 10).The span
of the deposits related to this storm (whether it was the 1788, or 1821 AD hurricane) indicates its

large impact of at least ~250 km of coastline.

Correlated with Previously Correlated with
Storm Deposit/ Type Mean Identified Storm Deposits; Documented
(this study) Age (AD) Location and Ages (AD) Historic Storms Reference
SH9-2/shell fragment Brigantine Beach, NJ (550- Donnelly et al., 2004;
layer (possible storm 970 AD 1400 AD); Hicks Beach, Long prehistoric storm Scillepi and Donnelly,
lag deposit) Island, NY (1034-1190 AD) 2007
SH9-1/ (I:Iebrls flow 1399 AD Whale Beach, NJ (1278-1438 prehlistorlc Donnelly et al., 2001b
from river flood AD) hurricane
SH10-2/debris flow
. 1525 AD . istori _—
from river flood 525 Hicks Beach, NY (1477-1642 cepr:fuhrljt;g:;sg; 3 Scillepi and Donnelly,
SHE-1/ washover | ;591 o AD) 1693 hurricane 2007
deposit
. Whale Beach, and Brigantine Donnelly et al., 2001b;
S":,rl:ml{r ij::’;;zggw 1778 AD | Beach, NJ, Western Long 17:5;;;;?1 2004; Scillepi and
Island, NY Donnelly, 2007

Table 10: Compilation of storm deposits identified and dated in Sandy Hook Bay as compared to
storms documented in previous studies as well as historic storms.

Storms that are more recent were dated using methods involving short-lived
radioisotopes, (i.e., **'Cs) discussed in previous studies (Olsen et al., 1978; Williams et al., 1978;
Olsen et al., 1981; Olsen et al., 1984- 1985; Bopp and Simpson, 1989). An age of 1963 AD was

assigned for the upper 10 - 30 cm of cores recovered from near the beaches (i.e., Cores SH 9, SH
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10), and the age of 1954 AD was assigned to the upper 20- 50 cm, indicating vastly different
rates of sedimentation for the time interval of 1954- 1963. Based on this chronology, the broken
shell layers identified in the upper sediments (e.g., Cores SH 3, SH 5, SH 9; upper 20 cm) may
have been deposited during the “Ash Wednesday Nor’easter” of 1962 which has been
documented as having a large impact on the local study area (Dolan et al., 1988; Zhang et al.,
2002). The hiatuses that separate the storm deposits within the cores are interpreted to be related
to the time it took for the shoreline to equilibrate after large-scale erosional events so that
sediments could be preserved, rather than a measure of how many storms have hit the region
over time. These hiatuses include large unconformities found in the sediment which range in age
from 250 to 1220 yrs. Previous studies discuss similar results of a recovery period of the beach
profile after an erosional event (Donnelly et al., 2001a; Zhang et al., 2002; Hill et al., 2004).
There is great variability in proximal depositional environments through time. Cores recovered
within close proximity to each other do not show evidence of preservation of the same storms,
which is also an observation made in studies of other regions (Donnelly et al., 2004). This is
consistent with the conclusion determined by Donnelly et al. (2004) that large sections of a coast
need to be examined and high density coring needs to be conducted in order to document all the
storms that have struck a coastal region.

It is noted that recent studies have examined the possibility that a prehistoric tsunami
event might have impacted the area encompassing the New York- New Jersey coasts estimated
to have occurred ~ 2300 years BP (Goodbred et al., 2006; Krentz et al., 2008; Cagen and Abbott,
2009). In this study, a potential alternative hypothesis (other than being a storm deposit) is that
the unconformity associated with Deposit SH10-3 (304 AD) could be related to this type of

event.
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Temporal and Spatial Variability of Contaminants Related to Sedimentary Processes

Urban estuaries can be greatly impacted by contamination from anthropogenic activities
such as commercialization and industrialization (e.g., Bothner et al., 1998; Seger & Davis; 1984;
Kennish, 1997; Buchholtz ten Brinket al., 1997; Plater et al., 1998; Rosales- Hoz et al., 2003;
Tovar- Sanchezet al., 2004; Prudéncio et al., 2007). More specifically, the Hudson-Raritan
Estuary including the NY/NJ Harbor, has been affected by the surrounding urbanized
metropolitan region and its sources of pollution (e.g., heavy metals including lead, zinc, and
copper) (Breteler, 1984; Mueller and Werme, 1984; Breteler et al., 1984; Connor et al., 1984;
Long et al., 1995; Crawford et al., 1995; Wolfe et al., 1996 and references therein; Sanudo-
Wilhelmy and Gill, 1999; Mecray et al., 1999; Feng et al., 1998; 2002; and references therein;
Adams and Benyi, 2003; Tovar- S&nchez et al., 2004; Kenna et al., 2006; Nitsche et al., 2010).

