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Abstract: Recent field and modeling studies have shown that barrier island resiliency is sensitive
to sediment fluxes from the shoreface, making it important to evaluate how shoreface sediment
availability varies in coastal systems. To do this, we assessed shoreface geology and morphology
along the Rockaway Peninsula, NY, USA. We find that spatial variability in shoreface volume is
influenced by sediment accommodation above the Holocene-Pleistocene (H-P) contact, historical
barrier island evolution, and natural and engineered morphologic features, suggesting that simply
identifying the H-P boundary may not be adequate for defining the shoreface reservoir. Further,
sediment flux from the lower shoreface to the beach may be reduced by geologically limited cross-
shore sediment distribution and shoreface steepening mediated by human modifications to the
shoreline. Finally, the geologic limit of the shoreface is often shallower than a wave-based estimate
of shoreface extent, implying that the geologic shoreface extent at our study site can be mobilized
over short time scales (years-decades) and that the wave-based shoreface extent may be inaccurate
when estimating shoreline response to sea-level rise. Our results demonstrate that the combination
of hydrodynamics, humans, and geology on shoreface sediment fluxes impact how barrier islands
respond to future changes in sediment supply and climate.
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1. Introduction

Recent studies have demonstrated that barrier islands and spits may not respond with
uniformly transgressive behavior to sea-level rise and storms [1,2]. Instead, over timescales
of years to centuries, barrier morphology and shoreline geometry may be affected by
the sediment available in adjacent deposits, such as the shoreface and inner shelf [3-5].
The shoreface is a transitional zone located between the shoreline and continental shelf,
the extent of which may be defined by the depth of transport, or the maximum depth at
which morphological change occurs during extreme bed activity [6]. Shorefaces can either
temporarily store sediment eroded from the beach or supply sediment to beaches through
onshore transport by waves [7,8]. As such, slight changes in shoreface volumes could
potentially redistribute large quantities of sand to the beach and barrier, thus affecting
barrier resiliency to storms and increasing sea-level [7].

Moreover, predicting future coastal behavior often relies on measurements or parame-
terizations of coastal and shoreface morphology [9-11], wave climate and water levels [12],
and the magnitude of sediment fluxes to and from the shoreface [13-16]. However, repre-
sentative examples of shoreface morphology and sediment availability remain a critical
knowledge gap [10]. In part, this is due to access issues; since the landward boundary
of the shoreface is shallow and is where waves shoal and break, it is difficult to acquire
bathymetric and geologic data there. Furthermore, a variety of processes operating over a
wide spectrum of time scales can impact the volume and flux of erodible sediment from the
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shoreface and inner shelf, such as antecedent topography [1,15,17-19], wave climate [11,20],
and anthropogenic modifications to natural sediment budgets [21,22]. Therefore, to im-
prove predictions of future coastal behavior, there is a need to characterize the morphology
and geology of the shoreface and explore the relative influences of geologic framework,
hydrodynamics, and anthropogenic alterations on shoreface sediment availability and
distribution.

To that end, we acquired geophysical data from the shoreface along the Rockaway
Peninsula, NY to quantify the volume of available sediment within the shoreface and
understand how underlying geology influences shoreface sediment availability. Further,
since the region has been almost continually altered by humans since the early 20th century,
we explore the degree to which those changes have contributed to variability in shoreface
sediment availability and distribution. The results herein build on previous work that
emphasizes the importance of geologic processes in coastal evolution [8,17,19,23-31] and
provide rare insight into the diverse nature of shoreface morphology and geology. This
alongshore complexity in sediment availability may cause the barrier peninsula to respond
to climate-driven changes in storminess and sea level in nonuniform ways.

2. Study Area

The study area is located in southwest Long Island, which was formed in association
with two terminal moraines during the last glacial advance: the younger Harbor Hill and
older Ronkonkoma [32]. To the north of Rockaway is the northeast-trending Harbor Hill
moraine and to the south is glacial outwash (Figure 1) [33]. Erosion and reworking of
glacial-derived sediment have contributed to much of the marine sediment offshore of
Long Island, including Rockaway [34,35].
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Figure 1. Location of the Rockaway, New York study area is indicated by the red rectangle in the
bottom left inset. The geophysical survey spans the area from the nearshore to approximately two
kilometers offshore of the Rockaway Peninsula. Chirp profiles acquired over the entire survey are
shown in dark blue. In pink are dip lines shown in Figure 8, and strike lines highlighted in yellow
and cyan are shown in Figures 9 and 10. The extents of geomorphic zones are indicated by the white
lines on the barrier peninsula.

Offshore of Long Island, the thickness of sediment deposits is inconsistent from east
to west, and controls on accommodation are likely exerted by the regional stratigraphic
framework. The basal unit imaged in seismic profiles is the Upper Cretaceous-age coastal
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plain strata that dips to the west [34], which may have influenced the location and course
of the Hudson River during periods of lower sea-level [36,37]. Separating Cretaceous-age
sediment from overlying deposits is a regional hiatus, over which Pleistocene sediment
was deposited. Pleistocene sediment is composed of gravel to fine sand and is interpreted
to be glaciofluvial outwash deposits that were deposited during Marine Isotope Stages
(MIS) 2 and 4 [34,38,39]. At the outset of the Wisconsonian glaciation, Hudson Valley
morphology was further modified by drainage of glacial lakes. Widespread evidence
suggests that failure of the terminal moraine dam at the Narrows, to the west of Rockaway
between Staten Island and Coney Island, resulted in widespread erosion of more than 100
m of Pleistocene and Cretaceous sediment [40] with redeposition of this material on the
continental shelf [41].

Several thousand years following deglaciation, the net westward littoral drift formed the
Rockaway Peninsula. It grew to its present length of 16 km over the past ~400 years [32,42].
Over the past 125 years, Rockaway peninsula has extended to the southwest by more
than 6.4 km (Figure 2) [43]. This elongation rate was rapid until 1902, at which point rates
decreased by 50% from 1902-1927 (Figure 2) [43,44]. For much of its existence, the Rockaway
Peninsula has been occupied by humans. Prior to European settlement of Rockaway;,
Rockaway and Jamaica Bay served as the homelands of Indigenous people [44]. Beginning
in 1914, European settlers and their descendants started to modify the peninsula [43]. On
the western island terminus, a 2560 m long stone jetty was constructed in 1933 to stabilize
the eastern side of Rockaway Inlet (Figure 1) [44]. Initial beach nourishment efforts were
recorded as early as 1926 and subsequent beach renourishment projects between 1936-1965
occurred in response to large storm events (Figure 3) [45]. The combined efforts of jetty
construction and beach renourishment halted westward elongation of the peninsula and
forced it to prograde seaward, as evidenced by comparison of the 1934 and 1937 shorelines
(Figure 2). The most extensive beach nourishment efforts began as part of the 1965 Flood
Control Act in response to a severe storm in 1962 [44]. Estimates of beach renourishment
are 3.8 million m> between 1934-1961, 134,000 m® between 1961-1973, and 14.3 million m?
between 1975-2019 (Figure 3) [44].

