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The inner-continental shelf off Fire Island, New York was mapped in 2011 using interferometric sonar and high-
resolution chirp seismic-reflection systems. The area mapped is approximately 50 km long by 8 km wide,
extending from Moriches Inlet to Fire Island Inlet in water depths ranging from 8 to 32 m. The morphology of
this inner-continental shelf region and modern sediment distribution patterns are determined by erosion of
Pleistocene glaciofluvial sediments during the ongoing Holocene marine transgression; much of the shelf is
thus an actively forming ravinement surface. Remnants of a Pleistocene outwash lobe define a submerged
headland offshore of central Fire Island. East of the submerged headland, relatively older Pleistocene outwash
is exposed over much of the inner-continental shelf and covered by asymmetric, sorted bedforms interpreted
to indicate erosion andwestward transport of reworked sediment. Erosion of the eastern flank of the submerged
Pleistocene headland over the last ~8000 years yielded an abundance of modern sand that was transported
westward and reworked into a field of shoreface-attached ridges offshore of western Fire Island. West of the
submerged headland, erosion of Pleistocene outwash continues in troughs between the sand ridges, resulting
in modification of the lower shoreface. Comparison of the modern sand ridge morphology with the morphology
of the underlying ravinement surface suggests that the sand ridges have moved a minimum of ~1000 m
westward since formation. Comparison of modern sediment thickness mapped in 1996–1997 and 2011 allows
speculation that the nearshore/shoreface sedimentary deposit has gained sediment at the expense of deflation
of the sand ridges.

Published by Elsevier B.V.
1. Introduction

The evolution of coastal areas, from individual storm events to
millennial time scales, is linked directly to the oceanographic processes
acting on the geologic framework of the adjacent inner-continental
shelf (Swift, 1976; Riggs et al., 1995; Thieler et al., 1995, 2001; Wright,
1995; Schwab et al., 2000a, 2013; Cowell et al., 2003; Miselis and
McNinch, 2006; Fagherazzi and Overeem, 2007; Denny et al., 2013;
Twichell et al., 2013). Fire Island, a segment of a barrier island system
extending along the south coast of Long Island, New York (Fig. 1), is
the focus of an ongoing study led by the U.S. Geological Survey (USGS)
designed to observe oceanographic processes controlling circulation
and sediment transport in the coastal ocean. These observations are
1 508457 2309.
critical for advancing development of physics-based numerical models
required to provide accurate predictions of coastal change and a
thorough understanding of sediment response to oceanographic and
geologic processes in the shoreface/inner-continental shelf environment
(e.g., Warner et al., 2012).

Fire Island attracts significant tourism, includes federal, state, and
county parks, contains a number of coastal communities, provides
storm damage protection to the adjacent heavily populated mainland,
and supports a distinct barrier island ecosystem, all of which are
affected by coastal erosion. Mitigating the impacts of coastal erosion
has been an importantmanagement objective for decades. Thus, coastal
erosion and sediment budget analyses in the Fire Island barrier–island
systemhave been conducted anddebated in the scientific and engineering
literature (e.g., Gofseyeff, 1952; Saville, 1960; Panuzio, 1968; Kumar
and Saunders, 1974; Williams, 1976; Leatherman and Allen, 1985;
Kana, 1995; Morang et al., 1999; Smith et al., 1999; Schwab et al.,
2000a, 2013; Hapke et al., 2010). It is well documented that a primary
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Fig. 1.Maps showing (A) acoustic backscatter and (B) bathymetry collectedwith the interferometric sonar. The insetmap shows the location of Fire Island, NewYork (A). High backscatter
is displayed by light tones and low backscatter is displayed as dark tones within the backscatter image (A). Regional bathymetric contours are in meters. West of Watch Hill, the modern
sand deposit is organized into a series of shoreface-attached sand ridges oriented at oblique angles to the shoreline (B). Offshore central Fire Island, between Point O' Woods and Watch
Hill, is the remnants of a Pleistocene submerged headland represented by a bathymetric high (B). A high backscatter gravelly lag deposit blankets the southeast flank of this submerged
headland (A). East of Watch Hill, the seafloor is covered by sorted bedforms.
Figure modified from Schwab et al. (2013).
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component of sediment transport in this system is directed alongshore
from east to west, but discrepancies in volumetric sediment budget
calculations remain (see Hapke et al., 2010 and references therein).
An additional quantity of sand, averaging ~200,000 m3/yr is required
to explain the growth of the western segment of the barrier island
(Hapke et al., 2010), which is a prograding spit (Leatherman and
Allen, 1985).

In 2011, a high-resolution marine geophysical survey of the lower
shoreface and inner-continental shelf was conducted offshore of Fire
Island. The survey area extends ~50 km alongshore and extends
~8 km offshore in water depths ranging from ~8 to 32 m (Fig. 1B).
The density of this 2011 marine geophysical data provides an ideal
opportunity to visualize how erosion and formation of a ravinement
surface associatedwithHolocenemarine transgression shaped and con-
tinues to modify inner-continental shelf morphology and sediment
distribution. These same processes affect many coastal areas undergo-
ing marine transgression. Thus, a conceptual model of shelf–shoreface
evolution developed using observations south of Fire Island has broad
applications to other sandy coastal areas and has implications for
modeling coastal behavior, mitigating coastal erosion and coastal zone
management.

