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ABSTRACT: Geologic reconstructions of overwash events can extend storm records beyond the brief instrumental
record. However, the return periods of storms calculated from geologic records alone may underestimate the frequency
of events given the preservation bias of geologic records. Here, we compare a geologic reconstruction of storm activity
from a salt marsh in New Jersey to two neighboring instrumental records at the Sandy Hook and Battery tide gauges.
Eight overwash deposits were identified within the marsh’s stratigraphy by their fan-shaped morphology and coarser
mean grain size (3.6 + 0.7 ¢) compared to autochthonous sediments they were embedded in (5.6 + 0.8 ). We used an
age—depth model based on modern chronohorizons and three radiocarbon dates to provide age constraints for the
overwash deposits. Seven of the overwash deposits were attributed to historical storms, including the youngest
overwash deposit from Hurricane Sandy in 2012. The four youngest overwash deposits overlap with instrumental
records. In contrast, the Sandy Hook and Battery tide gauges recorded eight and 11 extreme water levels above the 10%
annual expected probability (AEP) of exceedance level, respectively, between 1932/1920 and the present. The geologic
record in northern New Jersey, therefore, has a 36-50% preservation potential of capturing extreme water levels above

the 10% AEP level. © 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction

Tropical cyclones (TCs) and extratropical cyclones (ETCs) are
climatologically complex systems that can produce extensive
damage to coastal communities and infrastructure from storm
surges (e.g. Mendelsohn et al., 2012, Ranson et al., 2014). The
densely populated mid-Atlantic US is regularly impacted by
landfalling TCs and ETCs and attendant storm surges (e.g.
Brandon et al., 2014, Rappaport, 2014), but tide gauge records
are too short to support robust conclusions regarding how natural
and anthropogenic climate forcings control the frequency of TCs
and ETCs (Muller et al., 2017, Seneviratne et al., 2021).
Geologic reconstructions of overwash events from TC- and ETC-
induced storm surges can extend the record of land-falling TC and
ETC activity beyond the short instrumental era (e.g. Liu &
Fearn 1993, 2000; Donnelly et al., 2001b, 2004). Overwash
events occur when a high-energy storm surge erodes and
transports sediment from foreshore environments inland (e.g.
Liu, 2004, Donnelly & Webb 2004, Donnelly et al., 2001a). As
energy from surge waters dissipates, allochthonous sediments are
deposited from suspension into low-energy environments such as
salt marshes (Liu, 2004). If an overwash deposit is preserved and
incorporated into the geologic record, it can be identified as a
sedimentologically distinct fan-shaped layer with a characteristi-
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cally larger grain size and lower organic content compared to
typical low-energy sediments (e.g. Donnelly et al., 2001b, 2004;
Scileppi & Donnelly 2007; Castagno et al., 2021). Overwash
deposits can be further identified by verifying the foreshore
provenance of the allochthonous sediments. This has classically
been achieved through comparison of microfossil assemblages
(e.g. Hippensteel & Martin, 1999, Horton & Sawai, 2010,
Pilarczyk et al., 2014) and geochemical signatures (e.g. Lambert
etal., 2008, Das et al., 2013) of a suspected overwash deposit with
those of the surrounding low-energy sediments.

Geologic overwash deposits have been used to determine
past periods of heightened TC activity and to estimate local
return periods for extreme water level events (e.g. Kiage
et al., 2011, Lin et al., 2014, Donnelly et al., 2015). However,
not all storm-generated overwash deposits are incorporated
undisturbed into the geologic record, and not all storms have
the necessary intensity, track and timing to produce an
overwash event in a given location (Liu 2004, Hippen-
steel, 2011, Muller et al., 2017, Wallace et al., 2021). To
accurately interpret periods of heightened storm activity or
calculate return periods of extreme water level events from
geologic records of overwash deposits, it is vital to determine
the preservation bias of the geologic record (Hippensteel, 2011).
Estimates of return periods from geologic deposits may under-
estimate the long-term return periods of extreme coastal water
level events if they do not account for the number of overwash
deposits missing from the geologic record (Hippensteel, 2011).
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The widespread creation and comparison of geologic overwash
records to local instrumental records from tide gauges is
necessary to resolve the question of geologic preservation
potentials of storm overwash events (Wallace et al., 2021).
This study generates a new geologic record of overwash
events from a salt marsh in Cheesequake State Park in northern
New Jersey, USA (Figure 1), to determine the preservation
potential of the regional geologic record in capturing overwash
events. This region was heavily impacted by Hurricane Sandy
in 2012, which made landfall as a post-tropical cyclone in
southern New Jersey (Blake et al., 2013). The overwash deposit
produced by Hurricane Sandy provided a modern analogue to
identify older overwash deposits. We use grain size, organic
content, organic stable carbon isotopes and foraminiferal
abundances to identify overwash deposits from the salt marsh
at Cheesequake State Park (Joyse et al. 2023). The geologic
record is dated using modern chronohorizons, including heavy
metal pollution markers, '*’Cs and pollen abundances, in
conjunction with radiocarbon dating. We compare our
geologic record of overwash deposits with extreme water
level events (above the 10% annual expected probability of
exceedance level) recorded by the nearby Sandy Hook, New
Jersey (Figure 2), and the Battery, New York, tide gauges
(two of the longest-recording tide gauges in the USA) to
determine the preservation bias of the geologic record in
northern New Jersey. Understanding the preservation of
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overwash deposits has implications for extreme water level
event return periods for northern New Jersey.

Study area

Cheesequake State Park consists of a complex system of tidal
marshes, channels and creeks located along the northern coast
of New Jersey within Raritan Bay (Figure 1). The salt marshes at
Cheesequake accumulated during the late Holocene in response
to accommodation space created by glacio-isostatic adjustment
(GIA) subsidence causing relative sea-level rise (RSLR) in the
region (e.g. Shaw & Ceman, 1999; Walker et al., 2021, 2022). A
geologic reconstruction of RSLR from Cheesequake State Park
shows relative sea level rose at an average rate of 1.5 +0.2 mm
a~" from 1000 to 2000 ck (Figure 2) (Walker et al., 2021), while
modern rates of RSLR emerged from background Common Era
variability in the late nineteenth century (Walker et al., 2022).
Instrumental rates of RSLR from the Sandy Hook tide gauge,
located ~20km to the east of Cheesequake State Park, are
4.15+0.20 mm a~' from 1932 to 2020 ce (NOAA, 2021), which
is higher than global mean sea-level rise (1.6 +0.4 mm a™' 1900
to 2015 ce) (Dangendorf et al., 2019) due to a combination of
GIA, sediment compaction and groundwater withdrawal at
Sandy Hook (Johnson et al. 2018).

The understanding of past storm activity at Cheesequake State
Park is complicated by urban land development and the presence
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Figure 1. (A) Regional map of New Jersey with lines depicting the paths of major hurricanes that were registered on the Sandy Hook tide gauge or found in
southern New Jersey paleo-storm studies including the paths of Hurricane Sandy (2012), Hurricane Irene (2011), Hurricane Donna (1960), the 1944 Great
Atlantic Hurricane, the 1821 pre-instrumental hurricane and the 1788 pre-instrumental hurricane. Locations of the Sandy Hook, Battery and Atlantic City tide
gauges are shown by gray squares, and the locations of neighboring paleo-storm records from New York (Brandon et al., 2014, Scileppi & Donnelly, 2007)
and southern New Jersey (Donnelly et al., 2004) are shown by gray circles. (B) Site map of the marsh in Cheesequake State Park with coring transects and
locations of modern sediment samples shown by yellow circles. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. (A) Spatio-temporal model reconstruction of relative sea level from Cheesequake State Park with 1o uncertainty (Walker et al., 2021).
Monthly mean sea level from the Sandy Hook tide gauge is overlayed, and the timings of pre-industrial storms captured in regional paleo-storm
records are marked by dashed lines. (B) Monthly mean sea level from the Sandy Hook tide gauge and the 10% annual exceedance water level for the
Sandy Hook tide gauge. Vertical lines are the heights of the eight major water level events exceeding the 10% chance annual exceedance level
recorded at the Sandy Hook tide gauge from TCs and ETCs. [Color figure can be viewed at wileyonlinelibrary.com]

of both landfalling TCs and ETCs (Boldt et al., 2010, Wallace
et al., 2014); however, establishing geologic records here is
important given the dense populations and infrastructure invest-
ment. Our study site is at the northeastern-most point of
Cheesequake State Park. The modern salt marsh is situated with
Stump Creek to its southwest, commercial and residential proper-
ties to its northwest and southeast, and New Jersey State Route 35
to its northeast (Figure 1b). Historical maps show access roads
were added to a section of Route 35 that is ~300 m northwest of
the Cheesequake marsh between 1943 and 1954 (U.S. Geological
Survey, 1943, 1954). The addition of these roads altered the path
of Stump Creek where it connects to Cheesequake Creek (U.S.
Geological Survey, 1943, 1954). Beyond Route 35 lie beach
dunes and open waters of Raritan Bay, where storm surges erode
and transport sediment from foreshore environments inland.
Anthropogenic changes to the beach and dunes (i.e. groin
emplacement) lying to the northeast of the Cheesequake marsh
indicate there may have been changes to the sediment source of
overwash deposits found within the marsh through time (U.S.
Geological Survey, 1943, 1954). Possible sources of overwash
sediment include the beach and dunes at Paul’s Beach or Stump
Creek (Figure 1).