Over the long term (100-year trends), Rockaway has exhibited variable rates of erosion
and accretion, with net accretion averaged over the peninsula due to beach renourishment
(~0.5-1 m/yr) [45]. In the short term (20-30 years), there is erosion in east-central Rockaway
and accretion in western Rockaway [44,46]. From a 32-year record of wave climate, average
significant wave heights are approximately 0.96 m with an average dominant period
of 8.20 seconds [47], but the region is exposed to greater wave energy during winter
storms (nor’easters) and occasional hurricanes, such as Hurricane Sandy in 2012, which
destroyed or caused substantial damage to 1,000 coastal structures [44]. The magnitude and
direction of storm-waves has a significant impact on sediment dispersal and has moved
sand emplaced on eastern beaches to western beaches [46] and likely contributes to the
344,000-459,000 m3 of sand that is estimated to move annually from east to west for parts
of the south shore of Long Island [43]. Rockaway Beach is microtidal and tidal currents are
generally weak; however, they increase in velocity at Rockaway Inlet and East Rockaway
Inlet [44].
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A) Shoreline Change: 1835 to 1889
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Figure 2. Rockaway shoreline evolution. Shorelines were digitized from maps from the NOAA
Historical Map and Chart Collection (historicalcharts.noaa.gov). (A) Shoreline change of the Rock-
away Peninsula from 1835-1889 was characterized by rapid westward progradation and growth.
The shoreline of Barren Island, located northwest of the peninsula, is also shown through time.
(B) The period from 1889-1995 is characterized by slow westward growth of the island until 1937,
when the island elongated westward. Further growth from 1937-1955 is characterized by seaward

progradation.
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Figure 3. The volume and relative location of sand renourishment at the Rockaway Peninsula from
1920 through 2020. Blue bars indicate a renourishment event and are centered on the year during
which they occurred. The widths of blue bars are proportional to their volume, which are labeled.
Data for renourishment volumes are from U.S. Army Corps of Engineers (USACE) [46]. As the
USACE data describe relative location by 6 reaches, the locations of these reaches are shown by
pink vertical lines on the map. North of the peninsula, green bars and lines indicate the extent of
geomorphic zones from this study.

3. Data Acquisition and Processing

In September-October 2019, the USGS acquired bathymetry and 201 km of Chirp
seismic data in the nearshore region of the Rockaway Peninsula aboard the USGS Research
Vessel (R/V) Sallenger, extending approximately 2 km offshore to the inner shelf and
generally covering water depths <20 m [48]. Shelf bathymetry was mapped using Teledyne
Reson Seabat T50-P multibeam echosounders in dual-head configuration and a 200 kHz
frequency. This resulted in 23.1 km? of bathymetry with 1 mm vertical resolution and
0.6 m pixel resolution [48] (Figure 4). More details on the acquisition and processing of
multibeam data can be found in Stalk et al. [48]. Multibeam backscatter were also processed
and exported as a raster for visualization in ArcMap (Figure 5).
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Figure 4. (A) Digital elevation model (DEM) of multibeam and single-beam bathymetry. (B) Slope
of the DEM in degrees. Color scale for degrees is binned in quantiles. White lines on the peninsula
delineate the boundaries of the geomorphic zones.

Figure 5. Multibeam backscatter. High reflectivity (bright colors) generally corresponds to harder
seafloor substrate or increased roughness, whereas low reflectivity (dark colors) generally corresponds
to softer substrate. White lines on the peninsula delineate the boundaries of the geomorphic zones.

Since multibeam swath bathymetry has a narrower footprint in shallow water and
some shallow water areas were inaccessible to the vessel, 190 km of single-beam bathymetry
was acquired in the surf zone (water depths ~0.5-9 m) using two Personal Watercraft
(PWC) equipped with an Odom Echotrac CV100 single-beam sounder mounted to the
stern [48]. Shore-perpendicular single-beam tracklines were spaced approximately 50 m
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apart and were crossed by 2-3 shore-parallel tracklines. Additionally, a third single-
beam echosounder was mounted on the frame in which the chirp seismic profiler was
deployed (more details provided below). Data processing workflows for all single-beam
datasets are described by Stalk et al. [48]. The overlapping coverage of the single-beam and
multibeam surveys allowed for the creation of a seamless digital elevation model (DEM)
using triangular irregular networks in ArcMap 10 (Figure 4) from which we extracted
shore-perpendicular transects spaced at 50 m to assess shoreface morphology (Figure 6).
Shoreface slopes were averaged within geomorphic zones and filtered in MATLAB (https:
/ /www.mathworks.com/products/matlab.html, accessed on 1 June 2022) using a lowpass
infinite impulse response filter (Figure 6E).
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Figure 6. (A-D) Bathymetric profiles through the shoreface are shown for each geomorphic zone.
Individual profiles are represented as gray lines; red lines represent the average; and green lines in
(A,C,D) represent average bathymetry of geomorphic features. Blue squares on the profiles represent
the average depth of the geologic shoreface toe (GST). (E) Slopes of each profile were averaged for
zones I-1V, the zone I shoal, and the zone IV ebb tide delta. Filtered absolute values of average slope
are shown.

Shoreface geological information was collected using an EdgeTech 512i subbottom
profiler and an Ashtech Proflex 800 global positioning system (GPS) that were deployed in
a purpose-built towed sled system. The seismic sled is buoyed by two inflatable pontoon
floats that position the chirp just below the water’s surface and minimize the offset between
the water surface and the chirp receiver. Furthermore, this setup allows for launching and
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recovery of the seismic sled from shore. Chirp data were acquired at frequency ranges of
0.7-12 kHz, a pulse length of 20 milliseconds, and a ping rate of 5 Hz and were recorded
in JSF and SEG-Y formats. Full waveform JSF files were enveloped and converted to
SEG-Y files. More details on acquisition can be found in [49]. In Seismic Unix [50], the
SEG-Y files were bandpass-filtered at frequencies of 3, 4, 10, and 12 kHz to remove shallow-
water artifacts. Filtered SEG-Y files were imported into SonarWiz 7 (Chesapeaketech.com,
accessed on 5 May 2020) to apply heave corrections and time-varying gain. Then, the files
were imported into the Kingdom software package (https://ihsmarkit.com/products/
kingdom-seismic-geological-interpretation-software.html, accessed on 23 November 2021)
for interpretation of surfaces. Interpretations of sediment units were based on sequence-
stratigraphic principles [51,52]. The “math on two maps” tool in Kingdom Suite was used
to calculate the difference (in two-way travel time) between the seafloor and interpreted
surfaces. Two-way travel time was converted to sediment thickness using an internal
sediment velocity of 1,650 m/s and a water column velocity of 1,500 m/s, following the
methods used in a similar study at Fire Island, NY by Locker et al. [53]. Sediment unit
thickness and reflector depth maps were gridded by using the surface function within
Generic Mapping Tools software (version 5.4.5; https:/ /www.generic-mapping-tools.org,
accessed on 22 October 2020) and exported to Esri’s ArcMap geographic information system
program for visualization.