A ravinement surface is a diachronous surface eroded by waves and
currents during marine transgression, the morphology of which is con-
trolled by the antecedent topography of the transgressive unconformity,
erosion resistance, sediment supply, and the rate of transgression (Kraft
et al., 1987; Nummedal and Swift, 1987). The common interpretation of
the complex interaction between the shoreface and ravinement surface
is that, as the shoreline retreats, all sediment above the depth of
ravinement is reworked while sediments below are preserved (e.g.,
Belknap and Kraft, 1981; 1985; Demarest and Kraft, 1987). The toe of
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the shoreface is the narrow relatively steeply sloping zone between the
seaward limit of the shore at low water and the nearly horizontal
inner-continental shelf. It is widely assumed to approximate the depth
of storm wave base (limit of wave-induced sediment transport) and
has been used as a minimum estimate for the depth of shoreface
ravinement (e.g., Swift, 1968; Nummedal and Swift, 1987). However,
erosion, transport and deposition of sediment in deeper-water, inner-
continental shelf settings have been well documented (e.g., Pilkey and
Field, 1972; Sternberg and Larsen, 1975; Gadd et al., 1978; Lavelle
et al., 1978; Cacchione and Drake, 1982; Cacchione et al., 1984, 1987;
Vincent et al., 1982; Wiberg and Smith, 1983; Wright et al., 1986, 1991,
1994). Thus, in this paper, the geomorphic expression of the Fire Island
shoreface is not meant to imply the width of a nearshore zone of active
sediment transport nor the seaward limit of processes forming a
ravinement surface.

Schwab et al. (2013) used high-resolution seafloor mapping tech-
niques and historical shoreline analyses to investigate how the geologic
framework of the inner-continental shelf influenced the Holocene evo-
lution andmodern behavior of Fire Island. Their findings suggested that
a realistic coastal sediment budget must include sediment input from
the inner-continental shelf. In this paper, maps of the geometry and
structure of the Quaternary sedimentary deposits offshore of Fire Island
are presented. These maps and geophysical data are used to form a
conceptual model of the Holocene evolution of the inner-continental
shelf and shoreface, a consequence of marine transgression of
Pleistocene glaciofluvial sedimentary deposits.

2. Regional geologic setting

Long Island, New York marks the southern terminus of the
Wisconsinan Laurentide glacial advance in the eastern part of North
America (Stone and Borns, 1986). The coast from Southampton to
Montauk Point is a headland region where the Ronkonkoma moraine
(Fig. 1A) and associated outwash sediment are eroded directly by
wave action (Williams, 1976). The south shore of Long Island west of
Southampton consists of reworked outwash and includes shallow
back-barrier bays, marshes, and low-relief, sandy barrier islands
(Leatherman and Allen, 1985). Located within this barrier–island
system is Fire Island, a 0.5- to 1.0-km-wide, 50-km-long island that is
bound by two tidal inlets, Moriches Inlet to the east and Fire Island
Inlet to the west (Fig. 1).

The Quaternary stratigraphy of the coastal zone of southern Long
Island and the adjacent continental shelf was shaped by Pleistocene
glaciation and the associated glacial isostatic depression, forebudge
collapse, and re-emergence (Dillon and Oldale, 1978) aswell as eustatic
sea-level fluctuations (Lisiecki and Raymo, 2005). Repeated emergence
and submergence of the continental shelf led to regional truncation and
localized dissection of the Cretaceous- to early Tertiary-age coastal plain
strata and the overlying Quaternary section by erosion during
transgressions and subaerial fluvial incision during regressions.

Williams (1976) provided an interpretation of major inner-
continental shelf sedimentary sequences offshore of New York using a
regional seismic-reflection survey conducted in 1968 and correlation
with cores, land borings, and exposures. He indicated that Upper
Cretaceous-age coastal plain strata on the inner-continental shelf
south of Long Island are unconformably overlain by Pleistocene
sediment, with no preservation of Tertiary-age sedimentary units. This
regional hiatus, first identified by Emery and Uchupi (1965, 1972) and
referred to as the coastal plain unconformity, is believed to have formed
initially during the mid-Oligocene and is correlative with the Atlantic
coastal-plain reflector of Poag (1978) and Hutchinson and Grow
(1984). The coastal plain unconformity also has been identified beneath
the adjacent subaerial area of Long Island as a contact between Upper
Cretaceous-age strata and overlying Pleistocene sediment (Suter et al.,
1949; Williams, 1976; Soren, 1978; Smolensky et al., 1989). Planar
internal reflectors on seismic-reflection profiles identify the coastal
plain strata, which thicken to the southeast along the entire length of
Long Island (Williams, 1976). Approximately 10 km south of Long
Beach (Fig. 1), the Pleistocene sediment cover is thin and coastal plain
strata and associated gravelly lag deposits crop out on the seafloor
(Williams and Duane, 1974; Williams, 1976; Williams and Meisburger,
1987; Schwab et al., 1997). The coastal plain strata are thought to contain
semi-lithified, interbedded marine deposits of clay, silt, and sand of the
Cretaceous-age Monmouth Group (Williams, 1976; Smolensky et al.,
1989).