Prior to 2004, research conducted in the Raritan Estuary has been focused primarily on
the water quality (e.g., Greig and McGrath, 1977; NJDEP, 1998; Safiudo- Wilhelmy and Gill,
1999; Zimmer, 2004), and contamination of the surface sediments in the estuary (e.g., Long et
al., 1995; Wolfe et al., 1996; Cohen et al., 2000; Adams and Benyi, 2003). A main objective of
this study was to determine how metals have accumulated over time in a shallow urban bay that
is vulnerable to natural processes (e.g., storms, tidal circulation, growth of a sand spit, fluvial
input). Interpretations can be made based on the compiled results as to why metals are being
concentrated in some locations but not in others.

It is important to note that elemental analyses for this study were conducted using a hand-
held XRF and a wet-chemistry total digestion analysis was not conducted. As a result, it is noted
that concentrations of the metals in the sediments discussed here may be greater than the results

from the XRF may show.
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Temporal and Spatial Patterns of Heavy Metal Contamination in Sandy Hook Bay

Results show great variability in the burial of contaminants even among sites that are
within close proximity to each other, indicating that the processes that occur in the bay (i.e.,
frequent reworking of sediments due to mixed influences such as tides, storm energy, and river
input) play a major role in contaminant accumulation, perhaps having a greater impact than
proximity to sources of pollution. As described in the Results chapter, metals are present in low,
constant concentrations in the older sediments, and increase in the younger sediments (i.e., O-
~80 cm) of the bay. The minimum values are interpreted to be background concentrations related
to natural sources, such as weathering of continental rocks (Windom et al., 1989; Kennish; 1997;
Eby, 2004; Bianchi, 2007 and references therein).

The following is an interpretation of how metal concentrations (e.g., Pb, Cu, Zn) vary by

depositional environment (Figs. 48 - 50):
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Figure 48: Spatial and temporal variability of copper concentrations in Sandy Hook Bay
sediments; at resolution of 2 cm.
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Figure 49: Spatial and temporal variability of lead concentrations in Sandy Hook Bay
sediments; at resolution of 2 cm.
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Figure 50: Spatial and temporal variability of zinc concentrations in Sandy Hook Bay sediments;
at resolution of 2 cm.
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Sandy Hook Spit
Proximal to the tip of the spit metals were detected at greater concentrations in the deeper

sediments (Figs. 48 - 50) where the sediments are less disturbed.

Backbarrier

In contrast to the tip of the spit, the sediments recovered from the backbarrier and
proximal to the mouth of the Shrewsbury River are characterized by greater metal concentrations
in younger (upper) sediments (Figs. 48 - 50), with lower concentrations in the deeper sediments.
The long-term deposition of fine-grained backbarrier sediments reveals the impact of
anthropogenic activities more concisely than sections of the bay where low-energy deposition

has been interrupted by mass-wasting events.

Beaches

Metal concentrations in sediments recovered from offshore from the New Jersey beaches,
and proximal to the mouth of the Shrewsbury River are greater in the upper sediments (Figs. 48 -
50), with lower concentrations (similar background levels as seen in the backbarrier) in the
deeper sediments. The metal concentrations here are greater than those detected elsewhere in the
bay, which is interpreted to be a record of urban runoff from the shore, and/or discharge from the

Shrewsbury River.
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Background vs Anthropogenic Levels of Metal Concentrations

Background concentrations for Pb, Cu, and Zn derived from Sandy Hook Bay sediments
are comparable to values determined in previous studies of nearby waterways. This includes
background values from the Hudson Estuary that range from 15.4 (+/- 2.5) to 25 ppm Pb, 14.4 to
25 ppm Cu, and ~80 ppm Zn (William et al., 1978; Bopp and Simpson, 1989; Hirschberg et al.,
1996; Kenna et al., 2006). Background levels of Pb in Long Island Sound were found to be 20
ppm (McHugh et al., 2007).