A petite ponar deployed from the R/V Sallenger collected 32 surficial sediment grabs
from the shoreface and inner shelf (Figure 7). Once the ponar sampling device recovered
sediment and was on board, the sediment was subsampled and archived in zip-close bags,
as described by Everhart et al. [54]. One terrestrial sample was recovered from scarped
sediments under the boardwalk in eastern Rockaway (Figure 7). The surface layer was
scraped off and a plastic container was used to collect the sample. Grain size analysis was
conducted on a Coulter L5200 particle-size analyzer following the procedure described by
Everhart et al. [54].
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Figure 7. Grain size of surficial sediment samples are shown over the multibeam backscatter map.
Locations of samples are shown by dark blue circles. Colors within the pie charts indicate the
proportions of sand, silt, and clay.

Finally, to support our interpretations of Holocene stratigraphy, we downloaded
and georeferenced NOAA Historical Map and Chart Collection (historicalcharts.noaa.gov,
accessed on 7 February 2021) maps from the Rockaway Peninsula. We georeferenced these
maps using ground control points and digitized shorelines in ArcMap 10 (Figure 2A,B).

4. Results
4.1. Seafloor Morphology and Texture

Multibeam bathymetry and backscatter reveal several features: a smooth nearshore
and shelf in the west, increasing patches of roughness in the central peninsula, and elongate
bedforms and an ebb-tidal delta in the east (Figures 4A and 5). Based on surficial bedforms
(described in this section), multibeam backscatter (described in this section), sediment
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thickness (discussed in Section 4.2.3), and subbottom channel geometry (described in
Section 4.2.2), the peninsula was divided into four geomorphic zones, with zone I in the
west and zone IV to the east (Figures 4A and 5). A large shoal adjacent to the west Rockaway
jetty is the most prominent feature in zone I. Maps of bathymetry and bathymetric slope
(Figure 4A,B) reveal that the shoal is covered with ripples, has the lowest backscatter
reflectivity in the survey (Figure 5), and is dominated by fine sand (Figure 7). Zone II
is smooth and featureless in comparison to the other zones. Abrupt increases in depth
at the seaward extent of multibeam coverage in zone III indicate borrow sites for beach
nourishment (Figure 4A). Roughness and slope increase in zone III, where linear, shore-
perpendicular bedforms are present, displaying 1-2 m of relief, and resulting in patchy
and discontinuous sediment cover (Figure 4B). The map of bathymetric slope reveals that
bedforms are asymmetric with steeper flanks to the east. Bedforms are most noticeable in
backscatter maps, where low-amplitude bedform peaks are separated by high-amplitude
troughs (Figure 5). Zone IV is dominated by the ebb-tide delta at the mouth of the East
Rockaway Inlet, which creates a prominent shoal, the west side of which is blanketed by
linear surficial bedforms with high backscatter reflectivity (Figures 4 and 5).

We interpret the linear, high-backscatter features as sorted bedforms (SB) [55-57]. Like
features described offshore of Watch Hill on Fire Island [5,8], the features we mapped
also exhibit higher backscatter on the eastward-facing ridge flanks relative to the troughs
(Figure 5). Surficial grain size samples reveal bedform troughs with high backscatter have
the coarsest surficial sediment, whereas sediment from bedform peaks with low backscatter
have less coarse and medium grained sand (Figure 7). SB morphologies in our study area
vary with sediment thickness, such that SB in zone IV are fewer in number and have longer
wavelengths, whereas SB in zone III are more abundant and have mixed short- and long
wavelengths (Figure 5).

Shoreface morphologic variability along the margin is also observed in cross-shore
bathymetric profiles (Figure 6). Shoreface and shelf profiles in zone I exhibit the greatest
range in profile morphologies, which is attributed to the presence of a nearshore bar at
cross-shore distances of 100-300 m in the eastern portion of zone I and accumulation of
sediment updrift of the western Rockaway jetty at cross-shore distances between 600—
2000 m (Figure 6A). Zones II and III have lower standard deviations in shoreface elevation,
which suggests more uniform alongshore morphology within these zones. Zone IV has
low bathymetric standard deviations and less morphologic variability at shallow depths (0
200 m distance), but morphologic variability increases seaward due to eastward-thickening
ebb-tidal delta deposits. Filtered alongshore averaged shoreface gradients reveal variability
in shoreface steepness along the margin, with upper shoreface slopes decreasing from east
to west. Additionally, maximum shoreface slopes occur at variable distances from the
shoreline; maximum slopes are the most landward in zone IV and the most seaward in
zone I (Figure 6E).

Surficial sediment grain size samples are dominated by medium and fine sand, with
minor traces of coarse and very fine sand (Figure 7). Seaward fining trends are also
observed, with nearshore samples containing 16% more medium sand on average than
seaward samples, and seaward samples containing 17% more very fine sand on average
than nearshore samples. Zones I and III have the coarsest sediment, with average Dsg
around 210 um, although zone III has higher percentages of coarse and medium sand [54].
An eastern source of coarse sediment may be terrestrial sediment, since a terrestrial sample
collected from beneath the undercut boardwalk in zone IV is coarser than all of the marine
samples, with 23% coarse sand and a D5y of 338 pm [54]; however, more terrestrial samples
are required to confirm this. Within zone III, the coarsest samples are located in sorted
bedform troughs with high backscatter, with average Dsg of 278 um and 11% coarse sand.
Zone II has the finest sediment, with average D5 of 175 um and samples have an average
of 63% fine sand.
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4.2. Seismic Stratigraphic Framework
4.2.1. Regional Unconformity

The most prominent feature in the chirp seismic profiles is the regional unconformity
(RU; indicated by the green line in Figures 8-11). It separates an upper unit containing
reflections with spatially-variable amplitude (see Section 4.2.3) from a lower unit that
consists of acoustically transparent sediment incised by channels that are infilled with
sediment with low-medium amplitude dipping reflections (Figure 8). The lower boundary
of the acoustically transparent, basal unit could not be detected in chirp profiles due to lack
of penetration (Figure 8). RU can be traced along the entirety of the survey area and dips
westward and seaward (Figures 8 and 9). RU is observed well below the seafloor in zones I
and II (Lines 12 and 25; Figure 8A,B and Figure 9) whereas in eastern zones IIl and 1V, it
shoals, sometimes merging with the seafloor. In portions of zone III and western zone IV,
RU appears to undulate subtly where it is blanketed by sorted bedforms (Figures 10 and 11).
This suggests that sorted bedform migration may be actively modifying the morphology of
RU where it intersects the seafloor.