Where the coastal plain strata are buried by Quaternary sediment,
the regional unconformity between them can be observed in seismic-
reflection profiles throughout the New York Bight and on the inner-
continental shelf south of Long Island (Williams, 1976; Schwab et al.,
1997; Foster et al., 1999). Pleistocene sediments overlying this uncon-
formity are interpreted to be glaciofluvial outwash deposits composed
of gravel to fine sand that were deposited during the Middle and Late
Wisconsinan (Marine Isotope Stages 2 and 4) glacial maximum
(Williams, 1976; Schwab et al., 1997; Foster et al., 1999). These
Pleistocene sediment deposits are either exposed over much of the
inner-continental shelf south of Long Island or, in places, covered by
modern, reworked sand deposits (Williams, 1976; Foster et al., 1999;
Schwab et al., 2000a).

The modern sand deposit on the inner-continental shelf south of
Long Island is derived from erosion of the Cretaceous coastal plain strata
and Pleistocene glaciofluvial deposits exposed on the inner-continental
shelf by oceanographic processes during the Holocene marine
transgression; its distribution is discontinuous and variably thick
(Williams, 1976; Foster et al., 1999; Schwab et al., 2000a,b). Previous in-
terpretation of marine geologic mapping data supports the hypothesis
that the Holocene evolution of Fire Island, including its modern decadal
to centennial timescale behavior, is linked directly to the geologic
framework of the inner-continental shelf (Schwab et al., 2000a, 2013;
Lentz et al., 2013).

3. Methods

The inner-continental shelf south of Fire Islandwasmapped in 2011
using interferometric sonar andhigh-resolution seismic-reflection tech-
niques. The geophysical survey covered ~336 km2 extending ~46 km
along the coast from approximately the 8-m isobath to ~8 km offshore
in water depths up to ~32 m (Fig. 1). Data were acquired along
~2800 km of trackline spaced ~75–100 m apart in the shore-parallel
direction with shore-perpendicular tie lines spaced ~2 km apart.
Navigation was recorded using a Differential Global Positioning System
(DGPS).

Colocated acoustic backscatter (Fig. 1A) and swath bathymetry
(Fig. 1B) were acquired using an interferometric sonar operating at a
frequency of 234 kHz. Vessel heave, pitch, roll, and yaw (attitude)
were recorded continuously and sound velocity profiles were collected
approximately every 2 h. Soundings were recorded over swath widths
ranging from 50 to 150 m, resulting in coverage of ~90% of the seafloor
in the survey area. Vessel attitude and sound velocity data were used to
reduce vesselmotion and refraction artifacts and filters were used to re-
move redundant and spurious soundings. Real-time kinematic GPS
height corrections, broadcast from a Continuously Operated Reference
Station (CORS) at Central Islip, NY (stationNYCI)were used to reference
soundings to the North American Vertical Datum of 1988 and remove
water depth variations caused by tides. Processed soundings were
used to create an interpolated bathymetric grid with a resolution of
10 m/pixel (Fig. 1B). Acoustic backscatter data were radiometrically
corrected using an empirical gain normalization function and
mosaicked at a resolution of 10 m/pixel (Fig. 1A).

Chirp seismic-reflection datawere collected using a chirp subbottom
profiler (FM swept frequency of 0.5 to 12.0 kHz). Data were acquired
using a 0.25-s shot rate, a 5-ms pulse length, and a 0.5-8.0-kHz frequency
sweep, recorded over two-way travel time trace lengths of 200 ms and
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logged in the SEG-Y Rev. 1 format. SIOSEIS (Henkart, 2011) seismic pro-
cessing software was used to shift traces vertically to remove the effects
of sea surface heave,mutewater columnportionsof the traces, and apply
time-varying gain and automatic gain control. Processed seismic-
reflection data were loaded into the seismic interpretation software
package Landmark SeisWorks 2D where erosional unconformities
(coastal plain, base of shallow Pleistocene outwash lobe, and Holocene
transgressive unconformities) were identified and digitized. The two-
way travel times between the seafloor and the unconformities were cal-
culated and converted to thicknesses in meters using a constant velocity
of 1500 m/s to produce isopachs of the seismostratigraphic units. These
interpretive maps were exported into ArcGIS and gridded with 50-m
cell sizes to produce DEMs of the isopachs and bounding unconformities
relative to NAVD 88 (with the exception of the coastal plain unconformi-
ty which was gridded using a 100-m cell size); anything less than 50 cm
in thickness is assumed to be 0 for sediment volume calculations due to a
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Fig. 2. High-resolution seismic-reflection profiles illustrating stratigraphic features and geome
depth inmeters is based on 1500m/s two-way travel time. Note that the horizontal and vertical
unconformity, orange dashed lines mark glaciofluvial channels and older Pleistocene sedim
underlying Cretaceous-age coastal plain strata and the coastal plain unconformity are shown
modern sediment deposit are shown as blue dashed lines.
Figure modified from Schwab et al. (2013).
conservative estimate of limits in the vertical resolution of the seismic-
reflection data.