Concentrations of Pb, Zn, and Cu greater than background levels in Sandy Hook Bay
sediments are based on correlations with other proxies of anthropogenic sources (e.g., magnetic
susceptibility, Cs**") and as compared to results from previous studies (e.g., Bopp and Simpson,
1989; Bopp et al. 1993; Hirschberg et al., 1996; Plater et al., 1998; Benoit et al., 1999; Hoffman

et al., 1999; Kapicka et al., 1999; Chan et al., 2001; Martins et al., 2007, Nitsche et al., 2010).

Radionuclides as a Proxy for Anthropogenic Activities

The greater concentrations of metals in the upper sediments recovered offshore from the
beaches correspond with an age of 1950’s (and younger) based on radionuclide chronology,
documenting an anthropogenic source of the metals in the upper sediments of Sandy Hook Bay.
Results show the pattern of variability to be the most similar between copper and **’Cs which

may be related to bioturbation or reworking of the sediment at ~20 cm depth (Fig. 51).
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Figure 51: The chronology based on the radionuclide *'Cs varies similarly to metals,
specifically copper. The greater values of metals coincident with *’Cs suggests anthropogenic
sources of the metals in sediments estimated to be from the 1950’s and younger.
Magnetic Susceptibility as a Proxy for Anthropogenic Activities

The correlation between increased magnetic susceptibility and greater concentrations of
metal contaminants, as well as lower magnetic susceptibility with uncontaminated sediments, has
led to magnetic susceptibility being used as a proxy for anthropogenic activities (e.g., Kapicka et
al., 1999; Chan et al., 2001; Martins et al., 2007 and references therein).

Results from this study and previous studies conducted in similar environments
elsewhere (e.g., Santos Estuary, Brazil; Penny’s Bay, Hong Kong) support the use of magnetic

susceptibility as an indication of anthropogenic activity and that it further correlates with an

increase in metal concentrations (Fig. 52; e.g., Chan et al., 1998; 2001; Martins et al., 2007).
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Figure 52: a) The depth interval (0-20 cm) at which metal concentrations (i.e., Cu, Pb, Zn) are

greatest coincides with the depth interval of the greatest magnetic susceptibility in sediments
recovered from the backbarrier region of the Sandy Hook Bay (Core SH 3) b) The depth interval
(0-40 cm) at which metal concentrations (i.e., Cu, Pb, Zn) are greatest coincides with the depth
interval of the greatest magnetic susceptibility in sediments recovered from near the beaches
(Core SH 3).
Contaminant Transport and Deposition

Sediment properties can play a significant role in how certain contaminants are
transported and buried (Kennish, 1997; Mecray et al., 1999; Paulson, 2005). The metal
contaminants are coincident with increased TOC and increases in fine-grained sediments, due to
the tendency of metals to adhere to organic matter and clays (Olsen et al., 1984; Lick and Huang,

1993; Santschi et al., 1997; Hedges and Keil, 1999; Safiudo-Wilhelmy and Gill, 1999; Cohen et

al., 2000; Brady and Weil, 2002; Cantwell et al., 2002; Kersten and Smedes, 2002; Eby, 2004;
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Bianchi, 2007). Previous studies conducted worldwide (e.g., Guanabara Bay, Brazil; Victoria
Harbour, Hong Kong; Berre Lagoon, France) also found a strong correlation of TOC with metal
concentrations (Neto et al., 2006; Accornero et al., 2008; Tang et al., 2008).

The distribution of TOC varies by depositional environment, indicating a strong influence
from depositional and erosional processes. The overall trends of TOC (average value for each
core) show TOC is greatest in the backbarrier environment and lowest in areas with higher
energy processes including, near the tip of the spit, offshore from the beaches, and near the
Shrewsbury River (Fig. 53).