The modern vegetation at Cheesequake marsh comprises
Sporobolus pumilus, Sporobolus alterniflorus and Salicornia
maritima. The border separating the marsh from Route 35 and
surrounding properties is lined with Phragmites australis.
Cheesequake Creek has a semi-diurnal, micro-tidal regime with
a total range of 1.6 m (NOAA, 2021). Present (1983-2001) mean
higher high water (MHHW) at the Cheesequake Creek and Sandy
Hook tide gauges is 1.7 and 1.6 m, respectively (NOAA, 2021).

Storm surges in northern New Jersey

Water level data from the Sandy Hook tide gauge (Figure 1)
are available from 1932 to present (NOAA, 2021). As of

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

December 2021, four TCs and four ETCs have impacted
northern New Jersey and created storm surges in the Sandy
Hook record at or exceeding the estimated 10% annual
expected probability (AEP) of exceedance level (Figure 2
and Table 1) (NOAA, 2021). Water level data from the
Battery tide gauge (Figure 1) are available from 1920 to
present (NOAA, 2021). As of December 2021, five TCs and
six ETCs have impacted New York City and created storm
surges at the Battery tide gauge at or exceeding the
estimated 10% AEP level (Table 1). The 10% AEP level is
commonly used in government strategic plans to prepare
for extreme coastal events (e.g. Kopp et al. 2019, Sweet
etal., 2022). The 10% AEP level at each tide gauge changes
with the position of sea level, which changes as a function
of the rate of RSLR at each tide gauge (NOAA, 2021). For
example, the water level that must be exceeded to produce
a 10% AEP event in 1920 ck is lower than the water level
that must be exceeded in 2020 ce to create a 10% AEP
event.

One extreme water level that was recorded at both the
Sandy Hook and Battery tide gauges originated from
Hurricane Sandy, which made landfall near Brigantine, NJ,
on 29 October 2012 with 70 kt maximum sustained winds
and a minimum pressure of 945 mb (Blake et al., 2013).
Although Hurricane Sandy weakened prior to making land-
fall, the immense size and slow forward motion of the storm
produced extensive flooding from New Jersey through
southern New England (Blake et al., 2013). The maximum
water level produced by Hurricane Sandy at both the Sandy
Hook and Battery tide gauges was 2.7 m above MHHW
(NOAA, 2021). Eyewitness accounts from homeowners
whose properties border the Cheesequake marsh and who
were present during the storm indicated that Hurricane
Sandy produced a substantial storm surge throughout the
study area.

J. Quaternary Sci., 1-15 (2024)

9SUIIT suowWoy) 2ANeaI1)) dqeorjdde o) Aq pauIoroS aie Sa[oNIR Y (ash JO SO[NI 10] AIRIqIT AUIUQ AJ[IA\ UO (SUONIPUOO-PUE-SULID} WO’ A[IM"ATRIqI[ouI[u0//:sdNY) SUONIpuo) pue swIa ], 3y 2938 *[+707/S0/6¢] U0 AreiqiT auruQ A9ip\ ‘soureiqi] Ansioarun s1odiny £q zz9¢ sbl/zo01°01/10p/wioo Kojim Areiqrourjuo/:sdiy woiy papeojumod ‘0 ‘L1#16601


http://wileyonlinelibrary.com

4 JOURNAL OF QUATERNARY SCIENCE

Table 1. Water level heights produced by storms that exceed the 10% expected annual exceedance level at the Sandy Hook and/or Battery tide

gauges.
Water level (m above MHHW)

Event Year Sandy Hook Tide Gauge Battery Tide Gauge
Hurricane Sandy 2012 2.71 2.74
Hurricane Irene 2011 1.38 1.36
Nor’easter 2010 1.16 1.14
Nor’easter 1992 1.48 1.42
Nor’easter 1991 1.01 1.12

Ash Wednesday Nor’easter 1962 1.27 1.18
Hurricane Donna 1960 1.48 1.51
Nor’easter 1953 1.36 1.36
Nor’easter 1950 1.15 1.24
Unnamed Hurricane 1944 1.27 0.87
Unnamed Hurricane 1938 0.57 0.78
Methods water upon completion. Grain size distributions were mea-

Site selection and stratigraphy

Cheesequake State Park was selected because it met the
following desired criteria (Donnelly & Webb, 2004, Bregy
etal., 2018): (1) a low energy environment (e.g. salt marsh); (2)
proximity to a coastal barrier (e.g. dune system) that delivers a
sediment source for overwash deposits; and (3) inundation by
Hurricane Sandy in 2012 to provide a modern analogue
overwash deposit.

From 2018 to 2020, 22 cores were taken up to a depth of
5m to describe the sediment stratigraphy across the marsh
(Figure 1b). We described sediments using the Troels-Smith
classification system (Troels-Smith, 1955) and measured core
top elevations of transects A-D using real time kinematic (RTK)
satellite navigation and referenced to North American Vertical
Datum 1988 (NAVD88).

We selected core CQM-3 for detailed analyses because of
the presence of multiple overwash deposits which correlated
with adjacent cores (Figure 3). We used a Russian peat corer to
retrieve an undisturbed stratigraphic section to a depth of
2.5 m. Sediments recovered were stored in cut PVC pipe and
plastic wrap and refrigerated at 0-4 °C. Sub-samples were
collected for sedimentological, geochemical and microfossil
analyses at 1- to 5-cm intervals, depending on the presence of
overwash deposits within the core’s stratigraphy, such that
samples were taken at 1-cm intervals within and around
overwash deposits and at 5-cm intervals where no overwash
sediments were present. Core CQM-4, adjacent to CQM-3
(Figure 3), was similarly sampled and measured via grain size
analysis to ensure coarse anomalies in mean grain size were
consistent across cores (Supporting Information Fig. S2).

We sampled modern surface sediments of 1-cm thickness
from Paul’s Beach in Old Bridge Waterfront Park and from
Stump Creek (Figure 1b) for grain size and foraminifera to
identify potential sources of sediment for the overwash
deposits. To ensure that older overwash deposits originated
from storm surge rather than terrestrial flooding events, we
analyzed the catchment sizes and river gauges from neighbor-
ing Cheesequake Creek and Raritan River.

Sedimentological analyses

Samples of CQM-3 and CQM-4 and modern sediment samples
from Paul’s Beach and Stump Creek were prepared for grain
size analysis by digesting sediments in 30% H,O, to remove
all organic material (Donato et al., 2009). Samples were kept at
60 °C in a hot water bath to increase the speed of the digestion
(Donato et al., 2009) and were triple rinsed with deionized

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

sured with a Malvern Mastersizer 3000 laser particle analyzer,
and grain size statistics were calculated using the Folk and
Ward (1957) method via GRADISTAT software (Blott and
Pye, 2001).

Organic content was measured through loss-on-ignition
(LOI) for each sample of CQM-3. First, the dry weight of each
sample was determined by drying sediments at 105 °C for 24 h
(Dean, 1974). The percent organic content of samples was
then determined by combusting samples in a muffle furnace
for 3 h at 550 °C and calculating the mass loss of each sample
(Dean, 1974).

Geochemical analyses

Organic stable carbon and C/N samples from CQM-3 were
digested in 10% HCI and triple rinsed with deionized water
before being dried at 45 °C for 24 h. Sediments were milled to
a fine powder with a mortar and pestle and weighed into tin
capsules (Khan et al., 2015a, 2015b). Samples were analyzed
using a GVI Isoprime continuous-flow isotope ratio mass
spectrometer (CF-IRMS) at Rutgers University; blank capsules,
certified isotope standards and in-house sediment standards
were included in each batch of isotopic analysis.