4. Mapping results

The inner-continental shelf south of Fire Island was mapped in
1996–1997 using sidescan-sonar and seismic-reflection techniques
(Foster et al., 1999; Schwab et al., 2000a). The stratigraphic and
sedimentologic frameworks derived from interpretation of the 2011
mapping data presented here map the same horizons, however the
increased resolution of the 2011 data and collection of regional swath
bathymetry allows a refinement and, in part, correction of the coastal
plain and Pleistocene horizons presented by Foster et al. (1999) and
Schwab et al. (2000a). In this section, detailed maps of the coastal
plain unconformity and Holocene marine transgressive, or ravinement
surface are presented. These maps and high-resolution bathymetry
s
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and acoustic backscatter data (Fig. 1) are used to produce maps of
Quaternary andHolocene sediment thicknesses and to describe seafloor
sediment distribution patterns.

4.1. Coastal plain unconformity

Coastal plain strata are recognizable on the inner-continental shelf
south of Long Island as a series of high-amplitude, conformable
reflectors that have a slightly variable, low-angle (~1°), southeast dip
and are truncated by the coastal plain unconformity (Fig. 2A), a regional
angular unconformity (Williams, 1976). High-resolution seismic-
reflection data collected in 2011 and reprocessed data collected in
1996–1997 show that the coastal plain unconformity is a low-relief sur-
face that dips from ~25mbelow sea level in the northwest corner of the
study area to ~40 m below sea level in the southeast corner (Fig. 3).
4.2. Pleistocene glaciofluvial sediment

The Pleistocenedeposits immediately above the coastal plain uncon-
formity are acoustically amorphous in places, and in other areas display
discontinuous internal reflectors indicative of numerous cut-and-fill
channel structures on seismic-reflection profiles (Fig. 2). These
sediments are glaciofluvial outwash deposits composed of gravels to
fine sand (Williams, 1976; Schwab et al., 1997, 2000a; Foster et al.,
1999). The Pleistocene sediments comprise the bulk of the sedimentary
section above the coastal plain unconformity and are either exposed at
the seafloor over much of the study area east of Watch Hill and in the
troughs between modern sand ridges west of Watch Hill or covered
by a veneer (b50 cm) of reworked modern sediment that is below the
50-cm resolution of our mapping systems (Fig. 4). Sediment grab
samples (Schwab et al., 2000b) and cores (United States Army Corps
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of Engineers (USACE), unpublished data) show that the outcropping
Pleistocene sediments consist of poorly to very poorly sorted medium-
grained sand to gravel; with a mean grain size coarser than 1.0 ϕ and
a standard deviation N1.0 ϕ. Seaward of the eastern segment of Fire
Island, interferometric sonar data collected over outcropping Pleistocene
sediments show numerous high backscatter, b2 m deep, linear de-
pressions oriented ~60°–70° to the shoreline (Fig. 1).

In the central part of the study area, the remnants of a distinct, youn-
ger glaciofluvial outwash lobe can be identified in the 2011 mapping
data (Figs. 2C, D). The base of this deposit is a hummocky, irregular un-
conformity separating it from underlying, older Pleistocene deposits.
These younger deposits are acoustically similar to the older deposits,
including discontinuous cut-and-fill channel structures, and can be iden-
tified on seismic-reflection profiles in water depths less than ~18m. This
young outwash lobe is, in places, up to ~6m thick (Fig. 5) andmay corre-
late with the Late Pleistocene “upper outwash deposit” identified in well
borings on Fire Island, a fine- to coarse grained sand with some gravel
(Schubert, 2009).

The Quaternary deposits thicken to ~18 m offshore of the central
segment of Fire Island (Fig. 6). This increased thickness is, in part,
correlative with the location of remnants of the younger Pleistocene
outwash lobe (Fig. 5) and its expression in the modern bathymetry
(Fig. 1B) forms a submerged headland. Seaward of the remnants of
the young outwash lobe, on the southeast flank of the headland in
water depths of ~18–28 m, a gravelly lag deposit is reworked forming
a series of northeast–southwest trending, high-backscatter, ~50-cm-
high, linear bedforms (Fig. 5) (Schwab et al., 2013).

4.3. Holocene sediment

The acoustically transparent, Holocene sedimentary deposit on the
inner-continental shelf offshore of Fire Island consists of relict andmod-
ern components. Unpublished vibracore data (USACE) and sediment
grab samples (Schwab et al., 2000b) show that some of the
paleochannels incising the upper surface of the Pleistocene deposit are
filled with a transgressive sequence of glaciofluvial sediment capped
by early Holocene muddy estuarine sediment (Schwab et al., 2000a).
Modern sediment lies unconformably atop the Pleistocene glaciofluvial
and early Holocene channel-fill deposits (Fig. 2). Foster et al. (1999)
identified this horizon as the Holocene transgressive unconformity or
ravinement surface (Fig. 7). The modern sediment ranges from very
fine to medium-grained, moderately to well-sorted sand; mean grain
size ranges from 1.0 to 3.5 ϕ with a standard deviation b1 ϕ (Schwab
et al., 2000b).

In the area west of Watch Hill, the modern sedimentary deposit
forms a series of northwest–southeast-trending, shoreface-attached
sand ridges (Fig. 1B) which are oriented at angle of ~20° to 40° to the
shoreline offshore of central Fire Island and increasing to ~50° at the
western limit of the study area (Duane et al., 1972; Schwab et al.,
2000a). These sand ridges extend seaward across the study area and
are up to ~5 m thick offshore of central Fire Island, thinning westward
to b1 m thick offshore of the western limit of the study area (Fig. 4).