Ponar Grain

Size @

|Coarse Sand |l Fine Sand
B Medium Sand [l Very Fine Sand

12-1 12-2 12-3 124

|Coarse Silt i Fine Silt W Clay
Ponar Sediment Samples 12-5

[l Very Coarse Silt | |Medium Silt gVery Fine Silt ‘

Depth (m)

A) Line 12, Zone |
HIDoC
4

A) Line 12, Zone | :
TTTHIDC T T T T T T
’[ ]

> (.'.helgigc i' 4

- - 2 s T T
25.1 2560.5 25_3. 10 15 254 20
0 - 0 —ChangeTn T P
B) Line 25, Zone Il acousto ! | B) Line 25, Zone Il !

—5h — g pwCharadter | P |
E" Tim HIDoC E°M I HIDoC :
= ! - £ = (4 ;
210 MD_Tﬁ o :
8 2 Type C N LRIy i i
= S I C%lanr!gl_ Channels Trans jrece) W2t

15 R 15’shu'rafaca <70 Mutti Surface Sediment

20 S i 20 : i ‘ "

0.0 0.5 10 15 00 411 412 05 413 10 5 414 a1
0 < 0 i ; L = L
C) Line 41, Zone Ill narar 2ot : C) Line 41, Zone Il ‘
. e I
(=] 5 M = ~HiDoC T o o = 5 GSTJ | H||D"C Transgressive Surface I
£ KT - £ o —
fo | g o :
a o =] R,
o . Wi =
e \“ 15 1 Shoreface ¥ Multiple;
204 ) B o : e i
00 05 1.0 15 20 00 551 50295 593 59410 15 595 20

Sediment Units
[ Channels
mm Shoreface

Transgressive
urface

T
P) Line 59, Zone IV|
HIDGC |

D) Line 59, Zone IV
HIDoC

GST !
|

T

0.0 6.5 Distance (km) 1.0 15 0.0

0.5 Distance (km) 1.0 1.5
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Figure 9. Nearshore strike profile 64 and seaward line 65 within the western geomorphic zones I
and II highlight along-margin variability in depth of the regional unconformity and shoreface unit
thickness. Solid black vertical lines show the location of surficial sediment grabs and grain size
composition is shown by colored wedges. Blue vertical lines indicate intersecting dip profiles shown
in Figure 8A,B. Profile locations are shown in Figure 1.
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shown by colored wedges. Blue vertical lines indicate intersecting dip profiles shown in Figure 8C,D.
Profile locations are shown in Figure 1.
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Figure 11. (A,B) Uninterpreted and interpreted seismic fence diagrams show relationships between
the shoreface, the transgressive surface, and underlying Type B, C, and C’ channels. Colors are
explained in upper left. Location of lines shown in the fence diagrams are shown in the upper right.
(C) Uninterpreted and interpreted profiles of dip profile 42 highlight extensive Type B channels and
areas where the transgressive surface is excavated by a sorted bedform.

4.2.2. Sub-Seafloor Channels

Three main channel morphologies are observed in the subsurface (Figures 9 and 10).
Type A channels are located at the mouth of the East Rockaway inlet in zone IV (Figures 8D
and 10). Type A channels have the lowest channel height, where channel height is de-
fined as the vertical distance from the channel thalweg to the overlying RU. Thin type A
channels exhibit cross-cutting relationships and are infilled by acoustically transparent
sediment (Figures 8D and 10). The tops of these channels are truncated by an irregular,
undulatory unconformity that is overlain by sediment deposits that thicken towards the
inlet (Figure 10).

Type B channels are present in geomorphic zones III and IV and are broad, deep
features infilled with acoustically transparent sediment interspersed with low-medium
amplitude reflections (Figures 8C and 10). Where observed, the basal boundary of type
B channels is undulatory (Figure 10). In dip profile 41, internal reflections within type B
channels dip landward (northward; Figure 8C). In strike lines 64 and 65, there are faint,
west-ward-dipping reflections suggestive of landward (northward) and westward channel
migration (Figure 10). It is possible that samples 41-2 and 41-4 collected along dip line 41
may have sampled type B channel sediment, since they are dominated by medium and fine
sand with some coarse fractions, making them coarser than other samples along line 41
(41-3 and 41-5; Figure 8C). It is possible that these finer samples (41-3 and 41-5) recovered
material from a thin veneer sediment overlying Type B channels (Figure 8C).

Subsurface channel geometry becomes increasingly complex west of type B channels.
Type C’ channels represent a transition between type B and C channels (Figures 9-11).
These channels cross-cut older type B channels in strike line 64 and the basal boundary
incises into and obscures the RU (Figures 10 and 11). This relationship suggests that
type C’ channels are younger than type B channels. Seaward on strike lines 66 and 68,
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type C’ channels incise into and increase the rugosity of the RU, with the greatest incision
in landward line 64 and diminishing type C’ channel heights in seaward lines 66 and 68
(Figure 11).

Type C channels truncate type C’ channels and incise into the unit above RU and
RU itself (Figures 9 and 11). We distinguish type C channels from type C’ channels by
their spatial extent and the truncation of type C’ channels by type C channels. Unlike type
C’ channels, type C channels are not observed to extend across the shoreface and do not
incise into the RU seaward of strike lines 65, 66, and 68 (Figure 11). These channels exhibit
multiple instances of overprinting in a westerly direction, have low relief (~1-6 m), and
are infilled by acoustically transparent sediment (Figures 9 and 11). These characteristics
and incision into type C” channels suggest that type C channels represent western channel
migration and are younger than C’ channels. In dip profile 25, the basal boundary of type
C channels defines the base of the shoreface reflection on top of which shoreface sediment
downlaps (Figure 8B).

4.2.3. Upper Unit and Shoreface Stratigraphy

The upper unit is bounded at its base by RU and at its top by the seafloor. Therefore,
features with positive bathymetric expression increase the volume of the upper unit, such
as the nearshore bars in zones I and II, the ebb-tide delta in zone IV, and sorted bedforms
in zones III and IV. It exhibits along-margin variability in acoustic character. In eastern
zone IV, sediment within the ebb-tide delta contains conformable internal reflections with
moderate amplitudes (Figure 9). In central zone II, the upper unit is acoustically transparent,
whereas in western zone I, the upper unit contains westward-dipping reflections with low
to moderate amplitude (Figure 8A). The eastward shoaling of the RU results in thinning
upper unit deposits, the thinnest of which were found in zone III (Figures 8C and 10).
Despite being similarly limited from the subsurface, upper unit sediment thickness in zones
III and IV is remarkably different due to the ebb tidal delta in zone IV (Figures 8 and 10).

