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Introduction

Low-lying coastal towns in the eastern United States are experiencing an uptick in flooding
(Sweet and others, 2018). Floods result from elevated tides caused by tropical storms,
hurricanes, northeasters, precipitation, and, increasingly, nuisance flooding from high
spring tides and blow-in tides (also called high-tide flooding, sunny-day flooding). (Ruocco
and others, 2011; Sweet & Marra, 2016; Sweet and others, 2018; Moftakhari and others,
2018). The Town of Slaughter Beach, Delaware (Town), on the Delaware Bay is no
exception. The Town is on the shoreline of Delaware Bay (Bay) and lies on a sandy barrier
with an extensive salt marsh separating it from the upland that is about 2 kilometers to
the west. Town residents and written reports indicate flooding comes from both the bay
and marsh sides of the barrier (DNREC DCP, 2018; Carey and others., 2009, Friedlander
and others, 1977). Water from the Bay floods the barrier when storm surge and waves
breach protective dunes. From the marsh side of the barrier, tidal water from Cedar Creek
(CC) and Slaughter Creek (SC) (Figures 1 and 2), flows in channels and ditches, then on the
marsh platform towards
the barrier. The first areas
to have nuisance flooding
are typically Lighthouse
Road, Cedar Beach Road
(CBR) and Slaughter Beach
Roads (SBR) (Figure 2),
Marina Lane, and the
backyards of properties
on the west side of Bay
Avenue. When tidal
water rises and reaches
the buildings on the west
side of Bay Avenue and a
few people need to
evacuate, it is considered
moderate flooding. As the
water rises, water
overtops Bay Avenue, first
flooding the low elevation
areas on the east side of
Bay Avenue in the
northern part of Town and
Figure 1. Regional hydrologic components and locations of event ~ then other areas. At that
gages (CC, CM, PH) and Lewes meteorological station (DLEW) and ~ water level and higher,
tide gage. Slaughter Beach delineted in orange. Arrows are flow  major flooding occurs.

directions for Cedar and Slaughter creeks and locations of
Mispillion River and Roosevelt inlets.



A lack of drainage during
and after large
precipitation events s
another cause of nuisance
flooding in the northern
part of Town (between
Beach Plum Road and
Bridgeham Avenue). The
area has many closed
depressions that trap
water. Also, Bay Avenue is
at a higher elevation than
adjacent land to the east,
so drainage is inhibited,
resulting in ponded water.

The key drivers of this
study were Town flooding
from a large northeaster
(Winter Storm Jonas) in
late January 2016, an
increase  in  nuisance
flooding, and flooding of
the Towns access roads
that makes them
impassable and isolates
the Town. The January

Figure 2. Subregional hydrologic components and northeaster caused major

instrumented sites. Orange line is Slaughter Beach. flooding in Town.
Referring to the nearby

Lewes tide gage (Figure 1) that has been active for many years, Jonas is now the storm of
record in terms of high water level. This surpasses the high-water mark during the Great
Storm of March 1962. The 1962 storm had a longer duration and still stands as being more
destructive. Another concern was the impact of large breaches in the dunes on the barrier
(Figure 3) about five kilometers south of Town in the Prime Hook National Wildlife Refuge
(Refuge) near Fowler Beach Road. The breaches were open from 2009 to 2016 allowing
hydraulic connection between the Bay and Slaughter Creek that flows north into Town. It
was not clear if the breach had an impact on Town and that is explored in this report as a
similar situation is likely to occur in the future somewhere on the barrier. Similar breaches
should be expected to occur during large storms in the Town or along the shoreline south
to the Broadkill River.

These observations, predictions, and the Towns concerns, resulted in this project, initiated
in 2019 by Delaware Geological Survey (DGS) and Delaware Department of Emergency
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Management Agency (DEMA) with funding
from the Delaware Department of Natural
Resources and Environmental Control
(DNREC), and support from the Town. This
project examines the causes and pathways of
flooding Town from the marsh side of the
barrier.

Back-barrier flooding in the Town is similar to
flooding in other towns on the US Atlantic and
Gulf Coasts and their adjacent estuaries, where
a thin barrier beach is exposed to a large body
of water on one side (e.g., Delaware Bay) and
back-barrier tidal waters on the back side (e.g.,
salt marsh with tidal channels). The back-
barrier floods when tidal water breaches the
dunes on the ocean/bay side of the barrier
and/or tidal water flows from the
marsh/lagoon side onto the barrier.
Precipitation is a compounding factor in the
flooding. Nuisance tidal flooding is expected to
increase in frequency due to relative sea level
rise (Sweet and others, 2018), the combined
global sea level rise and land subsidence rates.
Relative sea level rise at Lewes is currently on
the order of 5.6 millimeters per year. The rate
of sea level rise is expected to increase through
time and result in a sea level between 0.5 to
1.0 meters higher by the year 2100 (Callahan,
and others, 2017).

y 8/2009

-

Figure 3. Time sequence of dune breaching
at Prime Hook National Wildlife Refuge.
More information is given in Appendix F.
The largest breaches occurred in Unit 2 of
the Refuge. Breaches were open from
November 2009 to March 2016.

There are several reports related to flooding in the Town. Friedlander (1977) addresses
flooding from two major storms in 1962 and 1974. More recently, DNREC DCP (2018)
issued a report outlining the flooding problem and potential mitigation/adaptation
strategies that could be used by Slaughter Beach to be a more resilient community
regarding flooding. A survey of Town citizens indicated when and where flooding occurred.
Another report proposed some solutions to drainage problems for towns on the Delaware
Bay coastline including Slaughter Beach. (URS, 2014).

This report focuses on back-barrier flooding initiated from the marsh side of the barrier
and does not explicitly explore flooding through dune breaches, but the topics overlap and
are compounded by flooding due to precipitation. For discussion in the report, we adopt
the National Weather Service (NWS, 2021) definitions of floods based on severity:



Minor Flooding: Minimal or no property damage, but possibly some public threat.
Moderate Flooding: Some inundation of structures and roads near water bodies.
Some evacuations of people and/or transfer of property to higher elevations.
Major Flooding: Extensive inundation of structures and roads. Significant
evacuations of people and/or transfer of property to higher elevation.

Another term being used more frequently is “nuisance flooding,” essentially minor
flooding without public threat. A good definition of nuisance flooding is given by
Moftakhari, and others (2018)

Nuisance flooding refers to low levels of inundation that do not pose significant
threats to public safety or cause major property damage, but can disrupt routine
day-to-day activities, put added strain on infrastructure systems such as roadways
and sewers, and cause minor property damage.

Nuisance flooding is a term used most often for tidal-water flooding in coastal areas, but
Moftakhari and others (2018) propose a broader definition that incorporates any type of flood:

A nuisance flood has a water depth greater than three centimeters and less than
ten centimeters and causes little to no property damage .

Using the latter definition, the flooding in Slaughter Beach that frequently occurs due to
precipitation events is considered nuisance flooding. The frequent tidal flooding on Cedar
Beach Road, Lighthouse Road, Marina Lane, and homes on the west side of Bay Avenue is
also nuisance flooding. A shift to the minor flooding category could be the closing of either
Cedar Beach Road or Slaughter Beach Road. Inundation surrounding houses on the west
side of Bay Avenue and/or closing both roads with little property damage could be
considered moderate flooding. Major flooding would be initiated when tidal water enters
structures and/or crosses Bay Avenue.
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Study Area

The Town of Slaughter Beach, Delaware (Town) is an
incorporated town located in Cedar Creek Hundred in
northeastern Sussex County, Delaware on the west
shoreline of Delaware Bay (Figures 1 and 2). It is located
eleven kilometers east of Milford and six hundred
meters south of Mispillion River Inlet. The Town
occupies the northern part of a 23-kilometer-long
estuarine barrier beach that extends from Roosevelt
inlet in Lewes to the Mispillion River Inlet, north of
Town. The Town is bordered by wetlands to the west
and Delaware Bay to the east. In Town, the sandy
barrier is 4.9-km long and 100 to 200 meters wide. The
barrier beach environment is part of the low-lying
Atlantic Coastal Plain physiographic province. Land
surface elevations do not exceed 4.1 meters on the
barrier. The natural environment is an estuarine barrier
beach and back-barrier salt marsh. The barrier beach
consists of a low-lying back barrier, sand dunes, and a
sand & gravel beach.

Table 2. Roads within designated . .
& There is an extensive

regions of interest.

tidal flat in the north part

Figure 4. Regions of Interest. Areas
in white font and area borders in

Area Street distance*
(kilometers)  Of town that is about 500
£ BeachPlumRd na meters wide. The salt marsh encompasses 98% (5,180 hectares) of
e ’F‘,"a””a La“eD na the total land area (5,273.5 hectares) of the Town. To facilitate
+ Passwaters Dr na . . . .. .
€ | ighthouse Rd na discussion, the Town is split into five areas, far-north, north,
Beach Plum Rd 0 central-N, central-S,
Evans Dr 0.19
_C
£ Verkes Dr 0.45 and south bounded
€ Cohee Dr 0.70 by roads. (Figure 4;
Marvel Dr 0.94 Table 2)'
Z Marvel Dr 0.94
‘E Bridgeham Ave 1.19 Key hydrologic
8 Harrison Ave 1.40 features are Cedar
" Harrison Ave 1.40 Creek Slaughter
© N Delaware Ave 1.66 ’ R
£ Pavillion st 2.50 Creek, Mispillion
© Slaughter Beach Rd 2.55 River, Delaware Bay, a
Slaughter Beach Rd 2.55 salt marsh platform
S Delaware Ave 2.70 dissected by natural
Cedar Ave 2.80
S Sussex Ave 2.90 channels, and a dense
3 Maryland Ave 3.01 set of man-made
Virginia Ave 3.28 ) A : ;
Simpson Ave see mosquito ditches. Figure 5. The meandering old Cedar Creek
southern gate 391 Precipitation is about S readily visible in this 1961 aerial

* distance south from Beach Plum

Road in kilometers 1,118 millimeters per

photograph.



year (44 inches per year) and is evenly distributed throughout the year. Precipitation is expected
to increase about 5% in a warming climate (DNREC, 2014).