Foraminifera analyses

Each foraminifera sample from CQM-3 and the modern
surface containing 5 cm® of sediment was washed, sieved for
specimens sized between 500 and 63 pm, and wet split in
eight equal aliquots (Horton and Edwards, 2006). Foraminifera
in one-eighth of each sample were identified and counted
using a binocular microscope. Taxonomic classifications
followed published literature for New Jersey salt marshes
(e.g. Kemp et al., 2012, Walker et al., 2020).

Chronology

Modern geochemical chronohorizons (bulk Pb, Pb isotopic
ratios, '*’Cs) were used in conjunction with radiocarbon
dating to determine the age of deposition of overwash events
in CQM-3. Three pollen chronohorizons were also assigned to
depths in CQM-3 following regional pollen analyses that show
clear changes in pollen assemblages coinciding with land-use
changes following European settlement in the eastern US
(Christie et al., 2021). Additional information regarding the
sampling and analysis of modern chronohorizons can be
found in Appendix 1.

The timing of Hurricane Sandy’s landfall, modern chron-
ohorizons and radiocarbon ages were input into an accumula-

J. Quaternary Sci., 1-15 (2024)
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Figure 3. Stratigraphy in cores across the marsh at Cheesequake State Park with lithostratigraphic correlations between cores. [Color figure can be

viewed at wileyonlinelibrary.com]

tion model for CQM-3 using the Bchron package in R (v.4.7.6,
Haslett & Parnell, 2008). The timings of the modern
chronohorizon inputs were assumed to originate from normal
probability distributions. We ran Bchron for 200 000 iterations
to produce age estimates for every 1-cm depth with 95%
credible intervals (Haslett & Parnell, 2008).

Age-depth models assume constant sedimentation rates
through time. This assumption is broken by the sporadic and
instantaneous sedimentation that occurs during a storm surge
event, which interrupts constant background sedimentation on
a salt marsh. To determine how sedimentation of the overwash

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

deposits affected the age—depth model of CQM-3, we ran a
sensitivity test comparing two cases of the age-depth model. In
the first case, we assumed constant sedimentation rates
throughout CQM-3, including through the depths of the
overwash deposits. In the second case, we generated the
age—-depth model after subtracting the depths of the overwash
sediments and adjusting the heights of the chronohorizons and
radiocarbon ages, accordingly. We then added the thicknesses
of the overwash deposits back, while keeping the age of the
sediments constant throughout the deposit to simulate
instantaneous sedimentation.

J. Quaternary Sci., 1-15 (2024)

9SUIIT suowWoy) 2ANeaI1)) dqeorjdde o) Aq pauIoroS aie Sa[oNIR Y (ash JO SO[NI 10] AIRIqIT AUIUQ AJ[IA\ UO (SUONIPUOO-PUE-SULID} WO’ A[IM"ATRIqI[ouI[u0//:sdNY) SUONIpuo) pue swIa ], 3y 2938 *[+707/S0/6¢] U0 AreiqiT auruQ A9ip\ ‘soureiqi] Ansioarun s1odiny £q zz9¢ sbl/zo01°01/10p/wioo Kojim Areiqrourjuo/:sdiy woiy papeojumod ‘0 ‘L1#16601


http://wileyonlinelibrary.com

6 JOURNAL OF QUATERNARY SCIENCE

Results

Identifying and dating overwash deposits at
Cheesequake Marsh

Modern sediments collected from Paul’s Beach were com-
posed of medium-grained sands with a mean grain size of 2.0
¢ (250 pm). No foraminifera tests were found in the Paul’s
Beach sediments. Modern sediments collected from Stump
Creek, on the other hand, were composed of silt with a much
finer mean grain size of 6.3 ¢ (12.7 pm). A total of 60 tests of
foraminifera dominated by Trochammina inflata were found
within the Stump Creek sediments.

We visually identified eight stratigraphic units within the top
1.5m of CQM-3 that we assume originated from storm
overwash events. The overwash deposits were identified by
their lithostratigraphy and supported by mean grain size.
Lithostratigraphic correlation of these sand layers show they
produce fan-shaped overwash deposits across the marsh. The
layers of overwash sand deposits were found interbedded in
salt marsh peat, silty peats and sandy muds across the marsh at
Cheesequake State Park. We group these salt marsh sediments
into two stratigraphic units based on their organic content and
mean grain size and correlate the units across transects
(Figure 3): (1) modern heavily rooted, brown peat that is
generally found within the upper 20 cm of sediment, if present,
with organic content ranging from 13 to 35% and a mean grain
size ranging from 6.7 to 4.3 ¢ (9.6-50.8 pm); and (2) gray to
brown silt with intermittent fluctuations in levels of detrital
organic matter and sand with organic content ranging from 1
to 22% and a mean grain size ranging from 6.5 to 3.7 ¢
(11.0-76.9 pm) (Figure 3).

Grain size analysis of samples taken downcore of CQM-4
show excursions of coarser mean grain size compared to
background peat and muddy peat sediments (Fig. S2). These
coarser sediments are assumed to be overwash deposits
originated from storm surge events. The mean grain size of
the overwash deposits is 3.6 (82.5 pm) + 0.8 ¢, while the peat
and muddy peats in the remainder of the core have a mean
grain size of 5.5 (22.1 pm) + 0.7 . The mean grain size and
depths of the overwash deposits in CQM-4 are consistent with
those of CQM-3. Therefore, we assume the overwash deposits
are laterally continuous across cores and create a fan-shaped
morphology. CQM-4 has more fluctuations in grain size
downcore than CQM-3. While these fluctuations were not
identified in lithostratigraphy, they demonstrate how fluctua-
tions in grain size may exist even when not identified in
lithostratigraphy.

During the year-long water level record from Cheesequake
Creek (December 1975 to November 1976, NOAA, 2021), the
highest gauge reading occurred on 10 August 1976 from a
large rainfall event created by Hurricane Belle, which passed
to the east of New Jersey (NOAA, 2021) (Fig. S1). No overwash
deposit was created at the Cheesequake marsh as a result of
the terrestrial rainfall flooding from Hurricane Belle. Another
water level gauge record from the same time period from the
much larger Raritan River, which opens to Raritan Bay roughly
4 km to the northwest of the mouth of Cheesequake Creek,
shows several high-water level events that are not associated
with any known storms in the region and are not found within
the Cheesequake Creek record (NOAA, 2021). Therefore, we
assume the smaller catchment size of Cheesequake Creek,
compared to that of the Raritan River, limits the ability of
terrestrial flooding events to create coarse-grained deposits
throughout the Cheesequake marsh.

Comparisons of the two cases of our age-depth model (one
run assuming constant sedimentation through time and one
run assuming sporadic and instantaneous sedimentation from

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

storm surges) show the deposition of overwash deposits does
not affect the age-depth model of CQM-3 (Fig. S3). Therefore,
we use the case assuming constant sedimentation to determine
the ages of the overwash deposits (Figure 4).

Overwash deposits of CQM-3
Overwash Deposit 1

The uppermost overwash deposit was found at depths ranging
from 1.11 to 1.23 m NAVD88 with thicknesses from 1 to 3 cm.
Overwash Deposit 1 was found in cores along Transects A, B,
C and E (Figure 3). The overwash deposit was thickest near
Stump Creek and the southwestern half of the marsh (e.g. cores
2, 8 and 19) and decreased in thickness towards the coast to
the northeast before pinching out 30-65 m along the transects.
This overwash deposit is a sand (95% sand) that is
sedimentologically distinct with a much coarser grain size
(2.4 /189 pm) and lower organic content (4.2%) than the
overlying and underlying sediments (6.8 ¢/9.0pm and
34-35%, respectively) (Figure 5). Geochemical indicators of
5'3C and C/N measured within Overwash Deposit 1 (~=21.7%o
and 5.2) did not differ from those in the underlying sediments
(=20.8%0 and 6.8). The number of foraminifera specimens
counted within the overwash deposit (144 tests per 5 cm®) was
lower than the overlying and underlying sediment (1480 and
464 tests per 5 cm?’, respectively) (Figure 6). The overwash
deposit and the overlying and underlying sediment had the
same foraminifera assemblage with high relative abundances
of salt marsh foraminifera species Tr. inflata, Entzia macres-
cens and Arenoparrella mexicana. Overwash Deposit 1 was
found at a shallower depth than any chronohorizons in CQM-
3 (Figure 7).