Results show the overall average TOC in the Sandy Hook Bay to be 3.39% (ranges from
1 — 8 %), which is comparable to previous studies of the Sandy Hook Bay which found TOC to
be 2-3% (NOAA, 1995) and an average of 3.53% in the Lower Bay surface sediments
(calculated from organic matter result of 6.09%; Coch, 1986). TOC content was found to be
similar, but slightly higher, in sediments from neighboring waterways including Western Long
Island Sound (> 3%; Poppe et al., 2000; 3.8- >10 %; McHugh et al., 2007) and the Lower East
River (3.6- 4.8%; NOAA, 1995). The increased values of TOC in the upper sediments are
interpreted to be from anthropogenic inputs to the waterways similar to those obtained for

western Long Island Sound (Poppe et al., 2000; McHugh et al., 2007).
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Figure 53: Bar graphs represent the average value of TOC for all sediment samples recovered
from each core. Average TOC is greatest in the northern section of the backbarrier where
depositional energy is relatively low. Average TOC is lower at the tip of the spit and offshore

from the beaches, where energy is greater.
Multiproxy Approach to Approach to Interpretations of Metal Distribution

Compilations of metal concentrations, magnetic susceptibility, grain size variability, total
organic carbon, lithology, and age data revealed that sections interpreted as higher energy
deposits tend to be related to lower levels of metal contaminants (Figs. 38- 40). This is apparent
in sediments near the tip of the spit (SH 6) where the sediment above the sharp angular contact,
described as a mass-wasting deposit and coarser grain size (Figs. 14, 38), coincides with minimal
concentrations of metals and TOC (SH 6; 0 - 40 cm depth). Lower-energy deposition and finer
grain sizes coincide with increased metal concentrations and greater TOC (Fig. 38). These

findings may be result of coarse grains associated with higher energy deposition, greater erosion
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of contaminated metals during such events, or indicate that slow deposition of finer-grained
sediment accumulates the greatest concentrations of metals adsorbed to sediments. In such
undisturbed sediments, the metal contaminants are more likely to show the accumulation patterns
of metal contaminants over time. This is seen in the backbarrier section (SH 3; Fig. 39) where
only the upper sediments (upper ~ 20 cm) are contaminated above background levels, which
corresponds primarily with increases in silt. Despite the dominance of clay and silt in the
backbarrier, metals are detected above background levels solely in the upper sediments.

Finally, metal concentrations detected in sediments deposited offshore from the beaches
(e.g., Core SH 10) appear to vary with changes in grain size including the shift from muddy very
fine sand to mud (~ 65 cm depth), and increases in TOC, and magnetic susceptibility upwards
(Fig. 40). This suggests the metal concentrations are due to a combined influence by sediment
properties (i.e., grain size variability and TOC which is also correlated to fine grained sediments)
as well as increased anthropogenic effects on the area associated with modern times.

Results of this study show that the correlation between sediment properties and metal
concentrations varies by location in the bay. If only the backbarrier sediments had been studied,
the results would show the primary factor in contaminant burial to be anthropogenic input and
this would be the location where future contaminant analyses would be focused. However, to
characterize all the depositional environments, all the regions of the bay should be studied.
Possible Sources of Contaminants

The sources of pollution to the Sandy Hook Bay are vast, including discharge from the
Hudson River, Raritan River, off-shore dumping sites of sewage sludge and contaminated dredge
spoils (in the New York Bight), the Newark Bay, Passaic River, Arthur Kill landfill, sewage

treatment discharge, storm sewer overflows, atmospheric sources of particulates, oil spills, and
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runoff from the entire watershed (Mecray et al., 1999; Tovar-Sanchez et al., 2004 and references
therein; Steinberg et al., 2004; Gao et al. 2002; Mueller and Werme, 1984). Prior studies of
contaminants in sediments have inferred possible sources by correlating variability of metals
with that of other metals, as two metals with coincident variability may have the same source, or
same mode of transport (Hirschberg et al., 1996; Feng et al., 1998; Mecray et al., 1999; Benoit et
al., 1999; Chillrud et al., 2003). Strong relationships between metals determined in this study,
including Cu and Pb, (r>= 0.778 derived from scatter plot; Pearson Correlation =0.837, SPSS
16.0, Microsoft, 2007) suggest the metals may have been transported from the same source,

and/or by the same mode of transport (i.e., dissolved vs. solid phase).