Cedar Creek and Slaughter Creek are tidal creeks that flow through the salt marsh about
0.8 kilometers from and subparallel to the barrier (Figure 2). At that location they are
artificial canals. Cedar Creek extends 15.5 creek kilometers (creek distance is measuring
while following the creek) upstream from its mouth to its tidal headwaters at Swiggetts
Pond and discharges to the mouth of the Mispillion River. Slaughter Creek flows into Cedar
Creek. Slaughter Creek extends south of Slaughter Beach and subparallel to the coastline
for 3.5 kilometers to the natural upstream creek. From there, within the Prime Hook
National Wildlife Refuge (Refuge), the creek is hydraulically connected via several
unnamed channels to the Broadkill River, Roosevelt Inlet and Delaware Bay in Lewes,
Delaware (Figure 1). Roosevelt Inlet is 20.1 creek miles south from Slaughter Beach Road.
For convenience, names have been assigned to the four largest tidal channels in the salt
marsh west of Town (Figure 2). These channels are, from north to south, Clarks Gut
(named for an historical tavern in Cedar Beach), Sheps Gut (named after Sheppards Island),
old Cedar Creek, and Todds Gut (named after Todds Island). Old Cedar Creek is the
channel that was abandoned after the Cedar Creek channel was rerouted to the Mispillion
River in the late 1800s (Figures 2 and 5).

Figure 7. Soils map. Muddy transquaking soils

Figure 6. Geologic Map (Ramsey, 1993). are in the salt marsh (blue). Soils on the barrier
Tidal flat (blue outline) interpreted from are mostly sandy Arcguongo soils (pink).
2011 aerial photograph. Orange line is (NRCS, 2021).

Slaughter Beach boundary.



Figure 8. 1842 Navigation aid. a) Cedar Creek and b)
Slaughter Creek discharge directly to Delaware Bay
(red arrows). There are several small tidal channels in
the marsh (thin lines and blue arrows). (UCGS, 1842)

The surficial geology consists of
the sandy, Pleistocene Scotts
Corners Formation, Recent
muddy marsh deposits, and a
Recent gravelly sand barrier
(Figure 6). The sediments of
Slaughter Beach were deposited
in a nearshore marine and
estuarine environment, on sand
and gravel beaches, and in muddy
salt marshes. All these
environments are  migrating
landward in response to sea-level
rise (Kraft and others, 1976). Soils
overlie the geologic formations.
Soils on the barrier are mapped as
Arcguongo-Beach complex, fine-
and medium- grained sands
(Figure 7).

The built environment of the
Town consists of houses and
outbuildings, a fire station, three
water-pumping stations,
commercial marine-related
operations, and three main roads.
Over 90% of the lands suitable for
development in Town already
have  structures on  them.
Buildings are located primarily on
the sandy barrier with some
structures on uplands and fill in
the far north and possibly north
areas of Town. Bay Avenue (Road

204), the main road in Town, runs north-south and intersects two access roads that span
the salt marsh and creeks to connect with the mainland, Cedar Beach Road (Route 36) in
the north and Slaughter Beach Road (Road 224) in the south (Figure 2) The Town has
above- and below-ground utilities, no central sanitary sewer, and little storm water

infrastructure.



Historical Context

To understand the present-day
hydrology, it is useful to put it in a
historical  context. Historical
information shows large
modifications to local hydrology. In
1842, Cedar Creek and Slaughter
Creek flowed directly into Delaware
Bay (Figure 8). In 1849, the first Cedar

\ﬂ‘
1884 5, N~
Figure 10. In 1884, Cedar Creek was cut off from

Delaware Bay, so all water flowed through the canal,
(now known simply as Cedar Creek) to the Mispillion
River. Slaughter Canal exists from south of Fowler
Beach to north of Slaughter Beach Road, but it is not
yet connected to Cedar Creek. (UCGS, 1842)

Cedar
Creek ™
Figure 9. Cedar Creek and Slaughter Slzt:gle'llt(er ~ I;oev;l:;r

Creek discharge directly to Delaware
Bay. Cedar Creek Outlet allows Cedar
Creek to partially flow to the Mispillion
River. There’s no connection between
Cedar and Slaughter creeks as there is
today.

Figure 11. 1918 Topographic Map (USGS,

1918).
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Creek Outlet was dug in 1849 (Milford Historical Society, 1998) and is seen on a map from
1868. It allowed some of Cedar Creek water to flow into the mouth of Mispillion River
(Figure 9). The natural channel (Old Cedar Creek) was left to fill in but was still connected
to Delaware Bay at this time. Slaughter Creek also still discharged to Delaware Bay. In 1884,
old Cedar Creek was cut off from Delaware Bay (Figure 10), so all water flowed through
the Cedar Creek Outlet to Mispillion River. Slaughter Canal existed at this time from south
of Fowler Beach Road to north of Slaughter Beach Road, but it was not yet connected to
Cedar Creek. It was fully connected by 1918 (Figure 11). Projecting on to modern maps,
old Cedar Creek flowed through the barrier between Bridgeham and Harrison avenues in
the central-N area. GPR was used to locate where old Cedar Creek crossed present-day
Bay Avenue (Figure 12). A contrast in radar reflection-character identifies the channel in a
profile parallel to Bay Avenue .Old Cedar Creek has dimensions that compare favorably to
the range of width and depth of Cedar Creek at the Cedar Beach Road bridge The relevance
of this is that new inlets tend to open where old inlets existed. In the marsh, prior to the
1930s, there were only a few small tidal channels (Figure 8). In the 1930s, the Civilian
Conservation Corps dug ditches in marshes all along the east coast of the US (Figure 13).
That is

Figure 12. a) Subsurface radargram from ground-penetrating radar (GPR)
survey. Red outlines old Cedar Creek sediments. Dimensions for deposit
given; b) location of the radargram (red) and estimated historical location of
Cedar Creek
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FigL/e 13. The densé netV\;rkof ditches in the
back-barrier marsh was primarily dug by hand
in the 1930s by the Civilian Conservation Corps.

when most of the dense network of ditches
at Slaughter Beach (Figure 14) were dug. The
ditches are not seen in a 1926 aerial
photograph but are evident on a photograph
from 1937 (poor quality so not shown).
Some ditches were cleaned and widened in

Figure 14. A dense network of ditches in the the 1970s (Drew, 1981).

marsh is evident on this topographic map from

1949. The ditches still exist but later editions of gq historically, Cedar and Slaughter creeks
the map do not show them (USGS, 1949). had their tidal interaction with Delaware Bay

via small natural inlets that were prone to
silting closed (late 1800s). The new outlet for Cedar Creek is much larger and deeper than
the old one. The digging and connecting of Cedar Creek Outlet and Slaughter Neck Ditch
(now Slaughter Creek) changed both creeks to discharge to the Mispillion River. By 1937,
more ditches were dug to connect Slaughter Creek to Primehook Creek. Eventually the
connection was made to the Broadkill River where water could discharge into Delaware
Bay at Roosevelt Inlet. It is 21.5 creek miles from Mispillion Inlet to Roosevelt Inlet. From
the confluence of Cedar and Slaughter Creeks, it is 3.2 and 20.1 creek kilometers to
Mispillion River and Roosevelt Inlet, respectively. It is 4.9 creek kilometers from Slaughter
Beach Road to Fowler Beach Road where some large barrier breaches existed.

Another piece of historical information relevant to this project is that a narrow-gauge train
(Figure 15a) ran between ‘Milford and Cedar Beach” to haul materials for the construction
of Fort Saulsbury (Milford Historical Society, 1998; Bennett, E., 2022). It is not clear if the
tracks ended at Fort Saulsbury or continued to the barrier (Figure 15b). If so, the local
track would lie entirely on the Scotts Corners Formation, the most suitable place with no
underlying Holocene mud. Sand was mined on the barrier to use in fort construction
(Milford Chronicle, 1919a, 1919b). A mined area is apparent on aerial photographs from
1926 and 1937 (Figures 15b, c and d). The mined area is visible by the dark-colored mud
exposed by mining that contrasts with light-colored barrier sand. The fort had donkeys
(Bennett, E. 2022) and maybe other beasts of burden they could have mined sand to a
maximum depth of about four meters before encountering the underlying mud. A simple
calculation compares the volume of sand mined to the volume of sand used at the fort.
Mined sand volume is calculated from the dimensions from the aerial photo and geologic
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knowledge. Fort
dimensions come from
recent aerial
photographs, description
of wall thicknesses, and a
list of materials used
(Bennett, E, 2022) The
calculation indicates that
the volume of sand used
for construction of the
fort is of the same order
of magnitude as the
volume of sand mined on
the  barrier. The
relevance to the Town
today is that the area
between Bridgeham
Avenue and Beach Plum
Road is not underlain by
natural barrier sand. Itis
underlain by fill brought
in from an unknown Figure 15. a) In the 1910s, a narrow-gauge train connected the City
location sometime of Milford with Cedar Beach to supply materials for construction of
between 1937 and 1968. Fort Saulsbury. b) & c) 1926 aerial photographs. The circled areas
This fill will have different 7€ interpreted as sand mines that served in construction of the fort.
Mining exposed dark-colored mud under light-colored sand. d) The

hydrogeological CF e e ) )
strip mine is still evident in a 1937 aerial photograph.

properties than the
native barrier sand including probable lower infiltration capability. This also takes away
our ability to understand and predict the subsurface using a conceptual geologic model.
The fill can be any texture and any degree of compaction based on what was used and how
it was put in place. This is a classic problem in hydrogeology at reclaimed surface mines.
It is not unusual for workers to mix construction materials, shrubs, and trees in with the
sediment as they place the fill. Today we call these debris pits and they can cause local
subsidence as materials rot away in the subsurface.

Methods

Units

All measurements are presented in S| units (with a few exceptions where it makes sense
to use imperial units like describing drilling and well installation, and using published
maps). All elevations are presented in meters using the NAVD88 vertical datum prescribed
by the National Geodetic Survey (NGS). All map coordinates are given in Delaware State
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Plane coordinates in meters as specified by the Delaware
Department of Technology and Information. Map
coordinates use the NAD83(2011) horizontal datum.

Elevation

A digital elevation model (DEM), real-time network GPS,
and an auto-level were used to determine elevations. The
DEM is based on LiDAR data collected for the state of
Delaware in 2014 and was used to determine land surface
elevations, including for the marsh platform. The DEM
data in the marsh were corrected (in the marsh only)
using a neural network technique to minimize the known
positive bias in marsh elevations. The stated accuracy of
the DEM is less than eight centimeters. Real-time
network GPS was used for elevations of site measuring
points and land surfaces at all instrumented sites.
Surveyed elevations have vertical accuracy of two centimeters. Surveyed map coordinates
have an accuracy of less than five centimeters. An auto level was used to acquire precise
and accurate relative elevations between Wells A, B, and C with an accuracy of less than
0.5 centimeters.