In some chirp profiles, the landward portion of the upper unit is dissected by a
reflection surface, effectively dividing it into two parts, where H1 is bounded by the
seafloor and that reflection surface and H2 is bounded by that reflection surface and RU.
Though not always observed, this reflection surface exhibits a range of acoustic amplitudes,
with weak amplitudes in line 12, moderate amplitudes in line 25, and higher amplitudes in
lines 41 and 59 (Figure 8C,D). Given the landward location of this reflection surface and
its position within the section, we interpret this as a basal shoreface reflector, separating
reworked H1 sediments above from un- or less-disturbed H2 sediments below. Where
distinct from RU, the depth and morphology of the basal shoreface reflector is the primary
control on H1 thickness. On line 25 in zone II, the base of the shoreface appears to be
controlled by underlying type C channels (described in Section 4.2.2) and dips towards
the north resulting in H1 units that thicken toward the shoreline (Figure 8B). Westward,
in zone I, the basal shoreface reflection, where present, is vertically separated from the
RU by westward prograding sediments in underlying H2 (Figure 8A) and is independent
from any subsurface channel features, suggesting that this basal reflection was generated
from sediment sorting within the seabed. In zones III and IV, the basal shoreface reflection
coincides with RU, resulting in thin H1 units (Figure 8C,D).

The acoustic characteristics of unit H1 vary along the margin. In line 12, low amplitude
seaward-prograding internal reflections are observed throughout H1 (Figure 8A). In zones
II, III, and IV, low amplitude, closely spaced, discontinuous, and chaotic reflections are
observed in the upper portion of H1. In general, the lower part of H1 in zones II and IV
is acoustically transparent (Figure 8B,D), whereas in zone III it has a few faint, chaotic
internal reflections (Figure 8C). These differences in acoustic character between the upper
and lower parts of H1 can be observed in seismic profiles in Figure 8, but because they are
not spatially consistent alongshore, we choose not to divide H1 into two separate units.
The contribution of units H1 and H2 to upper unit sediment thickness varies along the
margin in accordance with accommodation from the overall dip of the RU surface, as well
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as channels and features with positive morphology [58]. In some zones (IIl and 1V), H1
comprises the entirety of upper unit sediment, and in other areas (zones I and II), only a
portion (Figure 8) [58]. Upper unit sediment is thinnest within zone III, where it is mostly
composed of H1; at seafloor depths greater than ~7 m, upper unit sediment is sparse and
varies from 0 to 2 m with the presence/absence of sorted bedforms (Figure 8C). In zone IV,
the upper unit deposit displays moderate thickness even though RU is much higher in the
section there, because it is dominated by the presence of the ebb-tide delta (Figure 12A).
Where the RU is deeper in zone I, H2 sediments dominate upper unit sediment thickness
due to increasing accommodation and the accumulation of sediment updrift of the western
Rockaway jetty that was constructed in the 1930s (Figures 8A, 9 and 12A). As a result of
these geologic and morphologic controls, H2 volume exhibits more variability than H1
volume [56]. In summary, variability in the thickness of the upper unit (H1 and H2) can be
related to the westward-dipping RU, features with positive morphology, and anthropogenic
modifications.
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delineate the boundaries of the geomorphic zones.

Upper unit sediment in H1 is dominated by fine to medium sand and is moderately
well sorted (Figures 7 and 8). Only one sample from the shallow portions (<5 m depth)
of H1 was recovered along dip line 12 (sample 12-1) and this sample is coarser than two
samples from deeper portions of H1 (Samples 12-2 and 12-3; Figure 8A). This finding
corroborates previous studies that observed changes in grain size between the shallow and
deeper portions of the shoreface [59]. More samples were recovered from deeper portions
(>5 m depth) of H1. Among them, deeper H1 samples in zone I have the coarsest D5y of
207 um (Samples 12-3 and 12-4), whereas deeper H1 samples in zone II have average Dsg
of 170 um (25-1 and 25-2), and in zone III, deeper H1 samples have D5 of 151 pm (41-1;
Figure 8). The ebb tide delta in zone IV exhibits the largest variability in grain size, with Dsg
ranging from 160 to 211 pm (Samples 59-1 to 59-4; Figure 8D). On average, H1 sediment is
coarser than H2 sediment, as H2 samples 12-5, 25-3, and 25-4 from the westward prograding
package contain higher proportions of fine sand and lower proportions of medium sand
(Figure 8A,B).
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4.3. The Geologic Shoreface Toe and Comparisons to Other Estimates of Shoreface Extent

We interpret the intersection of the basal shoreface reflection with the seafloor as the
geologic shoreface toe (GST), which represents the seaward boundary of the shoreface unit
(H1; Figure 8). GST depths in zone IV spanned the largest range (~6.5-9.5 m) and were
deepest on average, since their depth and extent are controlled by the ebb tide delta deposit
(Figure 13). Outside of zone 1V, the average GST depth was ~7.2 m (Table 1). GST depths
throughout zone II had the second-highest variability since Type C and C’ channels control
the depth of the basal shoreface reflection and their cross-shore extent varies alongshore
(Figure 13). In zone III, GST depth varies even when shoreface width is uniform because
of undulatory sorted bedforms. GSTs were not widely mapped in zone I due to difficulty
mapping a basal shoreface reflection separate from the regional unconformity, and the lack
of GST identified likely contributes to low r? values for zone I in Table 1. Shoreface widths
were calculated as the distance from the mean high water (MHW) shoreline (0.46 m) to
the GST. Average shoreface width was largest in zone IV where the shoreface spanned the
ebb tidal deposit (Figure 13). Elsewhere along the peninsula, shoreface widths averaged
~420 m, though the narrowest average shoreface widths were observed in zone III with an
average of ~390 m. Relatively shallow GSTs and narrow shoreface widths combined to
steepen the shoreface in zones I, III, and the western portion of IV.

A) Spatial Extents of the Shoreface and Depths of Closure
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Figure 13. (A) Spatial extents of the geologic shoreface toe and Hallermeier [60] inner depth of closure
(DoC) are superimposed on a map of bathymetry. The extent of type C and C’ channels are spatially
coincident with widening shorefaces in zone II. (B) The depths of geologic shoreface toes are plotted
with the Hallermeier [60] inner depth of closure.
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Table 1. Average geologic shoreface toe (GST) depth and average shoreface volume in each zone.
Shoreface volume estimates are modified from Wei et al. [58]. Relationships between GST depth
compared to shoreface width and shoreface volume.