Overwash Deposit 2

The second overwash deposit in CQM-3 was found at
23-24cm depth. This overwash sand was found in cores
along Transects A and B (and potentially Transect E) (Figure 3).

Bchron age-depth model (mean and 95 % Cl)
Hurricane Sandy

4 BulkPb
201 & (137 [
Pb isotopes [ ]
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4 Radiocarbon
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Depth (cm)

=3
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%7
120 QQF

140

1500 1600 1700 1800 1900 2000
Year (CE)

Figure 4. Bchron age—depth model estimates with mean and 95%
confidence intervals. Colored markers indicate the timing and depth of
chronohorizons used as input in the age-depth model with horizontal
and vertical bars representing uncertainties in age and depth,
respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. Sedimentary and geochemical data including loss-on-ignition (%), mean grain size (), 3'>C, C/N and 8'°N of samples taken from CQM-
3. Yellow bands correspond to sand layers from overwash events. [Color figure can be viewed at wileyonlinelibrary.com]

Trochammina inflata Entzia macrescens Arenoparrella mexicana Ammonia tepida Haynesina germanica
Qm-3
0 — J—
1 = —
N— e
20  —
2 Pe—
3
' —_ —
401 5 _— —
= — - —
1=
= 60 — — o
>3
= — — - -
6 — . o —
&0 - - 3 P -
— ™~ - - [~
7 - = e —
100
= — —
8 r _— = o
120
0 40 80 0 40 80 0 40 80 0 40 80 40 80 0 500 1000 1500
% of Assemblage Total Count (per 5cm?)

Figure 6. Foraminifera data including total counts and relative abundances of species of samples taken from CQM-3. Colors of stratigraphic units
are consistent with Figure 5. [Color figure can be viewed at wileyonlinelibrary.com]

The overwash sand was not differentiable from other sand
deposits in the field but was distinguished by grain size
analysis. Stratigraphy shows the sands are thickest in cores
proximal to the coast (e.g. cores 3, 4 and 6) and thin inland to
the southwest before pinching out ~60m along transects.
Overwash Deposit 2 is a sand layer (78% sand) distinct from
overlying and underlying sediments by grain size. The over-
wash deposit has a coarser mean grain size (3.3 ¢/102 ym)
than overlying and underlying sediments (4.7 and 4.3 ¢/38.5
and 50.8 um, respectively) (Figure 5). Organic content
measured via LOI was consistent at 2.5-3.3% across the

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

overwash deposit. Geochemical indicators showed no sig-
nificant changes between the overwash deposit and surround-
ing sediments. Values of 3'>C were measured at —19.8 to
—22.1%o in the overlying and underlying sediments, while 3'*>C
within the overwash deposit was —21.0%o. C/N values followed
a decreasing trend across the deposit of 8.6, 5.2 and 1.8
above, at and below the deposit, respectively. Foraminifera
were sparse (<12 tests per 5 cm?) and entirely composed of salt
marsh species E. macrescens and Tr. inflata below the modern
peat boundary at ~20 cm depth (Figure 6). The foraminifera
assemblage remained consistently sparse until ~30 cm depth.
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Overwash Deposit 2 was found at the same depth of 23-24 cm
as two chronohorizons found in CQM-3 including (1) a peak
in 29°Pb:*°"Ph dated to 1975 +5 ct and (2) an initial increase
in '*’Cs dated to 1954 + 1 ct (Figure 7).

Overwash Deposit 3

The next overwash deposit recorded in CQM-3 was found at a
depth of 29-30 cm. This overwash deposit was found in cores
from Transects A and B (and potentially Transect E) (Figure 3).
In Transect A, the overwash deposit was not differentiated from
other sand layers in field stratigraphy. Overwash Deposit 3 was
more distinct in cores along Transect B, where it ranges in
thickness from 2 to 3 cm in cores proximal to the coast (e.g.
cores 5 and 6) before thinning and pinching off ~60 m inland
to the southwest. Overwash Deposit 3 is a sedimentologically
distinct sand (80% sand) with a coarser mean grain size (3.2 ¢/
109 pm) than surrounding sediments (6.1 and 3.7 ¢/14.6 and
76.9 um) (Figure 5). Organic content increased nominally in
the overwash deposit to 4.2% from 3.1 and 3.5% in the
underlying and overlying sediments, respectively. Indicators
for 8'°C values showed no change between the surrounding
sediments (-22.1 and -21.4%.) and the overwash deposit
(=21.3%0). Foraminifera remained sparse (20 tests of Ar.
mexicana, Siphotrocahmmina lobata and Tr. inflata per 5
cm?) in the overwash deposit and the overlying sediments
(Figure 6). However, the total count of foraminifera specimens
in the underlying sediments increased (240 tests per 5 cm?)
and had high relative abundances from species Tr. inflata,
Tiphotrocha comprimata, S. lobata and Haplophragmoides
manilaensis. This overwash deposit occurs between two
20%Pb:2°”Ph chronohorizons found in CQM-3 including (1)

an increase at 27 cm dated to 1965 +5 ct and (2) a decline
found at 40 cm dated to 1880 + 20 ct (Figure 7).

Overwash Deposit 4

The fourth overwash deposit captured in CQM-3 was found at
a depth of 32-33 cm. This overwash deposit was found in
cores along Transects A and B (Figure 3). The overwash deposit
was not differentiable from other sand layers in field
stratigraphy but was distinguished by grain size analysis. The
thickness of the sand layers, including Overwash Deposit 4,
was greatest in cores nearest to the coast (e.g. 3-6 and 9)
before thinning landward towards Stump Creek and pinching
out ~60m along transects. Overwash Deposit 4 is a
sedimentologically distinct sand layer (65% sand) (Figure 5).
Mean grain size of the overwash sand layer, measured at 4.2 ¢
(54.4 pm), exceeded that of underlying and overlying sedi-
ments (5.1 and 6.1 ¢/29.2 and 14.6 pm, respectively). Organic
content was consistent at 3.1-4.6% across the contact
separating the overwash deposit from overlying sediments. A
small peak in organic content to 9.7% was found in the
sediments underlying the overwash deposit at a depth of
34-35cm. The 3'°C value of Overwash Deposit 4 (~22.3%o)
did not differ from those measured in sediments above and
below the overwash deposit (-21.4 and —22.4%., respec-
tively). C/N values did not differ between the overwash deposit
and underlying sediments (10.5 and 8.9, respectively).
Foraminifera consisting of Ar. mexicana, E. macrescens, Ti.
comprimata and Tr. inflata were sparse (40 tests per 5 cm?)
within the overwash deposit and within underlying sediments
(Figure 6). The layer of sediment overlying the overwash
deposit contained higher numbers of salt marsh foraminifera
(240 tests per 5 cm?) consisting of Ti. comprimata and Tr.

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1-15 (2024)
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inflata specimens. This overwash deposit is found between the
same 2°°Pb:**’Pb chronohorizons as Overwash Deposit 3 in
CQM-3 (Figure 7).

Overwash Deposit 5

A fifth overwash deposit captured by CQM-3 was found at a
depth of 39-43cm. This overwash deposit is found in
Transects A and B but was not differentiable from overlying
sand layers in the field but followed the landward-thinning
morphology of younger deposits (Figure 3). Overwash Deposit
5 is a sand layer (71% sand) that is distinct from overlying and
underlying sediments by mean grain size (Figure 5). Mean
grain size increased from 5.2 ¢ (27.2 pm) in the sediments
underlying the overwash deposit, to 3.9 ¢ (67.0 pm) within the
overwash sand, and decreased again to 4.7 ¢ (38.5 ym) in the
sediments overlying the overwash deposit. Organic content
did not change between the overwash deposit (2.3%) and the
underlying sediments (1.3%). Values of '’C remained
consistent from —22.5%. below the overwash deposit, to
—22.2%o within Overwash Deposit 5, to —20.5%0 above the
overwash deposit. C/N values increased slightly from 4.7 and
3.9 within and below the overwash deposit, respectively, to
11.2 in sediments overlying the overwash deposit. Foramini-
fera were sparse within this overwash layer (56 tests per 5 cm?)
and within the surrounding sediments (24 tests per 5 cm’
above and below the overwash deposit) (Figure 6). The species
with the highest relative abundances in the overwash deposit
and the overlying sediments include Hap. manilaensis and Tr.
inflata. However, the overwash deposit also saw an increase in
the relative abundance of Ar. mexicana specimens compared
to the overlying sediments. The sediments below the overwash
deposit had an assemblage consisting of marine calcareous
Elphidium sp. and, to a lesser extent, Tr. inflata. This overwash
deposit occurs at the same depth as the decline in 2°°Pb:2%"Pb,
which was correlated to an age of 1880 + 20 ck (Figure 7).