Figure 16. Typical sites. a) and b)
upland. c¢) marsh and d) creek.

Sensors and data loggers

Sensors were deployed in the marsh to capture time series data (Table 1). Solinst Level
Loggers that measure and log water level, conductivity, and temperature were installed at
all marsh sites (c01, ¢100, c101, ¢102, c103, c104, c106) and in all Wells (A, B, C, and D).
The channel sites had stilling wells constructed from 2-inch PVC pipe (Figure 16c and d).
Upland sites (u01 to uO7) were installed by University of Delaware Center for
Environmental Monitoring and Analysis (CEMA) prior to this project and were
instrumented with HOBO water level and temperature loggers (Figure 16a and b). CEMA
also installed channel site cO1 and installed a HOBO logger. For this project, the c01
instrument was replaced by a Solinst logger. All instruments collected measurements at
12-minute intervals.

Other datasets

Data were acquired from several sources. Water level data were acquired from the United
States Geological Survey (USGS). Data were downloaded for the tide gage named “USGS
01484235 Cedar Creek near Slaughter Beach, DE” located at the bridge on Cedar Beach
Road. This is referred to within as site USGS. These data were collected at a six-minute
time interval. Data were also downloaded for three USGS event gages deployed to capture
data during Winter Storm Jonas in January 2016. The data acquired are from sites “Cedar
Creek Boat Ramp” (USGS DESUS04413), “Cedar Creek Marina at Route 1 (USGS
DESUS04435)”, and “Slaughter Cr near Fowler Beach Rd” (USGS DESUS11648). Water
level, conductivity, and temperature were acquired from DNREC Coastal Programs for site
SCBR (Slaughter Creek Bridge at Slaughter Beach Road). Meteorological data for sites DSLB

14



Table 1, Project site information.
easting”™ northing” water

site ID land reference . description
(m) (m) ) elevation
surface  point
(m)
c01 208217.40 104208.42 na 0.98 1.64 Cedar Creek at Boat Ramp
c100 208496.65 103596.69 0.43 0.86 0.67 large channel at curve in N. Bay Ave.
c101 208574.93 103312.02 0.52 1.23 0.24 marsh near 600 Bay Ave
c102 209072.31 102004.58 0.31 0.89 0.29 marsh near Delaware Ave N
c103 208358.22 102789.38 na 1.18 0.58 large channel near Sheppards Island
c104 208936.37 102432.25 0.92 0.9 0.39 channel at walkway, west of Bay Ave., near Bridgeham
c106 209308.79 100820.94 0.79 1.767 0.58 Slaughter Creek, north of SBR" bridge
SCBR 209386.60 100717.51 1.82 -1.78 1.28 bridge over Slaughter Creek on SBR
USGS 208061.60 103793.60 na 0 1.54  CBR" at Cedar Creek bridge (USGS 01484235)
cc 208267.08 104291.23 na 0 2.02  Cedar Creek Boat Ramp (USGS DESUS04413 )
cM 205356.40 97344.00 na 0 1.13 Cedar Creek; Marina at Route 1 (USGS DESUS04435)
PH 213020.91 97177.53 na 0 0.95 Slaughter Cr near Fowler Beach Rd (USGS DESUS11648)
uol 207116.07 103881.67 0.79 0.8 na Cedar Beach Road at curve sign
u02 208368.50 103675.16 0.82 0.83 na Cedar Beach Road at Slaughter Beach sign
u04 208662.16 103116.12 0.71 0.72 na near Cohee Ave, west of Bay Ave.
u05 209549.80 101370.69 0.76 0.79 na Slaughter Beach Park, northeast
u06 209660.35 101255.02 0.73 0.76 na PHNWR' sign at Slaughter Beach Road
uo7 210501.24 100386.28 0.85 0.91 na 202 Bay Ave. northwest of well house
WellA 208955.09 102483.87 0.81 0.44 0.30 well, ear Bridgeham Ave. DNREC Permit: 273073
WellB 208993.70 102505.66 0.62 0.38 na well, near Bridgeham Ave. DNREC Permit: 273072
WellC 209058.26 102519.31 1.52 0.65 0.83 well at Bridgeham Ave. DNREC Permit: 272726
) WellD 210066.07 100999.69 3.72 4.33 0.73 well at Maryland Ave. DNREC Permit: 272727
DLEW 222466.50 87069.40 na na na DEOS" weather station at Lewes (University)
DSLB 209528.00 101341.80 na na na DEOS weather station at Slaughter Beach

A Delaware State Plane coordinates using the NAD83 datum.

* meters using North American Vertical Datum of 1988 (NAVDS88)
' Prime Hook National Wildlife Refuge

" SBR = Slaughter Beach Road; CBR = Cedar Beach Road

and DLEW were acquired from the Delaware Environmental Observing System at the
University of Delaware. Bathymetry for part of Cedar Creek and acoustic Doppler
velocimetry data for Cedar Creek were acquired from DNREC.

Aerial photography, boundaries, transportation, hydrology and a soil map were accessed
through FirstMap, a GIS server run by the Delaware Department of Technology and
Information (DTI). Other layers were available from the Delaware Geological Survey
internal repository. Information for the lithologic logs used to modify the location of the
paleovalley was available from the DGS WATSYS database and related sources.

Groundwater

Four wells were installed to investigate the hydrology of the water-table aquifer. The 2-
inch PVC wells with 2-foot screens were installed in boreholes drilled using the hollow-
stem auger method. They were finished with gravel pack from the bottom to 1-foot above
the well screen and bentonite grout to the land surface. The wells were developed by
surging the water in well with compressed air.

GPR
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A two-objective ground penetrating radar survey was conducted along road edges to
identify subsurface drainage pipes and the edges of old Cedar Creek and Paleo-Cedar
Creek, a mud-filled paleochannel that lies under the barrier. Data were collected using an
UtilityScan instrument from Geophysical Survey Systems, Inc. (GSSI) and evaluated using
GSSI Radan Data Processing Software from GSSI. The GPR specifications indicate a
maximum depth of penetration of twelve meters but in practice, the signal attenuated in
our survey. So, we did not get to the depth of penetration needed to image the banks of
the paleovalley because of a shallow depth of penetration and noise in the radar returns.

Analysis
Data were primarily analyzed using MATLAB, R, and ArcGIS software. GPR data were
evaluated using GSSI RADAN software.

Geomorphology

The primary geomorphic features in the study area are a salt marsh, a barrier, and a tidal
flat. All of these environments are migrating landward in response to sea-level rise. For
example, water washes over the barrier during a storm, erodes sand, and carries it to the
salt marsh where it is deposits a washover fan. The barrier sands on the Delaware Bay
coast are thin, rarely greater than three meters

thick with the majority being less than 2 meters

thick (Kraft and others, 1976). At the height of

glaciation, about 14,000 years ago, when sea

level was over one hundred meters lower, the

shoreline was 140 kilometers east of its present

location, out on the edge of the present-day

continental shelf (Kraft and others, 1976).

During this time, rivers incised into the existing

pre-Holocene sediment. In the study area the

pre-Holocene sediment is the Scotts Corners

Formation. As sea level rose in the Holocene,

the ravines were filled with sediment, mostly

muds deposited in lagoons and salt marshes.

A mud-filled paleovalley like this underlies the
Town and present-day Cedar Creek (Figure 17;
Richter, 1974). The geometry of the Richter
(1974) paleovalley was slightly modified in this
project based on lithologic logs from boreholes
drilled after the 1974 study. With the
modifications, the width (parallel to the
shoreline) decreased by 900 meters to 1.2
kilometers at the barrier. The width, defined by the 30-foot contour, encompasses the

Figure 17. Thickness of muds in the
paleovalley. Reinterpretation of Richter
(1974) map based on additional borehole
data. Original contours shown in white where
they were modified.
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Figure 18. Digital Elevation Model.

area between Yerkes Drive and a
location 100 meters south of Harrison
Avenue. This mud-filled paleochannel
increase the rate of land subsidence due
to the consolidation of the thick mud.
Consolidation is due to the overlying
weight of the landward migrating
barrier and to anthropogenic loads like
buildings and beach replenishment.

Along with land subsidence is global sea-
level rise. The sum of these two is
relative sea-level rise, the quantity that
has a direct impact on coastal
communities. Regionally, Delaware’s
land surface is subsiding at a rate of
about 3 millimeters per year. Adding on
the widely-accepted global sea-level rise
of 1.7 millimeters per year results in
relative sea level rise of about 4.7
millimeters per year. Over the
paleovalley we expect local subsidence
will increase. As sea level rises and land

subsides, flooding becomes more prevalent on the barrier. A practical use of this

Figure 19. Defined regions of interest used to calculate

elevation statistics.

information is that any new
buildings being constructed
should anchor their pilings
in the sediment below the
thick muds. (Kraft, 1976).

Elevation is the prime
descriptor for geomorphic
features of the land surface
and was evaluated along
with subsurface geology to
provide the framework for
understanding  hydrology.
The digital elevation model
(DEM) (Figure 18) is an
excellent source of
elevation data with an
accuracy of about 10
centimeters. The area was
split into regions of interest
to evaluate land-surface
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elevation patterns (Figure
19; Table 3). Cumulative
probabilities for the areas
are given in Figure 20. There
is a distinct rise in the
elevation of Bay Avenue and
the region east of Bay
Avenue (Figure 21). In some
of the north area, elevations
on the east side of Bay
Avenue are about 0.2 m
lower than Bay Avenue
(Figure 21). There is a muddy
Figure 20. Probability of land surface elevation (water tidal flat north of Harrison
elevation) for site USGS) being less than the corresponding Avenue (Drew, 1981) in the
elevation on the x-axis. The dashed vertical line is the one-
meter high-water criterion. USGS peaks represents the peak
high tide elevations.

central-N and north regions.
The elevation of the offshore
area decreases towards the
south from -0.04 to -1.09 meters with the largest change in elevation near Harrison Avenue
in the central-N area (Figure 22).The dunes are lower in the north and central-N areas and
higher in the south and central-S areas. (Figure 23).