4.4. Shoreface

Modern sediment also forms the shoreface and subaerial beach
system. The seaward extent, or toe of the modern shoreface (Fig. 4) is
identified on seismic-reflection profiles lying unconformably above
the Pleistocene glaciofluvial and early Holocene channel-fill deposits
(Figs. 2A, C). In the study area west of Watch Hill, it is difficult to define
the toe of the shoreface based solely on seismic-reflection profiles
because the sediment forming the lower shoreface and sand ridges
attached to it is acoustically indistinguishable, with the exception of a
series of high-amplitude, west-dipping internal reflectors in profiles ac-
quired over the shoreface deposit west of Point O' Woods (Fig. 2E),
which are discussed below. Mapping the break in slope from the
bathymetry (Fig. 1B) and sediment thickness from seismic-reflection
profiles indicates that the toe of the shoreface extends to a water
depth of ~16 m west of Point O' Woods and although highly variable,
shoals to an average of ~13 m east of Point O' Woods (Fig. 4).

5. Discussion

Transgressive sedimentary deposits are of interest to the scientific
and engineering communities. The formation of a time-transgressive
subaqueous erosional surface resulting from nearshore marine and
shoreline erosion associated with sea level rise and the formation of
transgressive sedimentary deposits is fundamental to the development
of sequence stratigraphic concepts for continental shelf evolution (e.g.,
Posamentier, 2002). Coastal sediment budgets and associated coastal
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Fig. 4. (A) Map showing modern sediment thickness inmeters overlain on bathymetry (Fig. 1B). The seaward extent of themodern beach wedge (lower shoreface) is shown as a dashed
red line. Regional bathymetric contours are in meters. The inset map shows the locations of chirp seismic-reflection profiles collected in 2011 used to map the Holocene transgressive
unconformity and thus the modern sediment thickness. (B) Profile showing water depth of toe of the lower shoreface shown in (A).
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change can be significantly influenced by the antecedent geology being
eroded and the availability of nearshore transgressive sand deposits
(Riggs et al., 1995; Thieler et al., 1995; Schwab et al., 2000a, 2013;
Gayes et al., 2003; Miselis and McNinch, 2006; Hapke et al., 2011;
Denny et al., 2013; Twichell et al., 2013). The analysis of the lower
shoreface and inner-continental shelf bathymetry, sediment distribu-
tion, bedformpatterns, and seismostratigraphy presentedhere supports
previous hypotheses (Schwab et al., 2013 and references therein) that:
(A) erosion of the Pleistocene glaciofluvial and early Holocene channel-
fill sediment deposits offshore of Fire Island during Holocene marine
transgression formed the present morphology of the inner-continental
shelf and sediment distribution patterns; and (B) processes associated
with ongoing marine transgression and formation of a ravinement
surface yield a relatively finer grained modern sand deposit that is
transported in a net westerly direction.
5.1. Erosion of the inner-continental shelf offshore of eastern Fire Island

The Holocene transgressive unconformity on most of the inner-
continental shelf east of the Pleistocene outwash headland (Fig. 7) is
exposed at the seafloor or buried under a b50-cm-thick veneer of mod-
ern sediment (Fig. 4). Numerous high-backscatter, b2-m-deep, linear
depressions oriented ~60° to 70° to the adjacent shoreline (Fig. 1) are
interpreted to be sorted bedforms (also known as rippled scour depres-
sions). Murray and Thieler (2004) suggest that the presence of sorted
bedforms is indicative of active erosion of the seafloor, where a feedback
mechanismdevelopswhennear-bed turbulence causes the scour offine
sand in the presence of a continuous current,which in turn prevents any
new accumulation of fine sand in the scoured region. In other inner-
continental shelf settings where sorted bedforms have been mapped
in high resolution, they tend to be asymmetric with their relatively
coarser flanks facing up current, opposite to the direction of dominant
sediment transport (Murray and Thieler, 2004; Goff et al., 2005 and ref-
erences therein). Thus, Schwab et al. (2013) interpreted the relatively
higher-backscatter base and eastward-facing flanks of the sorted
bedform troughs offshore of eastern Fire Island (Fig. 8A) to be indicative
of continued erosion of the seabed by oceanographic processes and net
westward transport direction of reworked sediment.
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5.2. Erosion of the Pleistocene headland offshore of central Fire Island

The Holocene transgressive surface (Fig. 7) clearly depicts a sub-
merged headland, consisting of the eroded southeasternmargin of a rel-
atively young Pleistocene outwash lobe offshore of the central portion
of Fire Island (Fig. 5). Remnants of the outwash lobe headland crop out
on the seafloor offshore of central Fire Island in water depths ≤18 m
(Fig. 2C). Geophysical and sediment core evidence (Williams, 1976;
Swift and Moslow, 1982; Leatherman and Allen, 1985; Schwab et al.,
2000a) and Holocene sea-level indicators for the U.S. Atlantic coast
(Engelhart et al., 2011) show that this headlandwas subaerially exposed
and for the past ~8000 yr the shoreline has migrated landward in re-
sponse to marine transgression from a location near the present 18-m
isobath. The high-backscatter gravelly lag deposit identified on the
southeast flank of the headland in water depths from ~18 to 28 m
(Fig. 1) is interpreted to originate from erosion of the young outwash
lobe during this marine transgression and although speculative, it may
represent the southeastern extent of the original lobe prior to transgres-
sion (Schwab et al., 2013). The organization of this gravelly lag deposit
into low-amplitude, linear bedforms (Fig. 5) offers additional evidence
that erosion andmodification of the seabedmay continue during severe
storms, although it is unknown if these are modern or relict features.