Overwash Deposit 6

One of the thickest overwash deposits in CQM-3 was found at
a depth of 76-80 cm. This sand layer was found in cores along
Transect A, and sand layers at similar depths were found in
cores along Transects D and E (Figure 3). However, without
dating these cores, validating the correlation of the overwash
sand across transects is uncertain. Along Transect A, the
morphology of Overwash Deposit 6 followed that of Over-
wash Deposits 2-5. Overwash Deposit 6 is a sand layer (60%
sand) that is sedimentologically differentiable from overlying
and underlying sediments by grain size analysis (Figure 5).
Mean grain size throughout the sand layer was consistent at
4.4 ¢ (47.4 pm), while mean grain size of the underlying and
overriding sediments were finer at 5.9 and 5.6 ¢ (16.7 and
20.6 pm), respectively. Organic content increased slightly
within the overwash layer with depth from 4.3 to 7.7%, while
the organic content of the sediments in which the overwash
deposit was embedded had a consistent organic content of
5.2-5.6%. Overwash Deposit 6 displayed a negative excursion
in 3'>C at =32.1%. compared to surrounding sediments, which
had a range of —23.0 to —24.9%.. C/N values of the overwash

deposit decreased to 1.5 relative to surrounding sediments
(3.3-13.2). The foraminifera assemblage of Overwash Deposit
6 had a higher count (224 tests per 5 cm?) and a higher species
diversity than any of the younger deposits (Figure 6). Species
making up most of the assemblage include salt marsh species
Tr. inflata and marine calcareous species Haynesina germani-
ca, Haynesina depressula, Elphidium sp. and Ammonia tepida.
Foraminifera were also present in the sediments surrounding
the overwash deposit (120 and 248 tests per 5 cm’). Species
with the highest relative abundances in these sediments
include E. macrescens, Lepidodeuteammina ochracea, and
Tr. inflata. The overwash deposit lies between two pollen
chronohorizons; the chronohorizons include the ratio of
Quercus to Ambrosia pollen falling below 1.0 found at
74-75cm and dated to 1800 + 20 ce and the initial rise in
Ambrosia pollen found at 90-91 cm and dated to 1710 50 ct
(Figure 7).

Overwash Deposit 7

A seventh overwash deposit not identified within the
stratigraphy in the field was found via grain size analysis in
CQM-3 at a depth of 95-96 cm. Overwash deposits are found
at similar depths in cores along Transects C and D but cannot
be unequivocally correlated to Overwash Deposit 7 without
chronological analyses of those cores (Figure 3). Because this
overwash deposit was not identified as a unit in the field, its
morphology across the marsh is unknown. Overwash Deposit
7 is a sand layer (70% sand) that was differentiable from
surrounding sediments by grain size analysis. Mean grain size
of the overwash deposit was much coarser (3.9 ©/67.0 pm)
than the sediments in which the deposit is embedded (6.2 ¢/
13.6 pm below and above the deposit) (Figure 5). Organic
content of the overwash deposit (3.3%) was slightly lower than
that of the surrounding unit (6.0-8.4%). The value of 8'°C
measured within the overwash deposit (-22.2%.) was slightly
heavier than overlying and underlying sediments (-25.0 and
—22.8%o, respectively). C/N values were slightly lower in the
overwash deposit (3.6) than in surrounding sediments
(5.0-9.5). Foraminifera including Hay. germanica and Am.
tepida made up the highest relative abundances of the 464
tests per 5 cm® counted in Overwash Deposit 7 (Figure 6).
Sediments overlying the overwash deposit had higher relative
abundances of salt marsh foraminifera species including Tr.
inflata, Ti. comprimata and S. lobata within their 216 tests per
5 cm?. Sediments underlying the overwash deposit, on the
other hand, had a similar assemblage to Overwash Deposit 7
with 408 tests per 5 cm®. This overwash deposit lies between
the initial rise in Ambrosia pollen found at 90-91 cm and
dated to 1710 + 50 ct and the radiocarbon-aged sample found
at 108 cm and dated to 1640 + 30 ce (Figure 7 and Table 2).

Overwash Deposit 8

The oldest overwash deposit captured in CQM-3 was found at
a depth of 109-110 cm. Like Overwash Deposit 7, this sand
layer was not identified as a distinct unit during field work but
was later found via sedimentological analyses. Sand layers at
similar depths are found in cores along Transects C and D, but

Table 2. Radiocarbon sample depths and ages. All samples were dated by Beta Analytic.

CQM-3 depth (cm)  Laboratory no. Radiocarbon age (**C a)

Calibrated age (calendar a 8r + 20)

5'3C (%o, VPDB)  Dated material

108 Beta-630479 310+ 30 356 + 56 -13.7 Wood
123.5 Beta-630475 300+ 30 347.5 +80.5 -13.1 Wood
125 Beta-630477 310+ 30 381 +81 -13.4 Wood
© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1-15 (2024)
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the relationship of Overwash Deposit 8 to these sand layers is
unknown (Figure 3). The morphology of this overwash deposit
is also unknown. Overwash Deposit 8 is a sand layer (72%
sand) that was differentiated from surrounding sediments by
grain size analysis (Figure 5). Mean grain size of the overwash
deposit increased from 6.2 ¢ (13.6 pm) within the underlying
sediments, to 3.3 ¢ (102 pm) within the overwash layer, and
decreased again to 5.8 ¢ (17.9 pm) in the overlying organic
sediments. Organic content decreases slightly from 8.6% in
the underlying sediments, to 5.5% in the overwash deposit,
before increasing to 10.3% in the overlying sediments.
Geochemical indicators of 8'*C and C/N measured in Over-
wash Deposit 8 (=17.6%o and 14.4) differed slightly from those
measured in overlying (-22.8% and 5.0) and underlying
sediments (=19.4%. and 17.6). The foraminifera assemblage of
Overwash Deposit 8 was composed of the salt marsh species
Tr. inflata and Ti. comprimata, with a smaller component of
the marine calcareous species Am. tepida (112 tests per 5 cm?)
(Figure 6). The sediment overlying the overwash deposit had a
higher relative abundance of marine calcareous species
including Hay. germanica within its 296 tests per 5 cm?,
while the sediment underlying the overwash deposit had very
few specimens (16 tests per 5 cm?), which were entirely made
up of Tr. inflata and E. macrescens. This overwash deposit lies
between two radiocarbon-aged samples found in CQM-3 at
108 cm dated to 1640+30 ce and 123-124cm dated to
1650 + 30 ct (Table 2).

Discussion
Characteristics of overwash deposits

We rely on the fan-shaped morphology and coarser mean
grain size to classify the sand layers as overwash deposits at
Cheesequake State Park in northern New Jersey. Overwash
deposits found in back-barrier marsh environments have a
documented  fan-shaped morphology (e.g. Donnelly
et al., 2001b, Scileppi and Donnelly, 2007, Williams, 2009).
The sand layers found in CQM-3 follow the expected fan-
shaped morphology of an overwash deposit where they are
thickest near the coast to the northeast of the marsh and thin
landward to the southwest (Figure 3). The exception is the
uppermost overwash deposit from Hurricane Sandy. This
overwash deposit is thickest towards the southwest and thins
across the marsh to the northeast. Eyewitnesses observed
Hurricane Sandy’s storm surge flooding and overtopping the
banks of Stump Creek to the southwest of the marsh rather than
overtopping the coastal dunes to the northeast. Given that
Hurricane Sandy’s overwash deposit is composed of fine sands
(2.4 @) and is dominated by Tr. inflata foraminifera, we believe
the storm surge suspended and transported foreshore sedi-
ments through the mouth of Cheesequake Creek and into
Stump Creek.