The above can be summarized by region as:

far north: low dunes, wide, muddy tidal flat, overlies Pleistocene deposits

north low dunes, wide, muddy tidal flat, north of Cohee Drive and thick mud-filled
paleovalley south of Cohee Drive

central-N: low dunes, muddy tidal flat, overlies thick mud-filled paleovalley

central-S high dunes,, no muddy tidal flat, overlies thin muddy paleovalley

south high dunes,, no muddy tidal flat overlies Pleistocene deposits

Some of the elevation patterns can be explained by the process of the barrier migrating
over the salt marsh and the presence of the paleovalley. The paleovalley is greater than
9.1 meters (30 feet) thick under the barrier between Harrison Avenue and Yerkes Drive. It
is thickest (12 meters [50 feet]) between Bridgeham and Harrison avenues in the central-
N area. Rosati (2009, 2010) evaluated the impacts of a barrier migrating across
compressible sediment (Figure 24) using numerical modeling. She found that where there
is consolidation of underlying compressible sediment there are lower dune elevations (up
to one meter lower) and increased overwash events. She also concluded that the amount
of consolidation increases with the thickness of the mud. The position of the paleovalley
occurs in the same location as lower dune elevations is consistent with this model.
Overwash events have not been documented for the north area. A set of aerial
photographs from 1926, 1937, 1954, 1961, and 1968, show no evidence of overwash
deposits north of Bridgeham Avenue. There may have been overwash events not captured
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Table 3. Elevations for specified areas (Figure 19). All areas bounded on north and
south by Cedar/Slaughter Creek, Mispillion River, Delaware Bay, and a line
perpendicular to Slaughter Creek at the southern end of Town.

. standard | . .
Location mean . .. minimum maximum range
deviation

N of Cedar Beach Rd b1.24 0.37 -0.83 3.39 4.22
W of Bay Ave i 1.18 0.31 -0.32 2.63 2.94
E of Bay Ave, W of beach; North _(% 1.96 0.57 -0.81 4.02 4.83
E of Bay Ave, W of beach; South _g- 2.29 0.58 0.91 4.06 3.15
Bay Ave | 1.67 0.26 1.09 2.62 1.53
upland combined i 1.67 0.42 -0.83 4.06 4.89
beach 0.91 1.02 -0.80 3.837 4.63
marsh 0.56 0.17 -0.90 2.247 3.14

A Beach includes foredune. Marsh includes small areas in marsh with woody vegetation.

by aerial photos or the Mispillion River jetties blocked incoming waves. Also the tidal flat
protects the north and central-N areas. So we have documentation (see belowO for
washovers in the southern half of the central-N area and the central-S and south areas but
not the north. So these observations are somewhat inconsistent with the Rosati (2010)
model. But the Rosati 2010) model did not include protective structures nor a tidal flat, so
we should not expect it to fully recreate scenarios like at Slaughter Beach.

Another geomorphological feature are the closed depressions between Bridgeham

Avenue and Beach Plum Drive in the north and central north-N areas (Figure 25). The

depressions have diameters from eight to thirty-two meters and are consistently located
five to seven meters east of
the Bay Avenue centerline.
These are a product of
uneven compaction of fill
that was placed in the old
sand mine. The composition
of the fill is unknown but
were likely very
heterogeneous in grain size,
material and compaction
when installed.

The thickness of barrier
sands influences storage of
groundwater, an important
buffer against the longevity

Figure 21. Elevation profile for Bay Avenue and East of Bay of floodwaters flowing or

Avenue. The latter is a profile between the dunes and the road ponding on the barrier. To

(~front yards). Marsh elevation is a nominal value for get at the thickness, we can
comparison. look at geologic processes.
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The tidal flat naturally has
the lowest elevation of the
present geomorphic
features. In the past, the
barrier was bayward of
the tidal flat and there was
a salt marsh in the
present-day location of
the barrier and tidal flat.
With sea level rise, the
present-day marsh is
expected to be at a higher
elevation than the tidal
flat. But this tidal flat is a
remnant of an older salt
marsh that has had a
heavy load (the barrier)
migrate over it so should
have an even lower

Figure 23. Map of land-surface elevation of dunes. a) Close-up of the transition from high dunes
in the south and low dunes in the, b) north and c) south.

elevation than the marsh Qualitative tests of consolidation clearly indicate that the tidal
flat is much stiffer sediment than the marsh. Since the tidal flat and underlying paleovalley
sediments have already been compressed and are now only compressing under their own
weight, it makes sense that, at a first approximation, the maximum elevation of the base
of the barrier sand is the tidal flat elevation.
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Figure 24. Schematic drawing of the barrier migrating over a compressible mud-filled paleovalley
towards the marsh. The labels, top (red) and bottom (blue), indicate the outline of the barrier
sand at increasing times t1 through t4. Migration is a result of a rising sea level. The barrier moves
by depositing sand in washover deposits on the marsh. The weight of the sand imparts a stress on
the underlying muds, and they are consolidated. This results in an increase in overwash events
and lowering of dune elevation. Original subsurface contour refers to the top of the compressible
mud at time zero. The darkest gray represents the present shape of the barrier sand. Modified
from Rosati (2010).

Water Inputs and Outputs

Flooding water sources are tidal salt water from Delaware Bay, fresh water from Cedar
Creek and Slaughter Creek, and precipitation falling directly on the barrier, tidal channels,
and adjacent salt marsh. Water from Delaware Bay enters the system at two locations. The
closest one is at the confluence of Cedar Creek and the Mispillion River at Delaware Bay,
1.5 kilometers northeast of the bridge on Cedar Beach Road. The other connection to
Delaware Bay is at Roosevelt Inlet in Lewes, 20.1 kilometers south of Slaughter Beach
Road. Large breaches in the barrier (Figure 3) in Refuge Unit Il near Fowler Beach Road
(Figure 1) were open from November 2009 to March 2016. The breaches are two creek
kilometers south of Slaughter Beach Road. Another source for Delaware Bay water for the
marsh and barrier is through breaches in the dunes during major storms. Fresh water
enters the study area from Cedar Creek Watershed..

Groundwater and Depression Storage

Water is stored on/in the barrier as groundwater and depression storage. Depression
storage occurs when the precipitation rate is greater than the infiltration rate or the
water table rises to the surface and local topography allows the water to form ponds.
These areas are frequently flooded after precipitation events.
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Figure 25. Closed depressions on
the back barrier (red) surrounded
by higher elevations= (green)

Classified DEM.

The aquifer reacts
similarly at all well
locations when
stressed with

precipitation and the
tide (Figure 27). This
indicates the wells are
in the same aquifer. Of
note is that site c104
has a higher water
elevation than well A,
the closest well. This
gradient indicates flow
from marsh towards
the barrier during this
spring tide. The tidal
signal is very damped in
the wells. There is

a

Slaughter Beach is underlain by a fresh-water lens of
groundwater comprising the water-table aquifer. The
aquifer recharges by infiltrating precipitation and
discharges to Delaware Bay and the back-barrier marsh.
As stated above, an estimate for the base of the aquifer is
the elevation of the tidal flat. This is a thin aquifer that
limits the storage available when compared to barriers
underlain by thick sands. The depth to the water table
ranges from about 0.2 to 0.5 meters west of Bay Avenue
to 1.5 meters under the dunes (Figure 26). In installed
wells, the water table was never shallower than 20
centimeters from the land surface.

Where sands overlie the Scotts Corners Formation, that
formation is also part of the water-table aquifer. Typical
for sand and gravel aquifers, the aquifer has high
permeability and storage capacity. There are additional
deeper aquifers in this area, but they are isolated from
the water-table aquifer at the decadal to centennial time
scales by muddy marine deposits. The public supply wells
serving Slaughter Beach pump from three wells in the
Frederica aquifer at depths ranging from 82 to 116 meters
and one well at the base of or below the water table
aquifer (27-35 meters). The pumping does not influence
water levels in the newly installed wells.

Figure 26. Depth to Water in three water-table wells.
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hydraulic gradient driving water
from well C to well A (133 m
apart apart). The hydraulic head
(water elevation) at well C is
higher than at well D (Figure 27)
but there is an opposite
relationship for land surface
elevation, contrary to typical
situations but certainly not
unique. Both wells are near the
highest areas on the barrier, so
we expect the heads in the wells
are close to the maximum head

Figure 27. Water-table elevation for Wells A, C, D in the aquifer. A consistent
and water elevation for sites USGS and c104. explanation is that the tidal flat
near Well C restricts

groundwater discharge to Delaware Bay.

Figure 28 shows the water table response to a 118-millimeter precipitation event during a
time of high water-elevation. At wells C and D, the water table rose 0.4 meters, with water
in well D rising faster than Well C. At Well A, near the discharge area, the water table rose
only 0. 1 meters and this is typical for wells in discharge zones.

The relationship of surface water to groundwater near Well A indicates the hydraulic
gradient switches between flow onshore and into the marsh. The tidal effect in the
groundwater is weak and does not occur for every tide. The elevation of marsh tidal water
shows the water elevation at site c104 is sometimes higher and sometimes lower than well
A (Figure 29).

Near wells A and B, the aquifer sometimes functions as a confined aquifer instead of an
unconfined aquifer. (A confined aquifer has head above the top of the aquifer. It is
confined by a low permeability confining layer.) Evidence for this is the occurrence of
sand boils near Well B (Figure 30). As
the water table rises it meets the
base of the confining layer and
water pressure begins to increase. If
the confining unit is thin, the water
under pressure can break through
and carry sand to the surface. In
summary, Slaughter Beach is
underlain by an unconfined
water-table aquifer that is weakly
coupled with tidal waters. This
sand and gravel aquifer has high

Figure 28 Hydraulic head (water elevation) for three permeability and storage

wells and site USGS.
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Figure 29. Hydrographs for Well A and site c104.

properties. The closed depression in the north and central-north areas may have a
low permeability layer near the surface that restricts infiltration and groundwater
recharge. In some areas west of Bay Avenue, the aquifer is semiconfined by thin
layers of mud. The depth to the water table is 0.2 to 0.5 meters west of Bay Avenue

and 1.5 meters under the dunes.