It is impossible to determine the volume of sediment eroded from
the submerged headland offshore of central Fire Island during marine
transgression. However, if the assumption that the location of the grav-
elly lag deposit indicates the pre-transgression seaward extent of the
young outwash lobe is correct, we speculate that erosion associated
with marine transgression yielded an abundant volume of very fine-
to medium-grained sand.
5.3. Erosion of the inner-continental shelf offshore of western Fire Island

West of Watch Hill, the ravinement surface is blanketed by a field of
shoreface-attached sand ridges ~1–6 m thick and oriented ~20° to 50°
to the shoreline which dominate the morphology of the inner-
continental shelf (Figs. 1B and 8B). Similar ridges have been described
in numerous investigations of the North American inner-continental
shelf where they have amplitudes from ~1 to 10 m, become more
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asymmetricwith increasingwater depth, and their longitudinal axes are
typically oriented ~10°–50° relative to the shoreline, matching the
predominant storm wave approach direction and open into the flow
direction of the dominant alongshore current (Duane et al., 1972;
McKinney et al., 1974; Swift and Freeland, 1978; Figueiredo et al.,
1981; Swift and Field, 1981; Stubblefield et al., 1984). The similarity in
characteristics suggests that a common process (or processes) is
responsible for the origin and maintenance of these features.

A number of processes have been proposed to form and maintain
shoreface-attached sand ridges; see reviews in Goff et al. (1999,
2005), Snedden et al. (1999), Van de Meene and Van Rihn (2000),
Hayes and Nairn (2004), and Son et al. (2012a,b). Most have concluded
that sand ridges originate on the shorefaces of barrier islands and ridge
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formation andmaintenance require a sufficient source of sand, currents
to move the sand, and bathymetric irregularities resulting from trans-
gressive sediment dispersal that act as nuclei for the ridge formation
(e.g., Swift et al., 1978; Huthnance, 1982; Nummedal and Swift, 1987).
Swift and Field (1981) proposed that ridge formation begins on the
upper shoreface in response to alongshore storm currents. As the ridges
grow in amplitude, they undergo alongshore, down-current migration,
while at the same time the eroding shoreface retreats out from under
them. A widely cited theory of origin and maintenance of shoreface-
attached sand ridges is that of Trowbridge (1995), modified by
Calvette et al. (2001) and Vis-Star et al. (2007), who used stability anal-
ysis to show that sand ridges can be created, maintained, and enhanced
during storm-driven alongshore-directed flow.
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Schwab et al. (2013) inferred that the erosion of the Pleistocene
headland offshore of central Fire Island during Holocene marine
transgression yielded an abundance of very fine- to medium-grained,
well-sorted, modern sand, which has been transported to the west,
providing a primary source of sediment for development of the
shoreface-attached sand ridges west ofWatchHill. Progressive thinning
of these sand ridges westward, with increasing distance from the
proposed source area (Fig. 4) further supports this hypothesis.

Similar to the inner-continental shelf offshore of central and eastern
Fire Island, the seafloor west of Point O' Woods is also dynamic and
being actively modified. Sand waves with wavelengths ≥100 m and
amplitudes ≤0.5 m cover portions of both the modern sand ridges
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and the Pleistocene glaciofluvial and early Holocene channel-fill de-
posits exposed in the troughs between them (Fig. 8C). Comparison of
backscatter data collected in 1996–1997 to backscatter data collected
in 2011 verifies that these sand waves moved westward up to 75 m
(Schwab et al., 2013). Erosion of outcropping Pleistocene glaciofluvial
and early Holocene channel-fill sedimentary deposits in troughs
between the sand ridges has modified and continues to modify the
Holocene marine transgressive surface, forming a ridge-and-swale
topography on this unconformity (Fig. 7). We assume that modern
sand derived from the continued erosion of the Holocene transgressive
surface represents an additional source ofmodern sediment formainte-
nance of the sand ridges.
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The eastward-facing flanks of the shoreface-attached sand ridges
display higher backscatter than the westward-facing flanks (Fig. 8B).
This backscatter pattern is indicative of net westward sediment
transport, with currents transporting fine-grained sand across the
sand wave crest, leaving slightly coarser grained, higher backscatter
on the eastward-facing flanks of the sand ridges (Schwab et al., 2013).
Superimposing the present location of the sand ridges over the
Holocene transgressive unconformity shows that the topography of
the seaward extent of the ridges is, in places, up to ~1000 m out of
phasewith the ridge and swale topography of the underlying transgres-
sive unconformity (Fig. 9). Goff and Duncan (2012)made similar obser-
vations in their study of sand ridges on the continental shelf offshore of
New Jersey. This indicates that the sand ridges offshore of western Fire
Island have moved in a westward direction since formation. This
interpretation identifies the modern sedimentary deposit as the more
mobile sediment in this nearshore environment, in contrast with the
coarser-grained, more consolidated Pleistocene glaciofluvial and early
Holocene channel-fill deposits from which the modern sediment is de-
rived. The rate of ridgemovement is difficult to assess considering that it
is unknown when these sand ridges formed. In addition, the swales in
the exposed Holocene transgressive surface would also be expected to
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migrate as the ravinement surface is exposed at the seafloor and sub-
jected to erosion, albeit at a lower rate than the sand ridge migration;
the mobile modern sediment (sand ridges) is migrating over a less-
mobile substrate. Nonetheless, interpretation of southwest migration
of these ridges is consistent with models of shoreface-connected ridge
migration rates of 1 to 10m/yr in energy environments similar to south-
ern Long Island (Trowbridge, 1995; Calvette et al., 2001; and Vis-Star
et al., 2007) and similar to rates of sand ridge movement recognized
offshore of the Outer Banks, NC (Thieler et al., 2013).