Implications for the Health of Ecosystems

Human consumption of contaminated shellfish is a major mode of ingestion of
contaminants from the Hudson-Raritan Estuary (Connor et al., 1984 in Breteler, 1984).
Therefore, the health of the Hudson- Raritan Estuary is crucial to the shellfish industry. Results
from this study suggest that remediation of the contamination of bottom sediments in a shallow
marine coastal environment requires thorough investigation to determine where the contaminant
accumulation would be expected, and where it would not be. The time spent investigating where
contaminants are accumulating, and where they are not, may save monetary resources and time

that would otherwise be used to clean sections that are flushed out naturally.

FUTURE STUDIES
Further research of other Mid-Atlantic coastal areas may identify additional storm

deposits in that may correlate with the Sandy Hook Bay deposits. This would confirm the extent
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of the impact of the historical and prehistorical storms and the ages assigned to those storms in
this study.

The correlation of TOC in sediments with metal concentrations indicates a need for
controlling the sources of TOC along with controlling metal input to the waterways. This
includes mitigation of contaminants associated with combined sewer outflow from locations
throughout the watershed.

Results from this study can be improved upon by obtaining new and well-positioned
sediment cores that will provide an improved chronology from short-lived radioisotope and
radiocarbon results, as well as obtaining results for contaminants using wet chemistry.
Preliminary analyses for lead were performed by an independent laboratory on a small selection
of samples using an ICP Spectrometer (Analytical Chemists, Farmingdale, NY). The samples
were chosen based on peaks in lead previously detected with the XRF. Results indicate further
testing should be conducted with wet chemistry methods in order to confirm the metal
concentrations derived during XRF analyses, which do not correlate well with the ICP results
(Figure 54). Furthermore, XRF is useful primarily as a rapid, non-destructive method to
determine trends in metal variability in sediments. The wet chemistry procedure associated with
use of the ICP Spectrometer can subsequently be used to determine accurate concentrations,
which would have environmental applications, including assessment and predictions of the

health of an ecosystem.

117



Lead Concentrations - XRF vs_ ICP Spectrometer
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Figure 54: Lead concentrations derived using wet chemistry (ICP Spectrometer; Analytical
Chemists, Farmingdale, NY) as compared to XRF results (dry sediment, 5 cm resolution) for
three sediment cores representative of each depositional environment (Core SH 6; tip of Sandy
Hook Spit, Core SH 3; backbarrier section, and Core SH 9; proximal to the beaches).
Concentrations derived from XRF methods do not correlate well with the ICP results, indicating
a need for further analysis in order to attain better accuracy.

With regard to environmental applications, lead in sediments has previously been
determined to be toxic at a level of 10% of occurrences at 47 ppm, and a level of 220 ppm
associated with toxicity at a level of 50% of occurrences (Long et al., 1995; Paul and O’Connor,
2004). Results here show that the concentrations of lead in Sandy Hook Bay sediments range

from 81- 190 ppm (Figure 54), indicating the sediments of Sandy Hook Bay are potentially toxic

to organisms that inhabit the substrate.

118



Furthermore, fishing restrictions should be maintained in areas where contaminants are
accumulating in fine-grained upper sediments (i.e., backbarrier, offshore from the beaches).
From the cores studied, shellfish taken from the area by the tip of the spit (Core SH 6) may pose
the least health hazard because the contaminants are buried deeper in the core, and the upper

sections show little sign of being contaminated.
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Water Content vs Depth
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Appendix A: Water Content vs. Depth for all Cores
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Appendix B: Representation of sediment cores SH 9, SH 10, T1, SH 5, SH 3, and SH 6
positioned with the water surface at the same level. Blue rectangles represent water. All cores
were aligned with the top of the water surface positioned at the same level and truncated to fit on
the page. Results from cores matched by water depth suggest a correlation between the ripple
mark deposits associated with abundant shells and shell fragments in SH 10 (20- 40 cm) and T1
(0- 40 cm). Mud clast deposits in SH 9 and SH 10 appear coincident as well. The muddy
sediments in the top of SH 3, SH 5, and SH 9 with abundant shells and shell fragments appear to
coincide as well as the depths at which gas voids are evident. SH 6 is located in much deeper
water because it is located the closest to the end of the Sandy Hook Spit, where it is closest to the
open ocean.