Internal Flow Paths

Tidal flow in Cedar and Slaughter creeks are the
largest purveyors of water at 22 to 66 meters wide
and two to ten meters deep at Slaughter Beach
Road and Cedar Beach Road, respectively. Flow
towards the barrier from Cedar and Slaughter
creeks primarily occurs in four tidal channels, Clarks
Gut, Sheps Gut old Cedar Creek, and Todds Gut
(Figure 2). These are two to five meters wide and
0.5 to two meters deep. On a regular tide these guts
deliver water to the back barrier. As the tide height
increases, flow propagates into the myriad ditches.
There are about one to two meters wide and less
than one meter deep. The smaller ditches are
covered with vegetation. Flow occurs in many of
the ditches during daily tides but there are some
that only flow during the highest spring and storm

Figure 30. This is a photograph of sand
on grass with a 2-ft survey stake fir
scale. These are sand boils on the west
side of Bay Avenue. These occur when
there is a thin low permeability layer
overlying an aquifer that had increased
groundwater pressure from a rainfall
event. A pulse of sand and water breaks
through the low-permeability layer.
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tides. As water flows in the ditches, it also begins flowing from the heads of ditches onto
the marsh platform. Here the flow starts to be controlled by elevation on the marsh
platform. Centimeter differences in elevation that control flow are important but difficult
to characterize. (Temmerman, 2005). As the tide continues to propagates, it behaves as
overland flow. Once it is deeper than about 3 centimeters and covers a large area it
becomes three-dimensional flow. At high spring tides, water flows onto the fringes of
upland west of Bay Avenue as overland flow. Bay Avenue is elevated above adjacent lands
and inhibits flow eastward over the road. But in moderate to major storms with higher
tides, water flows over Bay Avenue as overland flow and then is only inhibited by the
higher elevation of the dunes. At that point, the water will continue to rise, flowing three-
dimensionally until water levels in the marsh start to recede and flow reverses. If the
dunes are breached by Delaware Bay water will flow over the barrier into the marsh and
return to the Bay via Cedar Creek or back through the new inlets. At that point, the system
becomes an open, three-dimensional surface water system that includes all tidal channels
and ditches, Cedar Creek, Slaughter Creek, and Delaware Bay.

Precipitation on the barrier infiltrates into the surficial aquifer, runs off as overland flow,
or becomes ponded in depression storage. Groundwater is recharged as infiltrating water
reaches the water tables and discharges from the barrier to tidal creeks, Delaware Bay,
and the land surface. Ponded water, groundwater and surface water are transferred to the
atmosphere by evapotranspiration. Overland flow occurs when the rainfall rate overtakes
the soils infiltration rate (unsaturated overland flow) or when the water table rises to the
land surface (saturated overland flow). Overland flow then runs off as surface water, is
stored in local depression storage (puddles), infiltrates, or discharges to surface water or
the marsh. Groundwater flooding likely occurs in places on the west side of Bay Avenue
during and after precipitation events when the water table rises above the land surface
creating saturated overland flow. There is a capillary fringe above the water table that is
saturated but has negative pressure (small spaces between sediment particles “attract”
water to them). The capillary fringe thickness can be up to about 2 meters with a smaller
thickness in sand (0.2 to 0.4 meters) than in muddy sediment (0.8 to 2.4 meters) and all
values in between for mixtures of sand and

mud.

Tidal Characteristics

The driving force for tides in the study area is
Delaware Bay. Tidal water enters the hydrologic
system at Mispillion River Inlet, 1.7 kilometers
north of Cedar Beach Road and Roosevelt Inlet
in Lewes, 20.1 creek kilometers to the southeast

Figure 31. Hydrographs for flow path
1Clgrk (USGS-c100-c101) and site c106
for comparison.
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Table 5. Results of analysis for attenuation of the tidal wave. (Figure 1). Both inlets
are connected to
parameter c100 c101 c102 c103 cl04 c106 Delaware Bay and are
mean attenuation of peak
water elevation (m)
standard deviation of pek
water elevation attenuation 0.09 0.06 0.15 0.11 0.07 0.14

027 081 057 029 029 050 reinforced by two
jetties. From

Mispillion River Inlet,
Cedar Creek connects

(m)
i to the northern

mean Percent attenuat'lon of a4 g7 g8 49 18 24
peak high water elevation (%) boundary of the study
tandard deviati f
standar : EVIDa iono 14 6 23 19 1 23 area at Cedar Beach
attenuation (%) Road (Figure 2) where
mean peak water elevation(m) 0.34 0.12 0.08 0.30 0.32 0.18 there is a tide gage

USGS peak wat site USGS). From
mean ©obo peatwater 061| 093 | 065 | 060 | 061 | 067 | | )
elevation for matching time (m) Roosevelt Inlet, the
number of data points 132 17 10 137 139 418 connection is via the

Broadkill River,
unnamed tidal channels in the Refuge, and Slaughter Creek. Slaughter Creek enters the study
area from the south at Slaughter Beach Road. Cedar Creek and Slaughter Creek in the study area
are artificial channels. The channel in the northernmost reach of Cedar Creek (north of the bridge
on Cedar Beach Road) and the channel in Mispillion River Inlet are maintained by dredging. Cedar
Creek is about sixty meters wide, but the width increases to 210 meters at its mouth. Cedar
Creek, north of Cedar Beach Road is mostly about six meters deep but depth increases to sixteen
meters at the mouth and just north of Cedar Beach Road (six meters deep). South of Cedar Beach
Road, the depth of Cedar Creek is about two meters in the study area. Slaughter Creek is about
one to three meters deep.

As noted above, the main flow paths from Cedar/Slaughter creeks are Clarks, Sheps, and
Todds guts and old Cedar Creek. Clarks Gut and Sheps Gut channels were instrumented.
Todds Gut had an instrument in a ditch away from the channel and near the barrier (c102).
Figures 31-33 are time series of water elevations grouped by flow path useful for
understanding attenuation of the tide and the lag time of the tidal wave. The flow paths
are actually Clarks Gut, Sheps Gut, Todds
Gut, and old Cedar Creek., but in practice
we define flow paths based on our data
locations. The flow paths are: Clarks flow
path (USGS-c100.-c101; Figure 31), Sheps
flow path (USGS-c103-c104-c102; Figure
32), Todds1 flow path (USGS-c102; Figure
33), Todds2 flow path (SCBR/c106-c102;
Figure 33), and Thorns flow path (USGS-

Figure 32. Hydrographs for flow path Sheps
(USGS, ¢103, ¢104, and c102.
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c106) Figure 31). Figures 31-33 are just
examples to give the reader a sense of the
relationships between sites, analyses that
use the full data set below.

Tidal datums and peak water elevations
(i.e., high tide) are convenient ways to
characterize the tide as they can be
compared to salt marsh and upland
elevations and are used by wetland
researchers and managers. Tidal datums
were calculated for sites located at
different distances from the barrier
Figure 33.. Hydrographs for flow path Todds1 (Table 4). The tidal range is 1.25 meters
4(USGS-c102), Todds2 (c106-c102) and Thorn at Cedar Beach Road (USGS) and the
(USG5-c106) range is attenuated to 0.77 meters at
Slaughter Beach Road (SCBR). Sites USGS and SCBR on the primary creeks, and c104 in
Sheps Gut near the barrier have mean higher-high water (MHHW) datums of 0.72, 0.44
and 0.18 meters, respectively. Another way to characterize the tide is analyzing the
distribution of water elevation. A cumulative distribution function for water elevation
shows the elevation distribution for a site and allows comparisons between sites (Figure
34). It shows the probability of water elevation being less than the value on the x-axis.
The probability here can also be thought of as the percentage of time. Of note is the
shape of the curves especially relative to site USGS. In this plot, the tidal range decrease
as the slope increases, so USGS has a relatively high elevation range compared to the
other sites. The curves for c100 and c103 are nearly equivalent. Both are in relatively
wide and deep channels (Clarks Gut and Sheps Gut, respectively) compared to ditches,
but thinner and shallower compared to Cedar Creek. Site c100 is 0.86 kilometers from
Cedar Creek and 1.33 kilometers from site
USGS. Site c103 is 0.47 kilometers from Cedar
Creek and 1.44 kilometers from site USGS. The
similar distances from USGS and similar
channel widths (about 3.5 to five meters for
¢100 and four to 4.5 meters for c103) result in
a similar elevation distribution, even though
there is a 0.97-kilometer difference in their
flow paths within Cedar Creek. Surprisingly,
site 104 near the barrier also has a similar
distribution to ¢103 and c100. It is in the same
channel as c103 (Sheps Gut), but the channel,
near the barrier, is much smaller at c104. Site
c106, at the southern boundary of the study

area, near site SCBR, the curve shifts to the Figure 34 Probability of instantaneous water

elevation being less than the corresponding x-
value.
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right at c103 and c104, indicating a skew
towards higher water levels at c106 at
those percentages.

We can also examine just the high-tide, or
peak, elevations (Figure 35). The figure
can be interpreted to characterize the
amplitude and range of high-tide peaks.
Data for site USGS indicate that 99% of
high-tide water elevations are less than
1.0 meters, a value used below as one of
the criteria to define high-water events
.99% of high tides are less than 0.5
meters at sites c100, c103, and c¢106 and less than 0.32 meters at c104. Ranges of high-
tide peaks can be found by choosing two probabilities for one site and subtracting the
lower from higher elevation. This range is not the “tide range” but the high-tide peak
range. Choosing 10% and 90%, site USGS has a peak range of 0.55 meters and c104 has a
peak range of 0.3 meters. This information indicates that both the high tide peaks and
peak range decrease away from site USGS. Attenuations of the tidal wave away from site
USGS are given in Table 5. As seen above, sites 100, c103, and c104 are similar with the
tidal wave attenuating by 44-49% of the USGS value. Sites c101 and c102 as they are in
small ditches near the barrier tides can either attenuate or amplify when entering a

F}'gure 35.  Probability that peak water
elevation at a site is less than the

Figure 36. Scatter plots of water elevations for site USGS and sites a) c104, b) c103, c) c100, and d)
c106.
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Table 6. Time lag of high tide at given site from USGS. subestuary, depending
mean min max distance on the geometry and
mean ) . ) . .
site time la wave time time fromsite sediment type. All signs
(hour: speed lag lag USGS at  Slaughter Beach
(m/s)  (hour) (hour) (kilometer) indicate the tide
c102 EY 0.4 2.0 4.3 2.71 amplitude is attenuated
- . .
c103 1.3 0.4 06 1.7 1.46 with distance from the
- sources.
cl104 2.2 0.3 1.2 3.1 2.21
r
c106 e 13 05 26 4.57 Water elevations can be

directly compared
between sites using scatter plots. Water elevations at four sites are plotted against USGS
water elevation collected at the same time (Figure 36). Sites c100, c103, and c104 have a
strong linear relationship with USGS because the sites are exhibiting the same tidal forcing
imposed on the north end of the hydrologic system. Site SCBR hints at a linear relationship
but there is much more scatter. This scatter results from a Zcomponent of tidal forcing
from the south end of the hydrologic system (Slaughter Creek at Slaughter Beach Road).
In general, marsh elevation decreases to the south from 0.6 to 0.8 meters near site USGS
to 0.3 to 0.5 meters near site SCBR. This is in agreement with the elevation distribution of
marshes along the Murderkill River where elevation decreases moving upstream away
from Delaware Bay (McKenna, 2018). It is unclear if this relationship is natural or results
from the widespread ditching in both marshes. The preferred elevation for optimal growth
of low salt-marsh vegetation (Spartina alterniflora) is between mean sea level (MSL) and
mean high water (MHW). MSL, MHW, and MHHW are 0.09, 0.63, and .072 meters at USGS
and 0.08, 0.39, and 0.44 meters at SCBR. So, at site USGS, the marsh and other areas are
above MHHW. At SCBR, part of the marsh is between MSL and MHHW in many areas it is
high. This is due to bias in the LiDAR used by vegetation not being fully removed by the
algorithm.