Overwash deposits have a characteristically coarser grain
size than the back-barrier sediments in which they are
embedded, as overwash sediments typically originate from
foreshore environments and are transported by high-energy
storm surges (e.g. Brandon et al., 2014, Bregy et al., 2018,
Castagno et al., 2021). Modern analogue studies have
demonstrated overwash deposits of known storms possess
coarser grain sizes than underlying sediments (e.g. Hawkes
and Horton 2012, Brandon et al., 2014, Hong et al., 2018). For
example, Soria et al. (2017) described the sedimentological
characteristics of Typhoon Haiyan’s overwash deposit at sites
along the coast of Leyte Gulf, Philippines, after the storm made
landfall on Leyte Island in 2013. The overwash deposit left by

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Typhoon Haiyan had a larger mean grain than pre-Haiyan soils
throughout both a mixed siliciclastic—carbonate and a
carbonate-rich coast (Soria et al., 2017). Grain size was
similarly successful at distinguishing eight overwash events in
CQM-3 from autochthonous coastal sediments (Figure 5). The
overwash sediments in CQM-3 had a mean grain size of 3.6
(82.5 um) + 0.7 @, while autochthonous coastal sediments had
a finer mean gain size of 5.6 (20.6 ym) = 0.8 ¢. The coarser
mean grain size of the overwash deposits in CQM-3 is
consistent with that of modern sediments collected at Paul’s
Beach (2.0 /250 pm). The similarity in mean grain size
between the overwash deposits and modern beach sediments
supports the sediment source of the overwash deposits
originating from the foreshore.

The organic content of overwash deposits is lower than that of
the back-barrier sediments in which they are found given the high
minerogenic content of nearshore source environments compared
to the high organic contents of back-barrier environments (e.g.
Donnelly et al., 2004, Hawkes and Horton, 2012, Soria
et al., 2017). Organic content has been used to differentiate
overwash deposits from autochthonous, back-barrier sediments in
modern analogue and paleo-overwash studies (e.g. Kiage
et al., 2011, Horton et al., 2009, Joyse et al., 2023). For example,
Hawkes and Horton (2012) found overwash sediments from
Hurricane ke on Galveston and San Luis Islands, Texas, had a
lower organic content than underlying pre-storm sediments.
However, organic content was only successful at distinguishing
the overwash sediments of Hurricane Sandy and Overwash
Deposit 8 in the organic-rich sections of CQM-3, including the
top 20 cm of peat and the lower 15 cm of muddy peat (Figure 5).
In the intermediary clastic-rich sections of the core, the overwash
deposits did not differ in organic content from the autochthonous
coastal sediments.

Geochemical indicators, including 5'3C and C/N, have the
potential to record a marine signature from extreme flooding
events from storms and tsunamis (e.g. Lambert et al., 2008,
Pilarczyk et al., 2012, Das et al., 2013). These proxies capture
the isotopic signature of marine organic matter, which often
differs from that of terrestrial organic matter such that 8'°C
signatures are generally higher in marine organic matter versus
terrestrial organic matter (e.g. Lambert et al., 2008, Pilarczyk
et al., 2012, Das et al., 2013). However, the geochemical
indicators from CQM-3 did not display evidence of marine
inundation (Figure 5). The overwash layers found in CQM-3
had no positive excursion in 8'*C or decrease in C/N values
compared to the surrounding back-barrier sediments. The lack
of excursions in the geochemical indicators from CQM-3
could come from the fact that the Cheesequake salt marsh is
not isolated from marine inundation. Rather, the salt marsh,
which is located ~0.5 km from the mouth of Raritan Bay, is
inundated daily by tidal creek flooding from Stump Creek.
Therefore, the 8'3C and C/N values within the salt marsh
sediments probably come from a combination of marine and
terrestrial origins, and this dual origin masks the marine signal
of the overwash sediments.

Foraminiferal assemblages have been successfully used in
paleo-storm and modern analogue studies to identify the
marine provenance of overwash sediment from the brackish to
terrestrial signal of back-barrier sediments (e.g. Hippensteel
and Martin, 1999, Hawkes and Horton, 2012, Pilarczyk
et al., 2016). For example, the foraminiferal assemblage of
Typhoon Haiyan’s overwash deposit along the Leyte and
Samar coasts in the Philippines contained a high abundance of
marine calcareous foraminifera, which were absent from
underlying soils (Pilarczyk et al., 2016). Additional studies
have shown foraminifera have difficulty providing proxy
evidence of extreme overwash events due to bioturbation
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and low rates of preservation (e.g. Williams, 2010, Hippen-
steel, 2011, Hippensteel and Garcia, 2014). The sandy layers
found in CQM-3 align with the results of studies such as
Hippensteel and Garcia, (2014) and Horton et al. (2009), the
latter of which found an absence of foraminifera in the
overwash sediments of Hurricanes Katrina and Rita in salt
marshes along the Louisiana and Alabama coastlines. Sand
layers within CQM-3 that occur above ~40cm, including
Overwash Deposits 1-5, have nominal counts of agglutinated
salt marsh foraminifera species such as Tr. inflata, E.
macrascens and Ar. mexicana (Figure 6). Sediments below
40 cm display an increase in the diversity and abundance of
foraminifera present. Overwash Deposits 6 and 7 contain an
increase in calcareous marine foraminifera species such as
Am. tepida, Hay. germanica and Elphidium sp. over the
sediments in which they are embedded. However, the
foraminifera assemblage of Overwash Deposit 8 is again
dominated by agglutinated salt marsh foraminifera Tr. inflata
and Ti. comprimata. Modern sediment sampled from the
beach northeast of the marsh likewise contained no forami-
nifera tests, while sediment taken from Stump Creek contained
60 tests dominated by Tr. inflata specimens. Given the absence
of calcareous marine foraminifera from most of the sand layers
and from the modern beach sediments, we cannot ascertain
the marine source of overwash deposits in CQM-3 from
foraminifera. However, the presence of Tr. inflata in several of
the overwash deposits is consistent with the foraminiferal
assemblage of modern sediments collected from Stump Creek,
which suggests the storm surges that created these overwash
deposits also flooded the marsh via Stump Creek.

The sensitivity of the geologic record in preserving overwash
deposits is temporally variable as the coast responds to
geomorphological processes through time (Donnelly and
Webb, 2004, Liu, 2004, Wallace et al., 2014). Variations in (1)
the height and width of the coastal barrier, (2) the configuration
of tidal channels and inlets, (3) the height of relative sea level
and/or (4) the distance of the coastal barrier to the marsh can all
alter the likelihood of overwash sediments being deposited and
preserved in the geologic record (e.g. Donnelly, et al., 2001b,
Scileppi and Donnelly 2007). For example, Mattapoisett Marsh,
MA, has preserved a relatively high-resolution record of over-
wash events, with 30 overwash deposits over the last 2000 years,
compared to other back-barrier environments in the northeastern
US (Boldt et al., 2010). Boldt et al. (2010) suggest the higher
sensitivity of the site may be attributed to the lower height of the
barrier. Aerial images and historical maps show little morpho-
logical changes to the Cheesequake marsh over the instrumental
time period beyond the reconfiguration of Stump Creek with the
addition of access roads to Route 35 between 1943 and 1954
(U.S. Geological Survey, 1943, 1954).

Storm deposits at Cheesequake

We reconstructed the paleo-storm history at a back-barrier
marsh in Cheesequake State Park in northern New Jersey. This
geologic reconstruction extends the record of landfalling
cyclone activity in the region by ~300 years beyond instru-
mental tide gauge records. Eight and 11 major water level
events have been recorded above the 10% AEP level at the
Sandy Hook and Battery tide gauges, respectively. Of these
events, only four were also captured by the geologic record at
Cheesequake. Therefore, we can conclude the geologic record
at the Cheesequake marsh has a 36-50% preservation rate of
extreme water level events in excess of the 10% AEP of
occurrence level. This indicates that estimates of extreme water
level return periods from the geologic record at Cheesequake
marsh could underestimate the true value of those return

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

periods without considering the preservation bias of the
geologic record.

Overwash Deposit 1 is assumed to have resulted from
Hurricane Sandy’s flooding of the Cheesequake salt marsh
based on eyewitness accounts of Hurricane Sandy’s storm
surge. Additionally, Hurricane Sandy produced the highest
water levels ever recorded at the Sandy Hook and the Battery
tide gauges at 2.7 m above MHHW (NOAA, 2021) (Table 1).
Sedimentological evidence of Hurricane Sandy’s overwash
event has been found in cores obtained from Seguine Pond on
the southern coast of Staten Island, New York (Brandon
et al.,, 2014), and from Fire Island, New York (La Selle
et al., 2017). Brandon et al. (2014) found Hurricane Sandy’s
overwash deposit was the second coarsest event deposit found
at Seguine Pond, behind an overwash deposit produced by an
1821 ct hurricane. The increase in mean grain size and Dgg
recorded in Hurricane Sandy’s deposit at Seguine Pond
(Brandon et al., 2014) is consistent with the coarsening
observed in Hurricane Sandy’s deposit relative to surrounding
sediments at Fire Island (La Selle et al., 2017) and in CQM-3.