Average 2 2
7 Average GST Shoreface R% GST Depth  RY, GST Depth
one vs. Shoreface vs. Shoreface
Depth (m) Volume Width Vol
(1 x 103 m3/m) ! olume
I 7.39 0.62 0.29 0.0098
I 7.24 1.02 0.89 0.92
I 7.14 0.38 0.76 0.028
v 7.65 1.13 0.92 0.83
Entire peninsula 7.45 0.73 0.83 0.63

When compared for the entirety of the peninsula, deeper GSTs corresponded to wider
shorefaces (r? = 0.83), but the relationships varied by zone (Table 1). There was a weak
relationship between GST depths and shoreface width in zone I (r? = 0.29). The strongest
relationships between GST depth and shoreface width were found in zones II (r? = 0.89)
and IV (r2 = 0.92), but still involved some scatter, and, in the case of zone IV, was likely
related to the eastward widening ebb tidal delta deposit. We then compared GST depth
to shoreface volumes published by Wei et al. [58], which were calculated by integrating
sediment thickness between the base of the shoreface reflection and the seafloor. A weak
relationship between GST depth and shoreface volume was found in zones I and III
(r2 = 0.0098 and 0.028, respectively), whereas comparisons in zones II and IV yielded
a stronger correspondence between deeper GST depths and larger shoreface volumes
(r2 = 0.92 and 0.83, respectively).

Since we interpret the GST as the geology-based boundary for shoreface extent, we
compare it to other derivations of shoreface extent, principally the depth of closure (DoC).
We used two formulations to calculate the DoC at Rockaway, using hydrodynamic infor-
mation from U.S. Army Corps of Engineers Wave Information Studies station 63125 [47],
including the inner and outer DoC based on Hallermeier [60], which are 8.77 and 23.31 m
respectively. Inner DoCs derived from Hallermeier’s formulations use average wave param-
eters to estimate hydrodynamic processes on engineering timescales (10°~10! years) [60]
and are hypothesized to represent the offshore limit of reworking of the shoreface by waves,
assuming no influence from geology or anthropogenic impacts. Since the Hallermeier
formulation does not include a grain size term, it could serve as a useful tool for teasing
out the influences of wave height and period on DoC. Estimated DoCs are compared to
spatial-averaged GST depths in Figure 13 and are also plotted on our chirp profiles in
Figure 8, with the exception of the Hallermeier outer DoC, the depth of which exceeded
survey extent. On average, GSTs for each zone are shallower than the inner Hallermeier
DoC estimate (Figure 13), suggesting that the shoreface at Rockaway responds on very
short time scales. In eastern zone III and western zone IV where the coast is modified by a
groin field, the GST shoals (Figure 13), suggesting that anthropogenic modifications may
shorten the timescales of shoreface response.

5. Discussion

In this study, we explored how the combined influences of shoreface geology, barrier
island evolution, and human intervention contributed to spatial variations in shoreface
sediment availability along the Rockaway Peninsula. We found that along-margin variabil-
ity in accommodation and natural and human-mediated morphologic features were the
primary controls on shoreface sediment availability. Additionally, we explored the time
scales over which fluxes from the shoreface will contribute to barrier island behavior by
comparing shoreface extent derived from our data to estimates derived from empirical
wave-based formulations. Below we discuss our stratigraphic interpretations (5.1), controls



J. Mar. Sci. Eng. 2022, 10, 989

18 of 26

on variability in shoreface sediment availability (5.2) and extent (5.3), and the implications
of our findings for along-shore varying response to future storms and sea level rise.

5.1. Stratigraphic Interpretations

Sediment units observed in chirp seismic profiles are interpreted based on their rel-
ative position to the westward-dipping RU. We interpret the RU as the transgressive
surface, which separates Pleistocene sediments below it from Holocene sediments above
it (Holocene sediment includes H1 + H2). Sediment below the RU was likely deposited
during a relative sea-level highstand preceding Marine Isotope Stage (MIS) 2. During
the sea-level lowstand of MIS 2, type B channels incised and eroded sediment below the
RU, and as sea-level rose following the lowstand, channels were infilled. The RU was
formed during the sea-level transgression, during which wave-based erosion truncated
the tops of type B channel infill. Similar sediment geometries have been observed in the
nearshore and shelf elsewhere in the New York bight [e.g., 5,8,53] and elsewhere along the
east coast [1,61-64]. Hereafter, we will present our interpretations and discuss the processes
that formed them starting from the oldest units (Pleistocene channels) to youngest (late
Holocene).

The morphology of the three channel types and their stratigraphic position relative to
RU suggest that they are diachronous and likely formed by different processes. The oldest
channels are likely type B channels, since their position below the RU suggests they were
formed before the last sea-level transgression. Type B channels are spatially coincident with
a gap in the Harbor Hill Moraine, which suggests that type B channels are an extension of
glacial outwash Channel D identified by Williams [34]. Similar glacial outwash channels
are also observed offshore of Fire Island [61]. The deepening of the transgressive surface in
the west coupled with the absence of channels with similar morphologies below RU there
suggests that type B channel infill is less erodible than sediment below RU in the west. This
is corroborated by sediment samples 41-2 and 41-4 that recovered coarser sediments where
type B channel infill is exposed at the seafloor. In zones I and II where type B channels are
absent, more erodible Pleistocene sediment allowed for a deepening of the transgressive
surface resulting in increased accommodation, which is a primary control on shoreface
sediment availability and morphology.

Type C and C’ channels are likely much younger than type B channels since they incise
into Holocene sediment and the transgressive surface. Historic maps from the 18th and
early 19th centuries reveal the end of the peninsula was in a more eastward position [42,65],
and between 1835 and 1889, the end of the Rockaway peninsula advanced within the
boundaries of type C and C’ channels (Figure 2A), suggesting that these channels could
have been incised by tidally-driven flows around the western end of the peninsula and
subsequently infilled. Channels similar to type C and C’ channels were observed below the
shoreface at Fire Island, NY by Liu and Goff [66], who interpreted cross-cutting channel
reflections as migrating inlet channels. Historical shoreline analysis and the variable depth
of type C/C’ channels suggests a slightly different process here. Temporally-variable
peninsula growth rates (Figure 3) help explain differences in depth and extent of C and
C’ channels. The period of slow growth from 1835-1866 allowed type C’ channels to
incise into the underlying substrate for a longer period, deepening the incisions and
allowing them to extend further offshore (Figures 10 and 11). Similarly, rapid periods of
peninsula progradation between 1866-1879 may have shortened the time periods of type
C channel incision, resulting in channels confined to the shoreface with limited seaward
extent (Figure 11). West of the 1889 shoreline, deepening of the transgressive surface may
have a triggered a shift from inlet incision and infilling to progradation of the barrier spit
and the associated shoreface, which could explain the lack of Holocene channels to the
west of type C channels. Thus, the geometry of type C and C’ Holocene shoreface channels
depended on accommodation, underlying substrate, and the duration of incision.