Another important characterization addresses tidal forcing in the south part of the study
area. Are tides in the marsh solely driven by the forcing at Mispillion Inlet or does forcing
from Roosevelt Inlet impact the marsh from the south? If from the south what is the
relative strength of the north versus south force? As a first pass, we assume that only the
north forcing is significant because Roosevelt Inlet is 21 creek kilometers from the study
area and Mispillion Inlet is only 1.5 kilometers away. Tidal waves lose energy due to
friction in a channel. Slaughter Creek is about 22 meters wide and in the Refuge the
channels are about 20 meters wide. The long distance and friction dampens the tide
before it enters the study area. The amplitude of the tidal wave from the south will be
mostly attenuated before it enters the study area, similar to how the tide in Cedar Creek
is attenuated.

The time lag is the time it takes for peak high tide to get from site USGS to other sites
(Table 6). Of note is the time lag for site c106. The tidal wave reaches this location before
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Figure 37. Water elevation (top) and electrical conductivity at site SCBR.

it reaches c104 near the barrier. This has implications for a discussion below on
determining the flow path to site c102 near the barrier.
Recall that there were breaches in the dunes at the Refuge between 2009 and 2016, and
that greatly reduced the distance to tidal forcing from Delaware Bay. Two large breaches
opened in the Refuge in November 2009, followed by two more during Hurricane Sandy in
October 2012. There were no sensors collecting data near Slaughter Beach at that time.
DNREC DCP installed sensors at SCBR in August 2016 in support of projects at the Refuge.
This site collected data
during  Winter Storm
Jonas in January 2016 and
during the closing of the
Refuge breaches in March
2016. The  southern
connection to Delaware
Bay at Roosevelt Inlet in
Lewes is 20.1 creek
kilometers from site SCBR
but was shortened to 4.7
creek kilometers when
the breaches were open.
That is shorter than the 6-
kilometer distance
between Mispillion Inlet
and SCBR. So did the
breaches at the Refuge
impact Slaughter Beach?
There is little evidence for

Figure 38. Site SCBR in September 2013. a) water elevation, b) 2@ deFrease in water level
conductivity, c) water temperature, d) three parameters above at site SCBR after the
normalized to aid comparison. breaches were closed,
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Figufe 39, Site SCBR in December 2017. a) water e/évatidn, b) -
conductivity, c) water temperature, d) three parameters above

normalized to aid comparison.

only a small decrease that is
not statistically significant.
However, there was an
impact on the conductivity
(i.e. salinity; Figure 37).
Before the Refuge breaches
were closed, the range in
conductivity at the tidal
time-scale was about seven
milliSiemens per centimeter
(mS/cm; thick black line on
Figure 37). After the
breaches were closed, the
range increased four times
to about 30 mS/cm. Lower
frequency variations in
conductivity between Nov.
2015 and March 2016 are
likely due to the evolution of
the breaches, the work to
close them, and
modifications to  water

control structures in the Refuge. A cumulative probability plot (Figure 40) gives a strong
indication of the difference in conductivity pre- and post-closure of the breaches. There is
also a change in the character of the conductivity signal. In September 2013 (Figure 38),
while there are exceptions in this complex system, conductivity begins to rise at the start

of flood tide and reaches a plateau during flood tide
where it remains constant. This plateau is the
conductivity of Delaware Bay at the breaches. In 2017
(Figure 39), there is no plateau, so the water is a
composite of Delaware Bay water and fresh water.
Conductivity begins to increase about halfway through
flood tide and reaches a maximum about one quarter
of the way through ebb tide. This all indicates that
closing of the breaches, and presumably the opening
also, impacted the hydrologic system in the Slaughter
Beach marsh. The change was principally a change in
the chemistry of the water mass measured at SCBR, not
a change in the elevation of the tide.

Consider that a fresh water source is needed to get the
higher range and lower mean in conductivity after
closing the breaches. Potential sources of fresh water
are upper Cedar Creek, upper Slaughter Creek,

Figure 40. Probability that
conductivity will be lower than
the value on the x-axis at site
SCBR pre- and post- 4/4/2016.
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Primehook Creek, Broadkill River, precipitation, and groundwater discharge. We lump
together Slaughter Creek, Primehook Creek, and Broadkill River as they are
indistinguishable given our data set. Groundwater discharge can be ignored because the
volume discharged is orders of magnitude smaller than the tidal prism. We can say it is not
due to precipitation because the conductivity signal persists in times when there is no
precipitation. The headwaters of Slaughter Creek are 6.3 kilometers away from Slaughter
Beach Road and it is not likely that a freshwater mass flows from the combined flow from
the south to the study area. So, we conclude that water flows out of upper Cedar Creek
at ebb tide and then some of that some freshwater flows back upstream into Slaughter
Creek during the next flood tide. On some occasions, when there is precipitation during a
high-water event, there is a significant drop in conductivity at site SCBR indicating the
freshwater input. This also occurs at site c104 near the barrier.

Flooding

Flooding in Slaughter Beach is
caused by storm surge from
Delaware Bay, tidal water flowing
from the marsh to the back barrier,
and precipitation. Nuisance tidal
flooding from the marsh occurs first
on Cedar Beach Road, Slaughter
Beach Road, Marina Lane, and Figure 41. Combined precipitation and tidal flooding on the

Lighthouse Road (see road elevation West side of Bay Ave. 56 mm (2.2 inches) of precipitation.

profiles in Appendix D), and in the on September 29, 2016. Photo by Kevin Brinson, DEOS.

backyards of properties on the west side of Bay Avenue (Figure 41). While the roads are
technically not back-barrier locations, they have low elevations and frequent nuisance to
minor flooding. It impacts Town residents who

cannot get to or from the mainland. On the back

barrier, there was no minor flooding by tidal

water during this project. Nuisance flooding by

tidal water likely occurred on the back barrier in

the backyards of properties on the marsh side of

Bay Avenue, but access was limited for

documenting it. Flooding by excess precipitation

occurred in the north and central-N areas.

Flooding Due to Precipitation Figure 42. Probability of a precipitation
Based on data collected, the minimum amount of  eyent being less than the corresponding

precipitation needed to start flooding is 24 x-value. Red asterisk marks the

millimeters. Flooding likely occurs at a lower minimum amount of precipitation that
caused observed ponding.

32



amount of precipitation but there
are no data to confirm it. But
even at this maximum value, 75%
of precipitation events have
rainfall higher than 24 millimeters
(Figure 42). So, this flooding
occurs frequently (Figure 43).

Water ponding during and after

precipitation events is caused by Figure 43. Flooding east of Bay Ave after a 66 mm (2.2
low infiltration rates producing /nches) rainfall even on September 29, 2016. Photos by

excess precipitation and/or a rise €Vin Brinson, DEOS

in the water table. Flooding due to precipitation occurs in the backyards of homes on the
marsh side of Bay Avenue and on the east side of Bay Avenue in the north and central-N
areas where the closed depressions are located. When ponding occurs, water remains in
the depression until it either infiltrates or evaporates. The very presence of the observed
ponded areas that last for more than two or three days implies that infiltration is limited
by low permeability in the shallow subsurface.

Three hypotheses are put forth for the factors causing the ponding observed in the north
and central-N areas during and after precipitation. The soil type mapped on the barrier
(Figure 7) is the Arcguongo Soil and it is listed as having high infiltration capacity, opposite
of what is observed. Several adhoc soil cores taken on the west side of Bay Ave in the
area near Cohee and Yerkes indicate silty sand from 0-1 meters. This could be barrier sand
with silt that intruded it during flooding events. But silty sand should still allow better
infiltration than seen in the ponded areas. It could be that slow infiltration is due to a low
permeability layer near the surface. Fine-grained sediment could be transported by
overland flow from excess precipitation or tidal flooding with the flow eroding or
entraining small amounts of fine-grained sediment and depositing it in the depressions.
This accumulates through time. An alternative could be that fill with a low permeability
was put down at the time of home construction. Residents tell us that many to all lots
north of Marvel Avenue in the north area were built-on in the 1950s and 1960s, many by
the same developer. It is possible that fill from an unknown source was placed on the
properties at that time. Another viable and preferred explanation for the properties east
of Bay Avenue forces a re-evaluation of the geologic interpretation. The geologic model of
the migrating barrier suggests that there should be well-sorted sand with high
permeability here. But in the north and central-N areas, the subsurface is not natural, it is
artificial fill placed in the abandoned mining areas discussed above. Fill usually contains a
good bit of silt and clay and has a heterogeneous, unpredictable permeability resulting
from the type and placement of the fill. It may have been filled with material dredged
nearby.
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In backyards on the marsh side of Bay Ave, the water table is within 0.5 m of the land
surface. The capillary fringe above the water table most likely extends through the muddy
layer to the land surface. With the capillary fringe at the land surface, the addition of any
infiltrating precipitation to a water-table aquifer instantly raises the water table to the land
surface resulting in ponding. This was not observed in Slaughter Beach at the installed wells
near the marsh, but may occur in other parts of Town where the groundwater is not
confined by a muddy layer.