Historical storms that occurred during the estimated age
interval for Overwash Deposit 2 of 1963-1952 ce (26) and
produced extreme water levels at the Sandy Hook and Battery
tide gauges include (1) the Ash Wednesday Nor’easter of 1962,
(2) Hurricane Donna in 1960 and (3) a 1953 Nor’easter
(Table 3). Estimates from our age-depth model preclude the
landfall of Hurricane Belle in 1976, which made the highest
water level record at the brief Cheesequake Creek tide gauge
from high rainfall and terrestrial flooding (Table 3). Hurricane
Donna, on the other hand, held the highest water level record at
the Battery tide gauge at 1.5m above MHHW prior to
Hurricane Sandy in 2012 (Brandon et al., 2014). Hurricane
Donna’s overwash deposit has been identified via its coarser
grain size compared to surrounding sediments in cores taken
north of Cheesequake State Park at Seguine Pond, New York
(Brandon et al., 2014), and from Mattapoisett Marsh, Massa-
chusetts (Boldt et al., 2010, Castagno et al., 2021).

Paleo-overwash studies from back-barrier marshes in southern
New Jersey find small overwash fans that are attributed to the
1962 Ash Wednesday Nor’easter rather than Hurricane Donna
(Donnelly et al., 2004). The attribution of the southern NJ
overwash deposits to the Ash Wednesday storm over Hurricane
Donna originates from the fact that the Ash Wednesday storm
produced an extreme water level record at the nearby Atlantic
City tide gauge, while Hurricane Donna did not (Donnelly
et al., 2004; NOAA 2021). Based on the relative magnitudes of
the extreme water levels associated with the three candidate
storms, we attribute Overwash Deposit 2 to Hurricane Donna.

Overwash Deposit 3 has an estimated age between 1919 and
1951 ct (20) (Table 1), and two of the most extreme water level
events recorded by the Sandy Hook tide gauge fall within these
age bounds, including a 1950 Nor’easter and the 1944 Great
Atlantic Hurricane (Table 3). An unnamed hurricane from 1938
that produced an extreme water level record at the Battery tide
gauge also falls within the age bounds of the age-depth model.
Sedimentary records of the 1944 Great Atlantic Hurricane have
been identified in cores from Mattapoisett Marsh, Massachusetts
(Boldt et al., 2010, Castagno et al., 2021), and were suspected to
be captured in a back-barrier marsh in Brigantine, New Jersey
(Donnelly et al., 2004). However, without aerial photographs
from 1941 to 1950 c&, Donnelly et al. (2004) were not able to
determine if the Great Atlantic Hurricane of 1944, the 1950
Nor’easter or both were responsible for breaching the barrier at
Brigantine.

The 1938 hurricane did not produce a water level record
above the 10% AEP water level height at the Sandy Hook tide
gauge (NOAA, 2021). While the storm did produce a more
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Table 3. Overwash deposits within CQM-3 and corresponding age constraints (2o) from the Bchron age-depth model with a list of corresponding
storms that produced extreme sea-level events at the Sandy Hook tide gauge or found in regional paleo-storm proxy records that fall within the

uncertainty bounds of the age-depth model.

Bchron age-depth mode age estimates

Overwash deposit Minimum age (ck)

Mean age (ck)

Maximum age (ck) Possible overwash events

1 2012
2 1952 1957
3 1919 1941
4 1905 1929
5 1874 1893
6 1773 1777
7 1651 1693
8 1584 1630

Hurricane Sandy 2012

1963 Nor’easter 1962
Donna 1960

Nor’easter 1953

1951 Nor’easter 1950

Hurricane 1944
Hurricane 1938

1946 Hurricane 1944
Hurricane 1938
1923 Hurricane 1893
1810 Hurricane 1821*
Hurricane 1788
1731 Hurricane 1693
1658

*Hurricane 1821 falls outside of the age—depth model’s 26 age constraints for Overwash Deposit 6.

significant water height of 0.8 m above MHHW at the Battery
tide gauge, the storm is not within the top ten most extreme
water level events captured at the tide gauge (NOAA, 2021).
Despite the small surge produced by the storm, the overwash
deposit from the 1938 Hurricane has been documented in
coastal salt marshes from the mid-Atlantic to southern New
England (e.g. Donnelly et al., 2004; Boldt et al., 2010; Maio
et al., 2016; Castagno et al., 2021).

Overwash Deposit 4 has an estimated age between 1905 and
1946 ce (26). Two hurricanes that potentially produced Over-
wash Deposit 3, including the Great Atlantic Hurricane of 1944
and the Unnamed 1938 Hurricane, also fall within the age—depth
model’s estimates for the age of Overwash Deposit 4 (Table 3).

Overwash Deposit 5 has an estimated age between 1874 and
1923 ce (20) (Table 3). The only historical storm that falls within
this age range and has a documented storm track within 30 km
of the study site is an 1893 hurricane (NOAA, 2022). The storm
is reported to have produced an estimated 1.6-m storm tide in
New York Harbor from archived tide gauge data (Talke
et al., 2014). An overwash deposit from the 1893 hurricane is
notably missing from geologic overwash records from southern
New Jersey (Donnelly et al., 2004) and from Staten Island, New
York (Brandon et al., 2014). However, an overwash deposit
found in salt marshes in southwestern Long Island, New York,
has been attributed to the hurricane (Scileppi and Don-
nelly,, 2007). These neighboring paleo-records do not report
any other storms that fall within the age constraints of the
age-depth model that could be attributed to Overwash Deposit
5. Overwash Deposit 5 is also one of the thickest overwash
deposits found in CQM-3 at 4-cm thickness, which is in stark
contrast to nearby records where the deposit is not recorded.

Overwash Deposit 6 has an estimated age between 1773 and
1810 ce (20) (Table 3). This overwash deposit was probably
produced by a major hurricane that tracked northeast across the
states of New Jersey and New York into western New England
in mid-August 1788 ce (Ludlum, 1963, Scileppi and Don-
nelly, 2007). Boose et al. (2001) estimate the 1788 hurricane
was a Category 3 storm at landfall, and the storm surge in New
York City is estimated to have been 3 m relative to MSL (~2.2 m
above MHHW) (Donnelly et al., 2004, Scileppi and Don-
nelly, 2007). Sedimentary records from the 1788 hurricane are
found in back-barrier salt marshes in New York and southern
New England (Scileppi and Donnelly, 2007, Brandon
et al., 2014). Donnelly et al. (2004) also found evidence of a

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

pre-instrumental storm in southern New Jersey that could be
attributed to the 1788 hurricane or a later hurricane that made
landfall in 1821. Age constraints were not able to resolve which
of the two hurricanes (or if both) produced the observed
southern New Jersey overwash deposit (Donnelly et al., 2004).

Our age—depth model excludes the 1821 hurricane from its
26 uncertainty estimates, making the 1788 hurricane the more
likely source of the deposit, assuming our age—depth model is
accurate. However, it is important to note historical documents
show the 1821 hurricane produced extensive damage and
flooding throughout New Jersey, New York City and Long
Island, New York (Ludlum, 1963). As previously mentioned, the
1821 hurricane is also attributed to the coarsest overwash
deposit found at Seguine Pond, which is located across Raritan
Bay from the Cheesequake marsh (Brandon et al., 2014). Given
the coarse grain size of the 1821 storm’s overwash deposit
compared to Hurricane Sandy’s in 2012, it is estimated that the
1821 storm was of similar strength to Hurricane Sandy and
produced an even larger storm surge (Brandon et al., 2014).
Therefore, it is difficult to exclude the possibility that Overwash
Deposit 6 is not partly (in conjunction with the 1788 storm) or
entirely a result of the 1821 storm. A more reasonable
explanation may be that the 1821 hurricane is a candidate for
producing Overwash Deposit 6, and the age-depth model is
slightly biased at depth where larger uncertainties occur.

Overwash Deposit 7 has an estimated age of 1651 to 1731
ct (20) (Table 3), and a 1693 hurricane is the only documented
historical storm that occurs during this time period. This storm
produced changes in rivers and coastlines from Virginia to
Long Island, New York, in late October 1693 (Ludlum, 1963).
Overwash deposits in back-barrier marshes on Staten Island
and Long Island, New York, found via anomalies in grain size
have been correlated to the 1693 hurricane (Scileppi and
Donnelly, 2007, Brandon et al., 2014).