The southwest-facing flanks of the larger sand ridges offshore of Fire
Island terminate in ~1-m-high scarps in water depths≤17 m (Fig. 10).
In places where the sand ridges attach to the lower shoreface, these
scarps define the toe of the shoreface (Fig. 4). Comparison of acoustic
backscatter collected in 1996–1997 with data collected in 2011 shows
that in places these scarps have migrated up to ~150 m landward
(Schwab et al., 2013). Whether the onshore migration of the scarps on
the seaward-facing flanks of the sand ridges indicates long-term deple-
tion of the sand ridges (or in places, the toe of the shoreface) or ephem-
eral oscillations in the morphology of the sand ridge cannot be
determined by the comparison of only two temporal datasets. However,
we speculate that this scarp morphology is oscillatory and the result of
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the ongoing modification of the ravinement surface, where erosion in
the troughs between the sand ridges modifies the flanks of the sand
waves and the toe of the shoreface.

An additional complexity in interpreting the geologic mapping of
this dynamic system is that the inner-continental shelf modern sand
deposit has been heavily mined since 1994 for beach replenishment
activities (Kana, 1995; Gravens et al., 1999; Rosati et al., 1999; Lentz
et al., 2013). How the processes that control the morphology of the
sand ridges and development of the ravinement surface are impacted
by these mining activities is unknown. These sand ridges remain a
primary target for mining in support of future planned beach nourish-
ment projects. Quantification of how changes in sand ridgemorphology
influence wave conditions and currents and the subsequent changes to
the shoreface morphology will be a component of the future USGS
sediment transport processes research in the Fire Island study area.

5.4. Evolution of the lower shoreface

The lower shoreface deposits of the eastern, central, and western
segments of Fire Island show differences that can be associated with
the amount of modern sediment available on the inner-continental
shelf (Fig. 4). Although variable, the thickness of shoreface sediment
along the 10-m isobath is on average b2 m thick east of Watch Hill,
~2–3 m thick between Watch Hill and Point O' Woods, and up to ~5 m
west of Point O' Woods. This geometry is, in part, due to the relatively
steeper gradient of the Holocene transgressive unconformity (Fig. 7),
and thus the inner-continental shelf offshore of the island segment
east of Watch Hill relative to that west of Point O' Woods, and because
the shoreface offshore of the island segment between Point O' Woods
andWatchHill is perched on top of the submerged Pleistoceneheadland
(Figs. 2C and 7).

This lower shoreface sedimentary deposit is acoustically transparent
on seismic-reflection profiles in the central segment and extremely thin
in the eastern segment, but displays discontinuous internal reflectors in
the profiles collected over the thicker deposit of the western segment
(Fig. 2E). These reflectors dip westward and, in places, downlap on an
underlying unconformity. The difference in acoustic signatures of
these shoreface deposits is likely an expression of the evolution of the
barrier island. The eastern segment of the island hasmigrated landward
via storm overwash, breaching, flood tidal delta formation, and
subsequent marsh accretion on the back-barrier side for the past few
centuries while the central segment of the island has been relatively
stable over the past ~750–1000 yrs (Leatherman, 1985; Leatherman
and Allen, 1985; Lentz et al., 2013). The western segment of the island
formed over the past 300–500 yrs as a westward prograding spit
(Kumar and Saunders, 1974; Rampino and Sanders, 1981; Leatherman,
1985; Leatherman and Allen, 1985), with Fire Island Inlet classified as a
barrier overlap inlet (Hayes, 1979; Hubbard et al., 1979). The unconfor-
mity at the base of the shoreface deposit in the western segment is
thus interpreted as the Holocene transgressive surface that was subse-
quently buried via the seaward extent of the westward prograding spit.
The westward dipping internal reflectors are interpreted to represent
the spit elongation process. Alternatively, this unconformity could be
interpreted as a tidal ravinement surface separating back-barrier estua-
rine deposits from overlying modern sediment. Lack of core data in this
shoreface environment precludes a more definitive interpretation of
the seismic-reflection profiles.