Tidal Flooding

Since there were no minor or greater Table7 Criteria defining high-water events.

magnitude flooding events during the project, High-Water Event Criteria

criteria were developed to classify smaller eventrecorded at multiple sites

high-water events that were not necessarily site USGS water elevation > 1 meter

floods but can give insight into flood siteUSGS modified SCBR water elevation > 1 meter*

hydrology (Table 7). Pre-project events were event captured by USGS event gages

also included because data were available x peak elevations were converted from SCBR to

from site SCBR from 2013 to 2017. Sixteen estimated USGS elevations based on a correlation of

high-water events (Table 8) were identified. overlapping data from sites SCBR and USGS (USGS =

(Figure 44) Two of these events were larger SCBR+0.5m).

floods, a major flood on 1/23/2016 (event EO7 - Winter Storm Jonas) and a flood on

10/3/2015 (event E107). Tide and meteorological conditions for event EQ7, site SCBR are

given in Figure 45. The same plot is supplied for each event in Appendix B. Additional

storms impacting Town before 2015 are listed in Appendix A. Looking at the
meteorological information during tidal

larks flooding (Appendix A), the common
A/C driver for flooding is sustained easterly
GUto winds at greater than three meters per

second for 1-2 days Higher wind speeds
and longer duration of winds both
increase water elevations. Qualitatively,
this is the situation we and coastal

residents expected.
Figure 44. Flooded marsh in north Slaughter Beach P

submerged. Photo by Larry Meinart. peak water elevation Figure 46),

attenuation of peaks from site USGS, and
lag time from site USGS. For events we can also look at the duration of the event (Figure
47). Peak water elevations of events at site USGS for each event are shown in Table 8 and
Figure 46. Evident in Figure 46 are two events with very high-water elevations (E107 on
10/3/2015 and EO7 on 1/23/2016). E107 is Winter Storm Jonas and had the highest water
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Figure 45. Water elevations during flooding event with wind speed,
wind direction, and precipitation. Event ID and water-elevation site

Table 8. High water events between 10/2015 and 11/2021. Sorted by date.

elevation in this
report. Town
residents reported
flooding during both
events to DNREC DCP
(2016) and the most

common response for

causes was
northeaster.

Elevation is a
continuous variable
but we can define a
threshold elevation,
for discussion
purposes, of about

1.35 meters (Figure
46). There are single-
time water elevation
data for nine

. Peak Water Precipitation rank rank .
Event Date of Duration . . rank | site used for
Elevation' EventTotal precip- water . .
ID Event (hrs) (m) (mm) itation  elevation duration event analysis
E107 10/3/2015 129 1.54 0.0 16 2 2 SCBR
EO7  1/23/2016 67.3 1.64* 57.4 3 1 6 SCBR / event
E104 10/3/2016 120.5 1.27» 205.2 1 3 SCBR
E108 1/24/2017 42 1.217 19.2 8 10 SCBR
E106 9/19/2017 136.2 1.05 11.1 10 11 1 USGS
E105 3/4/2018 115.1 1.02 2.8 12 13 USGS
E109 4/15/2018 64.8 1.08 18.69 9 10 7 USGS
EO6L  9/9/2018 88.7 1.3 0.5 14 4 5 multiple
EOSL  10/27/2018 7.4 1.16 54.7 4 8 15 multiple
EO4AL 10/10/2019 40.7 1.13 4.5 11 9 11 multiple
EO3M 1/24/2020 4.1 0.98 1.6 13 15 16 multiple
EO2M 5/19/2020 9.1 0.91 0.5 15 16 14 multiple
E0O9 10/15/2020 53.7 1.03 39.6 5 12 9 USGS
EOIM 12/16/2020 10.25 1.01 72.7 2 14 13 multiple
E102 2/1/2021 37.7 1.25 33.8 6 6 12 USGS
E0O8 10/29/2021 55.6 1.32 28.0 7 3 8 USGS

' Peak water elevation at site USGS during event.
A Water elevation estimated by correlating to elevation at site SCBR (USGS = SCBR + 0.5).
* Water elevation estimated by correlating to elevation at site CC (USGS=0.71 * c01 + 0.15)
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Table 9. Difference in attenuation of peak water elevations from site USGS
between events and non-events. A positive percentage indicates that
attenuation is greater during non-events than for events.

site
parameter ¢100 ¢101 c102 ¢103 c104 c106
attenuation ( %) 17 -72 -75 1 -16 -20

data were collected by DGS and USGS to document storms in
useful for developing some critical water elevations for flooding.

Figure 46. Water elevation at Site USGS for events.

additional storms
between 1974 and
1998 with measured
water elevations
greater than 1.35
meters for Cedar Creek
at Cedar Beach Road
(Appendix A). These
Delaware. These will be

As for non-event times,
the attenuation of the
tidal wave from USGS to
other sites was
calculated. It is
enlightening to look at
the difference in
attenuation during
events and during non-
event times (Table 9).
Attenuation results in a
smaller amplitude tidal
wave at all sites during
events and non-event
times. But the relative
attenuation between
site USGS and other sites
can increase or decrease
between non-event and

event. At site c100, the tide is attenuated less during an event. That means, for this near-
barrier site, that water levels during an event will rise faster and get higher than for non-

events. All other sites, except ¢c103 where there is no change,

attenuate at a greater

percentage relative to site USGS, so tides rise slower and do not get as high. This suggests
that the water elevation will first encroach onto Bay Ave near c100 in the north area. This
is also where Bay Avenue has its lowest elevation (Figure 21). Also of note is that site c106

is negative during events, indicating
the tidal wave is attenuated more
than for non-events. The entrances
to Todds Gut and old Cedar Creek

from  Slaughter  Creek  occur
downstream of site ¢106. This parameter c102
further supports that a relatively ime lag

67

difference (%)

Table 10. Difference of lag times between events
and non-events. Positive value indicates longer lag
times during events than for non-events.

site
c103 c104 c106
10 74 -25
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Figure 47. Event duration at Site USGS.

larger portion of tidal flow
towards the barrier during
events will be via Clarks Gut,
rather than Todds Gut.

The duration of events is
given in Table 8 and Figure
47. Three clusters are
defined in Figure 47.
Comparing this to the
highest peak elevations,
E107 is the only one with
long duration and high peak
water elevation. EQ7
(Jonas) had a high elevation,
and moderate duration but
had the strongest easterly
winds of 6-10 meters per

second. E104 and E105 had long duration and low peak water elevations, so long duration
storms do not always result in higher water.

Lag times from USGS to sites were calculated for events (Table 11 and Figure 48). Lag times
range from 0.4 to 7.8 hours, but most are two to four hours. Some upland loggers were
covered with water in four of the events and had time lags of two to four hours. The

complexity of a tidal system with many
channels and with forces from multiple
directions shows in the range of lag
times for a site for multiple events. For
instance, lag time for site c106 is 0.5
hours in one event and 2.4 hours in
another. While mean values can be
calculated, one always needs to keep the
complexity in mind. Site c106 has
shorter lag times during events than for
non-event time (Table 12). Sites c102,
c103, and c104 have longer lag times
during events. This makes sense as the
tide is also attenuated more at these
sites.

Historical Flooding

A list of sixteen storms for the time
period 1962 to 2021 was compiled for
Slaughter Beach (Table F2). Only storms

Table11. Results for events recorded at multiple sites.
Mean values given.

attenua- attenu- time propaga-

. peak . . .
site (m)* tion ation* lag tion rate
(m)* (%) (hrs)*  (m/s)*
c100 0.59 0.37 61.4 1.6 0.4
cl01 0.15 0.81 15.4 1.7 0.2
cl102 0.13 0.84 12.8 5.4 0.1
cl103 0.49 0.48 50.4 1.4 0.4
cl04 0.31 0.65 32.3 3.8 0.3
cl106 0.52 0.44 54.2 1.3 1.7
u02 0.95 0.25 79.1 2.5 0.2
uo4 0.95 0.25 79.2 3.3 0.2
u05 0.88 0.34 72.6 3.7 na
uo6 1.09 0.14 88.2 2.8 na

* peak water-elevation at site in meters

* attenuation of peak water-elevation from USGS in meters

* percent attenuation of peak water-elevation peak from

* time lag of peak water elevation from USGS to site in hours
* propagation rate of peak water elevation from USGS to site
in meters per second
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Table 12. Difference of lag times between events with documentation that explicitly

and non-events. Postiitivevalue indicates longer mentions impacts at Slaughter Beach are
lag times dueing events. included, but there were other storms
site that likely impacted the Town over these

parameter
c102 c103 c104 c106 Yyears. Two of the storms, March 1962
time lag - 10 24 - (Figure 50) and December 1974 (Figure
difference (%) ) 49), have reports documenting impacts

at Slaughter Beach (Friedlander and
others, 1977; Carey and others, 2014; Friedlander and others (1977) provide
interpretations of water flow, dune breaching, and building damage during the 1962 and
1974 storms (Figure 51). DNREC DCP (2018) surveyed Town residents about flooding and
they reported on impacts from stormsin 2008, 2013, 2015, and 2016 from twenty different
weather events (Figure 52). While not stated in the report, the 2008 storm was likely the
Mother’s Day Storm in May and the 2016 storm was Winter Storm Jonas in January. Both
the 1962 and 1974 storms impacted the Central-S and south areas of Town with breaches
in the dunes and tidal water flowing through the breaches to and from Delaware Bay
(Figure 51). While these interpretations only show impacts in the southern part of Town
there may have been washovers to the north. Based on aerial photography from 1961 and
1968, development was sparse along Bay Avenue between Bridgeham Avenue and Cedar

Figure 48. Lag time between site USGS and other sites for events that were observed
at multiple sites.
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Beach Road during the 1962 Table 13. Peak water elevations and lag times from site CC
storm, but all structures that (boat ramp) during Winter Storm Jonas (1/22-2Storm had 19.2
were there were destroyed. Of mm (0.78 inches) precipitation and wind speeds from 1.8-9.9

note is that one of the breaches
in 1962 occurred at the location
of old Cedar Creek. The more
recent storms indicate impacts
in the north and south parts of
town. There are many more
reports for 2016. As in most
surveys of this type, the last
major storm is what everyone
recalls. One item of note in
Figure 52, is the cluster of
reports near Bridgeham and
Harrison Avenues (red ovals).
These are at the location of old
Cedar Creek and the mud-

Peak Water : .
Peak . . . Lag Time attenuati
site  Peak Date Time Elevation
(Hours) on%
(meters)
CC 1/23/2016 3:32 2.01 0.00 na
1 SCBR 1/23/2016 11:45 1.27 8.22 37
PH  1/23/2016 11:23 0.94 7.85 53
CM  1/23/2016 15:35 1.08 12.05 46
CC  1/23/2016 16:15 1.25 0.00 na
2 SCBR 1/23/201622:45 1.18 6.50 6
CM 1/24/2016 0:12 1.16 7.95 7
ccC 1/24/2016 3:57 1.33 0.00 na
3 SCBR 1/24/2016 11:00 1.05 7.05 22
CM 1/24/2016 12:08 0.96 8.18 30
4 ccC 1/25/2016 4:43 1.05 0.00 na
SCBR 1/25/2016 10:45 0.74 6.03 25

Table 14. Critical water elevations at site USGS. These are in draft form as they
have not been field-checked.

filled paleovalley,
3
suggesting that this setting =~ Wate™
. . elevation situation
provide conditions
. . (meter)
conducive to flooding. 177
1.5
In the past, while not for 1.4
specific storms, there was 1.35
a USGS crest gage in Cedar 13
Creek at Cedar Beach 11'215
Road. A crest gage only 0'8

maximum water level recorded (1/4/1992)
water across Bay Avenue
Slaughter Beach Road under water
water on Slaughter Beach Road

Cedar Beach Road under water

water on Cedar Beach Road
water in back yards on west of Bay Avenue
water on Lighthouse Road

measures the annual
maximum water elevation.