The final and oldest overwash deposit found in CQM-3 has
an estimated age of 1584-1658 ct (20) (Table 3) and pre-dates
all the historical and instrumental records from the region and,
therefore, originated from a pre-historic storm.

Conclusion

Geologic records can be used to extend records of landfalling
storm activity beyond instrumental and historical periods.
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However, understanding the preservation potential of geologic
records is essential to accurately determine the return periods
of extreme water level events from storms. Anthropogenic land
use changes in urban areas have made it increasingly difficult
to find and produce geologic storm records in these regions.

From a back-barrier salt marsh at Cheesequake State Park in
northern New Jersey, we identified eight overwash deposits
from extreme flooding events and constrained the ages of those
deposits to the timing of known coastal storms in instrumental
and historical records. In doing so, we found:

e Overwash deposits were identifiable by their fan-shaped
morphology and anomalously coarser grain size compared
to the back-barrier sediments in which they were embedded,
as supported by the mean grain sizes of modern beach
sediments.

e Extreme coastal storm flooding can originate from tidal
creeks as well as from the coast as seen with Hurricane
Sandy’s overwash deposit, which originated from Stump
Creek. This is further supported by the dominance of Tr.
inflata in many of the overwash deposits and in modern
sediments collected from Stump Creek.

¢ Organic content, geochemical indicators and foraminiferal

assemblages of the overwash sediments were unable to

verify a marine provenance for the overwash deposits.

The geologic record at Cheesequake was able to extend the

record of landfalling cyclone activity by ~300 years beyond

instrumental records in the region.

Age—depth modeling coupled with neighboring tide gauge

and paleo-storm records constrained the age of the seven

pre-Sandy overwash deposits such that each deposit was
attributable to one to three storms.

Based on the four overwash deposits found within the
overlapping time period between the Sandy Hook and Battery
tide gauges and the Cheesequake geologic record, we
conclude the geologic record at Cheesequake has a 36-50%
preservation rate of extreme sea-level events above the 10%
AEP of exceedance level calculated from tide gauge data. This
has implications for return intervals determined based on
geologic records in the region in that those records may
underestimate the true number of extreme water level events.
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Figure S1. Hourly tide gauge data from Cheesequake Creek
in green and Raritan River in blue.
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Figure S2. Mean grain size (¢) comparison from CQM-3 and
adjacent core CQM-4. Yellow bars indicate overwash layers
identified in CQM-3.

Figure S3. Bchron age-depth model results with 26 un-
certainty levels. Colored markers indicate the timing and depth
of chronohorizons used as input in the age-depth model with
horizontal and vertical bars representing uncertainties in age
and depth, respectively. Gray curve shows model results when
continuous sedimentation is assumed (primary model used in
text), and green curve shows model results when instantaneous
sedimentation from storm surges is assumed.

Abbreviations. AEP, annual expected probability; ETC, extratropical
cyclone; GIA, glacio-isostatic adjustment; LOI, loss on ignition;
MHHW, mean higher high water; RSLR, relative sea-level rise; TC,
tropical cyclone.
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Appendix 1
Chronology methodology

Levels of '3”Cs in CQM-3 were measured in bulk (1-cm-thick)
samples every 2 cm via gamma spectroscopy at East Carolina
University. The initial increase in '*”Cs activity indicates when
fallout from the beginning of nuclear weapons testing became
detectable in salt marsh sediments in 1954 ce (Ritchie &
McHenry, 1990). The subsequent spike in '*’Cs activity shows
where levels of nuclear weapons testing peaked in 1963 ct and
thereafter began to fall as a result of the 1963 Test Ban Treaty
(Ritchie & McHenry, 1990).

Concentrations of Pb are assumed to reflect changes in the
production, consumption and subsequent emission of Pb in
the USA throughout the 19th and 20th centuries (Graney
et al., 1995, Kemp et al., 2012). Samples were analyzed by
ICP-MS at the Meadowlands Research & Restoration Institute.
Given the tendency for heavy metal pollutants to be closely
associated with organic content in cores (Vane et al., 2009,
Kemp et al., 2013), bulk Pb concentrations were normalized to
organic matter measured via LOl in CQM-3. The chronohor-
izon in bulk Pb was assigned to a depth corresponding with
peak Pb concentrations in CQM-3 following Lima et al. (2005),
Kemp et al. (2012, 2013), Gobeil et al. (2013) and Walker
et al. (2021).

Pb isotopic ratios (*°°Pb:*°”Pb) were measured in bulk (1-
cm-thick) samples every 4 cm from CQM-3 at University of
Georgia’s Center for Applied Isotope Studies to provide
additional historical chronohorizons to constrain the
timing of sedimentation within the core. Samples were
prepared by heating sediments at 375 °C for 5 h to burn off
any organic carbon. Approximately 50 mg of crushed and
homogenized sediment from each sample was treated with
an HNO3-HCl acid attack to solubilize any anthropogenic
Pb from the sediments (Graney et al., 1995). The Pb-
containing leachate was separated and prepared for stable
Pb isotope analysis following the procedures of Simbo et al.
(2019). Stable Pb isotope measurements were completed
using an ICP-MS (Nu Plasma Il). Stable Pb isotope
chronohorizons were assigned to depths in CQM-3 follow-
ing Lima et al. (2005), Kemp et al. (2012, 2013) and Gobeil
et al. (2013).

Palynomorphs (pollen grains and fern spores) were extracted
from 1-cm-thick sediment samples collected every 4 cm from
CQM-3 and prepared for counting at the University of
Minnesota’s Continental Scientific Drilling Facility following
the procedure of Bennet and Willis (2002). A total of 300
pollen grains were counted from each sample to find the
relative abundance of Ambrosia and Quercus pollen. Three
pollen chronohorizons were assigned to depths in CQM-3
following Christie et al. (2021).

Radiocarbon ages were produced from organic material
sampled below 100 cm within CQM-3 to constrain the age of
the oldest overwash deposit within the core. In situ woody
plant materials were extracted from sediments within the core
and were cleaned of any contaminating sediments or younger
roots under a microscope (e.g. Kemp et al. 2013). Cleaned
samples were dried overnight at 45 °C and measured for dry
weight (Kemp et al. 2013). Samples were submitted to Beta
Analytic, where samples underwent an acid-base—acid pre-
treatment before being analyzed via accelerator mass spectro-
metry. Reported radiocarbon ages and their uncertainties
(Table 2) were calibrated using the INTCAL20 dataset (Reimer
et al., 2020).

J. Quaternary Sci., 1-15 (2024)

ASUAOIT SUOWIIO)) 9ANEAI) do[qedrjdde ayy Aq pauroA0 a1e sa[onIe Y ash JO SI[NI 10f AT1RIqIT SUIUQ AJJIAN UO (SUONIPUOD-PUL-SULIA) /W0 K[ IM' ATeIqI[outuo//:sd)y) suonipuoy) pue suo [ oY) 39S “[$70z/S0/6] uo Areiqi auruQ Ao[ip ‘soreiqry AisioArun) s1o8iny £q 7z9g sbl/zo01°01/10p/wos Aafim Areiqriour[uo//:sdny woij papeo[umod 0 ‘LIH16601


https://oceanservice.noaa.gov/hazards/sealevelrise/noaa-nostechrpt01-global-regional-SLR-scenarios-US.pdf
https://oceanservice.noaa.gov/hazards/sealevelrise/noaa-nostechrpt01-global-regional-SLR-scenarios-US.pdf
https://oceanservice.noaa.gov/hazards/sealevelrise/noaa-nostechrpt01-global-regional-SLR-scenarios-US.pdf

	The preservation of storm events in the geologic record of New Jersey, USA
	Introduction
	Study area
	Storm surges in northern New Jersey

	Methods
	Site selection and stratigraphy
	Sedimentological analyses
	Geochemical analyses
	Foraminifera analyses
	Chronology

	Results
	Identifying and dating overwash deposits at Cheesequake Marsh
	Overwash deposits of CQM-3
	Overwash Deposit 1
	Overwash Deposit 2
	Overwash Deposit 3
	Overwash Deposit 4
	Overwash Deposit 5
	Overwash Deposit 6
	Overwash Deposit 7
	Overwash Deposit 8


	Discussion
	Characteristics of overwash deposits
	Storm deposits at Cheesequake

	Conclusion
	Acknowledgements
	Data availability statement
	Supporting information
	References
	Appendix
	Chronology methodology