5.5. Onshore sediment flux

The morphology of the asymmetric sorted bedforms on the inner-
continental shelf of the eastern segment of the study area (Figs. 1B
and 8A), erosion of the southeastern flank of the Pleistocene headland
offshore of central Fire Island (Fig. 7), and the migration of both sand
waves (Fig. 8C) and sand ridges (Fig. 9) in the western segment, all
indicate a general, net westerly transport direction for the modern
sedimentary deposit. Schwab et al. (2013) identified this modern
sediment deposit as a likely source required to balance the coastal
sediment budget, suggesting that there exists an onshore component
of this dominantly westward sediment flux (from the inner-continental
shelf to the shoreface).

Although speculative, comparison of modern sediment thickness
mapped from seismic-reflection data in 1996–1997 (Foster et al.,
1999; Schwab et al., 2000a) and 2011 provides support to this hypoth-
esis of onshore sediment flux. The comparison (Fig. 11), which is within
the ~50 cm vertical resolution limits of the subbottom systems used in
the two surveys, supports the interpretation of a net westerly migration
of the sand ridges, with erosion on the eastern flanks and crests of the
ridges and deposition on the western flanks. A comparison of the total
sediment volumes also suggests that the lower shoreface has accreted
7.8 × 106 m3 and the modern sand deposit on the inner-continental
shelf was reduced by 3.1 × 106 m3 over the 15-yr period. Depletion of
the inner-continental shelf modern sand deposit during this time in-
cludes the mining of 2.4 × 106 m3 of sand for beach nourishment activ-
ities (Lentz et al., 2013). If the inner-continental shelf is a principal
source of sand required to balance the coastal sediment budget
(Schwab et al., 2013), this comparison suggests that the source includes
erosion of the exposed Pleistocene glaciofluvial and early Holocene
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channel-fill deposit in addition to the modern sediment. However,
whether this comparison indicates that sediment is accumulating on
the shoreface at the expense of long-term deflation of the inner-
continental shelf due to the continuing modification of the ravinement
surface or a more ephemeral oscillation cannot be determined by
comparison of only two temporal data sets. Unfortunately, seismic-
reflection data penetration and resolution limitations do not allow a
similar comparison to detect change in Pleistocene sediment thickness.
6. Conclusions

The present morphology of the Fire Island inner-continental shelf is
a consequence of transgression of a Pleistocene glaciofluvial sedimentary
deposit during the Holocene. The eroded remains of a Pleistocene out-
wash lobe compose a submerged headland offshore of central Fire Island.
East of this headland, Pleistocene glaciofluvial and early Holocene
channel-fill deposits are exposed over most of the inner-continental
shelf and reworked into a series of sorted bedforms oriented ~60°–70°
to the shoreline. Backscatter patterns and asymmetry of the sorted
bedforms suggest that reworked sediment is transportedwestward. Ero-
sion of the southeast flank of the headland offshore of central Fire Island
is thought to have yielded abundant fine- to medium-grained sand over
the past ~8000 yrs leaving behind a coarse, erosional, gravelly lag depos-
it. It is suggested that this mobile sand was transported westward,
forming the modern sediment deposit and subsequently modified by
oceanographic processes into the field of shoreface-attached sand
ridges that blanket the Holocene transgressive unconformity west of
Watch Hill.

Erosion continues to shape the inner-continental shelf west of the
Pleistocene headland where a relatively thick modern sand cover has
formed. Erosion of the Pleistocene glaciofluvial and early Holocene
channel-fill sedimentary deposits exposed in the troughs between the
sand ridges has modified and continues to modify the Holocene trans-
gressive unconformity, imparting a ridge-and-swale topography on
the surface. Comparison of the sand ridge location to this underlying
ravinement surface suggests that the seaward extent of the sand ridges
has migrated at least ~1000 m westward, although the rate of move-
ment is unknown. This westward migration is further supported by
the backscatter patterns associated with the sand ridges, with the
higher backscatter, winnowed ridge flanks facing eastward, and by
comparison of modern sediment thickness mapped in 1996–1997 and
2011. The southwest-facing flanks of the larger sand ridges in water
depths ≤17 m terminate in ~1-m-high scarps. Where the sand ridges
attach to the lower shoreface, these scarps define the seaward limit of
the shoreface. It is suspected that these scarps are an expression of on-
going formation of the ravinement surface,where erosion in the troughs
between the sand ridges results inmodification of the seaward flanks of
the sand ridges and the toe of the lower shoreface.

Comparison of the inner-continental shelf morphology east and
west of the submerged Pleistocene headlandmay have broader applica-
tion to understanding the role of available mobile sediment in deter-
mining the nature of inner-continental shelf morphology and adjacent
barrier island evolution. In the area of relatively limited mobile modern
sediment on the eastern inner-shelf segment of the study area, the shelf
morphology is characterized by sorted bedforms and the barrier island
ismigrating landward at a relatively rapid rate. As the availability ofmo-
bile sediment increases west of Watch Hill, shoreface attached sand
ridges characterize shelf morphology and the adjacent barrier island is
relatively stable or accreting and growing via spit progradation at
Democrat Point.

Comparison of modern sediment thickness mapped in 1996–1997
and in 2011 allows speculation that the lower shoreface sedimentary
deposit has gained volume at the expense of deflation of the larger
shoreface-attached ridges and the inner shelf in general. Although the
processes responsible for this onshore-directed component of sediment
flux remain unknown, analysis of observational data collected in 2012
using moored instruments and numerical modeling is being used to
develop a better understanding of how shelf sediment responds to
storm events and will be the subject of future publications.
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