121



Appendix C: Visual Descriptions of Sediment Composition (5 cm Resolution)

CORE SH 3 visual descriptions:

SH3:0-187.5cm

Oxidation is present at the top of the core evident as a reddish- orange color sediment.
4 - 24 cm there are abundant shells- whole clam shells (~1.5 cm diameter), with both
valves well- preserved, as well as shell fragments

17 - 24 cm there is a well preserved bivalve, with both valves present (~9 cm diameter)
70 - 86 cm there are abundant gas voids, and rare gas voids at 43 and 112 cm

CORE SH 5 visual descriptions:

SH 5:0-165.5cm

The sediment color is anomalously red in color and oxidized at 65- 70 cm

At 5- 11 cm, there are scattered, well- preserved single valve clam shells (1 cm in
diameter). At 94 cm there is a gastropod, and a whole bivalve that extends to 109 cm. At
104 to 105 cm, there is a well- preserved clam shell 4 cm in diameter. There are scattered
shells at 95 and 108 cm. Scattered shells at 150 cm.

There are gas voids from 14- 20 cm, at 55 cm, 80- 95 cm, 117 - 120 cm, 129 - 146 cm

CORE SH 6 visual descriptions:
0-13 cm, 42-95cm

0 to 7 cm is composed of crumbly and dry sediment

42 to 90 cm contains many well- preserved mussel shells, including both valves, at
approximately 6 cm diameter.

0 to 7 cm contains smaller, well- preserved mussel shells, (~1.5 cm diameter), there are
also well- preserved shells.

Shells fragments present at 15 cm.

There is a gas void at 85 cm

13-41cm

13- 25 cm contains muddy coarse to medium sand with floating mud clasts (~ 2 to 4 cm
diameter) and well- rounded reddish pebbles (~ .5 cm diameter).

Shells fragments are present at 36 to 43 cm.

At 41 cm, there is an angular dipping contact with the sediments above.

CORE SH 9 visual descriptions:
0-75¢cm

There are rare shell fragments from 5 to 22 cm.

Whole clam shell (5 cm long) with both valves, at 10 to 15 cm.

Sporadic gas voids at 72 cm, and abundant at 45 to 56 cm.

Woody and organic material increases from 40 to 0 cm relative to the rest of the core.

SH 9:76-215.5cm

At 92 cm, there is one rare shell fragment

At 84- 86 cm, there is a rounded quartz pebble present.

There are rare gas voids present at 122- 125 cm.

There are layers of mud clasts from approximately 110 to 195 cm.
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Scattered shell fragments are found 185 to 189 cm, becoming shell fragment layers from
198 to 215.5 cm.

CORE SH 10 visual descriptions:

SH 10: 0- 40 cm

Well- preserved clam shells at 13 cm (2 cm diameter), and at 24 cm
Shell fragments from 30 to 40 cm, and between 5 and 38 cm.
Micro-ripples present 18- 20 cm and 30- 40 cm.

SH 10: 40- 145.5cm

From 40 cm- 85 cm and 100- 124 cm there are mud clasts, some of which are contorted

e Single, well- preserved clam shells at (2 cm diameter) 59 to 60 cm.

e Rare shell fragments at 70 - 72 cm, 82 cm, 91 - 95 cm, and 106 - 111 cm.

e There are abundant shell fragments 124 to 145.5 cm

e At 125- 130 cm there is a rock that is 7 cm in diameter, and appears to be a flat, rounded,
red bed sandstone fragment

e Rounded pebbles at 98 cm and at130 cm

e Gas voids present from 45 to 66 cm. These can be described as rare from 57 to 66 cm and
abundant from 48 to 57 cm.

CORE T 1 visual descriptions:
T1:0-83cm

e 0-—40 cm contain micro-ripples

e At 15to 16 cm there are scattered whole, well- preserved mussel shells at 3 cm diameter

e There are scattered shell fragments from 7- 8 cm, 20- 29 cm, and 35- 40 cm.

e There are rare shell fragments from 40- 50 cm, 75 cm, 80-90 cm, and well preserved shell
at 55- 65 cm (oyster)

T1:83-138cm

e There are scattered shell fragments found from 80- 130 cm

e Whole shell at ~ 95 to 100 cm

e There are micro-ripples from 83 to 138 cm

e There are rare shell fragments 80-90 cm, and well preserved shell at 98 cm
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Appendix D: Photographs of Shells from Sandy Hook Bay and Raritan Bay Cores

Mercenaria mercenaria

Crepidula fornicata
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