Type A channels are likely the youngest channels and we interpret that type A channels
and the overlying ebb-tidal delta in east Rockaway represent natural and human-mediated
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inlet incision and deposition, respectively, since the 19th century. First, the East Rockaway
Inlet migrated west as Long Beach Island rapidly prograded during 1835-1860 [67], and
inlet migration initially formed small type A channels. After 1865, these channels were
filled in to create Hog Island, a recreational beach that was destroyed during a hurricane in
1893 [67]. We hypothesize that the hurricane may have excavated younger type A channels
and reworked sediment from Hog Island. After hurricane passage, this reworked material
may have been deposited with conformable reflectors into type A channels. Such rapid
emplacement of material could explain the irregular boundary of type A channels that
appear to represent scouring events (Figure 10).

Changes in transgressive surface elevation and the alongshore position and depth of
sub-seafloor tidal channels define the base of the shoreface unit. The base of the shoreface is
most easily identified in zones III and IV, where it coincides with the transgressive surface
at or near the seafloor and appears to be modified by sorted bedform migration. In zones I
and II, where the transgressive surface is lower in the section, we identified other reflections
within the Holocene package (e.g., above the transgressive surface) that we interpret as the
basal shoreface reflection. In zone I, where sediment availability is higher, wave ravinement
is likely the primary mechanism for the formation of basal shoreface reflections where they
are observed [68]. In contrast, the basal shoreface reflection in zone Il is defined by relict
tidal channels, the depth and extent of which increase the volume of sediment toward the
island (see discussion of Type C/C’ channels above). These observations demonstrate that
the base of the shoreface represents a variety of processes and may not necessarily mark the
transition from offshore marine sedimentation below to shoreface sedimentation above [59].
Furthermore, our results suggest that the transgressive surface alone may not reflect the
true volume of shoreface sediment, as has been interpreted elsewhere [5,69,70].

Wave ravinement may also affect the internal stratigraphy of the shoreface unit, which
is observed in profiles from western Rockaway where sediment availability is higher. For
example, in some profiles from zone II, we were able to resolve somewhat chaotic acoustic
characteristics within upper portions of the shoreface unit that separated what we interpret
as reworked portions of the unit from lower undisturbed parts of tidal channel infill
(Figure 8B). These acoustic distinctions within the zone II shoreface unit (H1) coupled with
the undisturbed Holocene sediment below it (H2) may be similar to the upper shoreface,
proximal lower shoreface and distal lower shoreface units described in East Texas [59,71],
though we don’t have cores to confirm whether there are sedimentological differences
between units as observed in Texas. However, the slightly coarser grain size of sample 12-1
relative to 12-2 and 12-3 may be evidence that shallow, wave-based reworking is occurring
in the zone II shoreface as well. (Figure 8A). We hypothesize that wave ravinement may
serve as a mechanism for these changes in acoustic character and grain size. Furthermore,
the data suggest that the current wave climate may be reworking only a small fraction
of the available sediment in western Rockaway and that future wave ravinement of the
shoreface has the potential to liberate much more sediment in western Rockaway than in
eastern Rockaway.

5.2. Shoreface Sediment Availability and Implications for Cross-Shore Sediment Fluxes

Recent work has highlighted the need for more detailed information about shoreface
morphology and geology to improve forecasts of shoreline position with rising sea
level [10,11], to improve understanding of mesoscale barrier island response to changes in
climate and sediment supply [72], and to better understand sediment transport between
the upper and lower shoreface and the beach [73]. Our results address this need and
do so at a spatial resolution that improves upon earlier assessments of shoreface geol-
ogy [24,59,69-71]. The data reveal complexity in the stratigraphy of the shoreface units and
their relationship to the Holocene-Pleistocene boundary, which provide insight into the
competing controls on shoreface sediment availability and where there may be significant
volumes of sediment for the coastal system in the future. Further, the data demonstrate that
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the Holocene-Pleistocene boundary alone may not be the best baseline from which to assess
shoreface sediment availability, particularly over shorter timescales (10s—-100s of years).

The simplest relationship between the Holocene-Pleistocene boundary and shoreface
sediment availability is observed in zone III, where shoreface sediment availability is
driven almost entirely by limited accommodation associated with the morphology of
the transgressive surface (described in Section 5.1) as has been reported in several other
locations [53,59,70,74,75]. Our data indicate that lateral migration of sorted bedforms may
rework underlying type B channel deposits, but we hypothesize that any sediment liberated
from this process is unlikely to supply sediment to the shoreface at rates fast enough to
keep up with shoreline migration. This is consistent with findings from repeat bathymetry
studies at Fire Island which suggest that sorted bedform migration does not contribute
significantly to shoreface sediment availability [76]. In total, the data imply that cross-shore
fluxes of sediment from the shoreface to the beach have been and will continue to be limited
in zone IIL

Despite having similarly limited accommodation, shoreface sediment availability in
zone IV increases relative to zone III due to local morphology, in this case the ebb tidal delta
associated with the East Rockaway inlet, which is similar to features adjacent to Bolivar
Roads Inlet on the East Texas shelf [59,71,77]. Due to the cross- and alongshore extent of this
feature, zone IV shoreface sediment availability is the highest we observed. Nevertheless,
the ebb tidal delta is likely in equilibrium with inlet processes and it is not clear to what
extent this deposit supplies the beach onshore of it.

In contrast to zones III and IV, sediment availability is enhanced in zones I and II, and
as a result, the cross-shore sediment fluxes may be more influenced by the efficiency of
the wave climate rather than geology. In zone II, infilled tidal channels increase Holocene
and shoreface sediment availability. Further west, in zone I, where Holocene sediment is
relatively unlimited due to the deepening transgressive surface, the primary limitation on
cross-shore exchange of sediment between the shoreface and the beach is the efficiency
of the wave climate in liberating and transporting reworked deposits. With continued
shoreface ravinement, future fluxes from the shoreface in zones I and II will continue
to be elevated relative to other regions along the peninsula, particularly during storms
when wave conditions can mobilize more sediment from within the shoreface and from
beyond the GST. This highlights the limitations of using only the basal shoreface reflection
and GST to approximate shoreface sediment availability: the volume of sediment actively
contributing to littoral transport may extend beyond the limits of the geologically-defined
shoreface unit boundary. Although assessing the combined role of positive morpho-
logic features and sub-seafloor geology in influencing shoreface sediment volumes is not
new [3,53,59], this is perhaps the first time significant variability in both has been shown to
result in dramatic alongshore differences in shoreface sediment availability over a relatively
short span of coastline (<20 km).

Relative to the lower portions of the shoreface (>5 m depth), we suspect that the
shallow, upper portions of the shoreface (<5 m depth) reflect feedbacks between shoreface
morphology and human modifications more so than geology, at least over timescales of
years to decades. First, shoreface morphology and steepness have complicated relation-
ships with sediment availability, varying in both the alongshore and cross-shore domains.
The pattern of average upper shorefaces steepening towards the east was surprising given
that net longshore transport is to the west and the shoreline is prograding along the western
end of the peninsula. Since high sediment supply often results in steeper clinoforms [59,78],
we expected that shorefaces in zones I and II would be steeper than eastern shorefaces.
One explanation for the disparity between our observations and stratigraphic principles
is that upper shoreface morphology in eastern Rockaway reflects human interventions at
the shoreline where humans are actively manipulating the barrier system. The steepest
shorefaces occur in zones Il and IV, where frequent beach nourishment since 1920 (Figure 3)
has resulted in long-term shoreline progradation or stabilization, effectively oversteepening
the shoreface at its landward boundary. Additionally, groins were constructed between
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zones III and IV within the first half of the 20th century to help maintain placed sedi-
ments [44,65], further fixing shoreline position and limiting alongshore sediment fluxes.
Human-mediated shoreface steepening has also been observed in the Beaufort Sea [79]
and on the Irish coast [69] creating positive feedback between steep shoreface slopes and
seaward directed sediment transport [73,79-81]. At Rockaway, a potential shift to seaward
transport in zones III and IV could limit transport from the shoreface to the beach, which
could further exacerbate shoreline erosion, though modeling of these shoreface config-
urations would help to confirm this hypothesis. Thus, our results suggest that human
modifications to the subaerial beach influence the morphology of the upper shoreface and
may result in behaviors contrary to natural geomorphologic processes in this important
transition zone.

5.3. Geologic Shoreface Toe and Comparison to Depth of Closure

Since the basal shoreface reflection is generated by a variety of processes along the
Rockaway peninsula, the cross-shore position of the GST can represent the influences of
geology, anthropogenic impacts, and/or hydrodynamics. In zone I, where sediment is not
limited, the GST likely represents the offshore limit of sediment reworking by waves. This
is similar to the findings of Schwab et al. [5,8], who interpreted shoreface toes at Fire Island
as the depth approximating storm wave base. However, an important distinction from that
work is that the GST in Rockaway zone I do not always coincide with the transgressive
surface as the interpreted shoreface toes in Fire Island do. In contrast to the GST in zone I,
the location of the GST in zone Il is tied to antecedent geology, representing the offshore
extent of tidal channelization that occurred as the island migrated westward. This is similar
to other locations where the framework geology of the shoreface was the primary control
on shoreface sediment availability and extent [53,59,75,82]. Here, the GST represents the
offshore limit of the lower boundary of the shoreface sediment reservoir, helping to define
the shoreface sediment volume that may be available for the future. Importantly, and
particularly during storms, it likely does not represent offshore extent over which sediment
is mobilized by average wave conditions. Therefore, we conclude that despite delineating
the extent of the shoreface sediment unit, the offshore location and depth of the GST is not
necessarily a good indicator of shoreface sediment availability except where the thickness
of the Holocene section is limited and the transgressive surface and the basal shoreface
reflection coincide, as in zones III and IV.

To understand the timescales over which portions of the shoreface unit are mobilized,
we compared the GST to the Hallermeier [60] inner depth of closure (HIDoC). Except in
zone IV where the location of the GST is controlled by the ebb-tidal delta, GSTs along
the peninsula fell within the depth of the HIDoC (Figure 13), which suggests that the
entire extent of the shoreface unit in zones I-1II could be mobilized on annual to decadal
timescales. In zones I and II, the extent of sediment mobility is unlikely to be confined to
just the shoreface unit. In both zones, the GST and Holocene sediment seaward of the GST
are shallower than HIDoC (Figure 8A,B), which suggests that this Holocene sediment is
capable of being reworked and may contribute sediment to the shoreface unit (e.g., sediment
transport from the lower to upper shoreface) during high energy events. This is similar
to results from western Fire Island, NY, where onshore sediment transport was observed
seaward of the shoreface toe during extreme storm conditions [5,8], though the relationship
we observed between sandy shoreface units and the HIDoC suggests that transport from
the lower to upper shoreface may be possible even during average wave conditions at
our study site. In contrast, in sediment-limited eastern Rockaway (and excluding the ebb-
tidal delta), the GST is up to 2 m shallower than HIDoC, and Pleistocene glacial outwash
deposits are exposed at the seafloor seaward of the GST, instead of Holocene sediment.
This erosional-resistant unit is less likely to supply significant amounts of sediment to
the littoral system, thereby reducing or eliminating sediment fluxes from the lower to the
upper shoreface. Such a reduction in fluxes from the lower shoreface to the beach might
be active on other geologically-controlled shorefaces, such as those where hardgrounds or
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rocky outcrops are exposed [11,82,83]. At Rockaway, deficiencies in cross-shore sediment
supply are probably further exacerbated by human alterations to the system, such as groins,
which limit updrift sediment inputs and may favor offshore sediment transport due to
steeper shoreface slopes. Based on previous work, the combination of reduced sediment
flux from the shoreface and human alterations could increase barrier island vulnerability to
extreme storms and future increases in sea-level rise [15,22], though new modeling that
better represents the geomorphologic complexity of the shoreface we observed may be
needed to better understand the timing and extent of potential changes in barrier island
geomorphic state.

6. Conclusions

Improving predictions of barrier island response to changes in sea-level rise and
sediment supply requires more detailed information on how variations in shoreface mor-
phology and geology influence sediment fluxes from the shoreface to the beach. Our work
elucidates the competing controls on shoreface sediment availability and identifies where
there may be significant volumes of sediment for the coastal system in the future. Using
geophysical data to reveal the internal stratigraphy of the shallow shoreface, we extend
the knowledge learned from previous studies by providing insights on the timescales of
shoreface reworking. Furthermore, we explore how geology and human modifications
contribute to variable shoreface sediment availability over a relatively short span of the
coastline. We find that:

1.  Observed shoreface stratigraphy varies over small spatial scales (0.5-3 km). Accom-
modation, historical barrier island evolution, and natural and human morphologic
features all affect shoreface sediment availability, with the relative influence of any
one factor varying along margin.

2. Variability in the Holocene-Pleistocene (H-P) boundary elevation limits the distri-
bution of sediment across the shoreface, likely influencing sediment fluxes from the
lower to upper shoreface and beach.

3.  Comparisons between the offshore limit of the shoreface as defined by the GST and the
empirically derived depth of closure suggest that the geologically defined shoreface is
actively being reworked over very short time scales (years to decades).

4. The influence of human beach modifications extends seaward into the upper shoreface
and may promote increased steepness of the upper shoreface and seaward-directed
sediment fluxes.

Observed shoreface geomorphic variability along the Rockaway Peninsula is likely to
result in spatially variable responses to storms and sea-level rise. Therefore, more accurate
predictions of coastal change should account for both geologic and human influence on
shoreface sediment availability and sediment flux magnitudes, even within coastal cells
that span only several kilometers.
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