* water elevation at USGS gage on Cedar Creek at Cedrr Beach Road.

Figure 50. March 1962 storm. a) cars unable to reach Slaughter Beach. b) Breaches in dunes and washover
fans of sand near Simpson Avenue (Delaware Public Archives)
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Figure 51. Water flow directions and building damage from the a) December 1974 and the b)
March 1962 storm. In 1962, all buildings north of Bridgeham Avenue were destroyed.
Data are available from 1966 to 1990 (Figure 53). The figure is supplemented with annual
maximums determined using data from the current gage (site USGS). Of the 30 water
elevations, 4, 18, and 28 have elevations greater than 1.5, 1.35, 1.0 meters, respectively.

Given the information above some critical water elevations were compiled (Table 13). The
water elevations are for the USGS tide gage on the Cedar Beach Road bridge (site USGS).
These should be considered as being in draft form until they are field-checked.

Evaluating the static model

Overall, this characterization can give insight for estimating inundation of the barrier from
flooding. The mass balance model of Boon (1975), often referred to as the bathtub model,
is oft used to estimate areas of inundation from flooding, including sea-level rise. In this
simple model, a single tide gage is used (e.g., USGS) and the water elevation from that
gage is assigned to an entire study area. Or, in other words, the tide at all locations rises
instantaneously to that primary tide gage value. Site c104 is within fifty meters of the
upland barrier. The backyards properties on the west side of Bay Avenue have elevations
of 0.6-0.7 in the area less than 20 meters from the marsh. The marsh elevation is 0.5-0.6
meters. Assuming that the water elevation at sites USGS and c104 occur at the same
probability, the water at site c104 is above 0.6 meters for 2% of the time (Figure 34), about
7 days per year. This seems reasonable from observations and talking to Town residents.
When flooding starts in these backyards, the USGS site has a water elevation of 0.95
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meters. If we apply the bathtub model with an elevation of 0.95 meters, properties on the

west side of Bay Avenue are flooded up to and sometimes around houses and tidal water
has encroached onto a short segment of Bay Avenue between Yerkes Drive and Cohee
Drive in the north area. So the prediction of flooding is misleading

Salt Marsh

Seventy-six percent of tidal wetlands in the Cedar Creek and Mispillion River watersheds
are categorized as moderately stressed, eighteen percent as minimally stressed, and six
percent as severely stressed (DNREC DCP 2016). While these numbers represent
conditions at the watershed scale, the Town’s back-barrier salt marsh should be
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Figure 53. Maximum annual water elevations at site USGS (Cedar Creek near
Slaughter Beach.) The data for 2016 are from a nearby site (CC; USGS Event Station
DEUS04413) located 500 meters downstream at the public boat ramp. This high-
water elevation is from Winter Storm Jonas in January 2016. There are no data for
1980 and 1991-2015.

considered moderately to over-stressed with the large stressor being the manipulation of
the hydrology (Smith and others, 2017). One of the results of this stress is that the
vegetated marsh area is decreasing while the area of interior ponds is increasing. Nikitina
and others (2018) conclude that the Slaughter Beach salt marsh is impacted by sea-level
rise that is causing marsh degradation and the merging of ponds. A recent study in New
Jersey salt marshes describes the “waffling” of marshes (Smith and Niles, 2016; Smith and
others, 2016). It is named for the pattern of the ditches with ponds forming in between
them in a waffle pattern. The author suggests that this is not caused by sea-level rise, but
rather by the severe change in the hydrology of the marsh due to the ditches.

The waffling pattern does not show in the Town marshes but the ditches certainly have an
impact on hydrology, and it is certainly feasible that the altered hydrology is a factor in
growing area of ponds in the marsh.

While the a healthy salt marsh helps attenuate storm surge so it doesn’t reach the barrier
(Moller and others, 2014;2eonardi and others, 2018; Himmelstein and others, 2021;
Fairchild and others, 2021, Shepard and others, 2022). Fairchild and others (2021) used
hydrodynamic models to evaluate eight estuaries, with varying geometries to simulate
storms of varying intensity. They indicate the importance of a salt marsh in reducing depth
and area of water from storm surge (Figure 51). Himmelstein and others (2021) review
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the interactions of coastal storms and salt marshes and note that attenuation of storm
surge decreases as ponds replace marsh vegetation.

Though the ditches play a major role in marsh hydrology, the role of ditches in the health
of a salt marsh is still an open question in the literature. On the negative side, relative to
a natural non-ditched marsh, the ditches decrease the attenuation of the tidal wave during
flood tide. Positively, the ditches help to drain the marsh faster during ebb tide. Perhaps,
creating more sinuous channels to replace some ditches may help attenuate the tide
before reaching the barrier and also stabilize the marsh (HR Wallingford, 2012. Filling

Figure 52. Locations of flooding reported by Town citizens during a 2018 homeowner survey
(DNREC, 2018). 2016 is for Winter Storm Jonas. Circled area with most reported flooding is
between Marvel and N Delaware avenues.
ditches with permeable organic material is another method described for abetting marsh
degradation (Burdick and others, 2020). Any marsh manipulation should consider
incorporating the three guts and old Cedar Creek as they are the primary pathways for
tidal water reaching the barrier as well.

Recommendations

There are a number of suggestions for addressing flooding in Slaughter Beach (some of
which have already been suggested by others):

e Document Flooding Encourage Town residents to use the Coastal Observer App
developed by Delaware Sea Grant to document flooding. The app is a useful tool
for documenting flooding problems, educating residents, and decision-making.
https://www.spotteron.com/coastalobserver/menu.

e Maintain and modify the list of critical water elevations and impacts on the Town.
This helps to understand flooding and could aid in any future mitigation or alert
system. Encourage residents to use USGS NWIS website to look at the tide level in
Cedar Creek. When flooding occurs Use the USGS alert system to set personal
notifications .

e Elevate low areas on Cedar Beach Road, Slaughter Beach Road and Marina Lane.

e Elevate homes and utilities of properties on the west side of Bay Avenue

e Increase land elevations of properties west of Bay Avenue. This would also increase
the thickness of the unsaturated zone to accommodate excess precipitation. Any
design north of Harrison Avenue needs to consider that this is an additional load on
compressible sediment so more fill may be needed.

e Modify drainage of the closed depressions on the east side of Bay Avenue to tdrain
to the marsh in the north and central-N areas:

e Increase Infiltration: Evaluate subsurface permeability in depressions. If there is
a thin, low-permeability unit near surface, scrape it off to expose higher
permeability sediment
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e Raise land elevation in closed depressions using fill. Slope towards Bay Avenue.
Design should incorporate increasing Infiltration by scraping the surface
before adding fill., if needed .

e Install drainage culverts with flap valves under Bay Avenue in the north and
central-N areas.

o Create roadside swales or ditches along the east side of Bay Avenue, tied into
drainage culverts under Bay Avenue (If feasible, given utility locations).

Drainage culverts - Investigate existence of potential drainage pipes under roads
identified by ground penetrating radar. Clean out, replace, or repair if it will help
present day drainage.

Clean out the ditch along Marina Lane and the identified drainage pipes under the
road.

Salt marsh vegetation - Retain healthy salt-marsh vegetation for surge protection.
Any marsh restoration should consider incorporating the three guts and old Cedar
Creek as they are the primary pathways for tidal water reaching the barrier.
Underground utilities deterioration - Investigate for possible deterioration of
underground utilities due to increased flooding from sea level rise.

Storage ponds — These could be used to store precipitation runoff when flap valves
are closed., especially if compounded with tidal flooding and any flap valves are
closed. Feasible given land use and topographic relief?

New outlet to Cedar Creek - If feasible given land ownership, investigate installing a
large culvert from the head of Clarks Gut at the northern curve in Bay Avenue to
Cedar Creek where the boat service is located (about 450 meters). Hydrodynamic
model and flap valves required. Consider enlarging the culvert under Bay Avenue.
Tide gate - Tide gates could protect against back barrier flooding, albeit an expensive
option. This would require a maintenance plan. A numerical model of tidal flow
would be required to evaluate feasibility. Water-level, temperature, and salinity
data from this project could aid in development and calibration of a model. A small-
scale project could be evaluated for tide gates across two guts in the marsh (Clarks
Gut and Sheps Gut) that deliver water to the back barrier. This would force the
creek to flood the marsh directly from Cedar and Slaughter creeks and flow slowly
over the marsh towards the barrier upland. A larger-scale project could evaluate
placing a tide gate across Cedar Creek north of the bridge on Cedar Beach Road.
(The Army Corps of Engineers is evaluating tide gates at tidal inlets in New Jersey.)
Water could still flow into Cedar Creek (possibly at an increased rate) from Slaughter
Creek to the south, but the amount of flow is likely small relative to tidal flow into
Cedar Creek.
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Conclusions

e Critical water elevations were estimated for use in monitoring flood risk.

e Aset of recommendations was drafted to ameliorate flooding ranging from simple
and inexpensive solutions to complex and very expensive solutions.

e Tidal characteristics

e The primary tidal forcing that pushes water towards the back barrier comes from
Delaware Bay at the mouth of Cedar Creek. A minor component of tidal forcing
emanates from Slaughter Creek in the south.

e Tidal water from Cedar and Slaughter Creeks first reaches the back-barrier via
Clarks Gut, then Sheps Gut, then Todds Gut and old Cedar Creek.

e Thetime lag for high tide from Cedar Beach Road to the barrieris 1.6 hours at Clarks
Gut near Beach Plum Drove, 3.8 hours at Bridgeham Avenue, 5.4 at North Delaware
Avenue

e The high tide peak at Cedar Beach Road attenuates on approaching the barrier:
61% for Clarks Gut, 32% for Sheps Gut; and 88% for North Delaware Avenue.

o Flooding

e Nuisance tidal flooding occurs at Lighthouse Road, Marina Lane and Cedar Beach
Road. Cedar Beach Road begins to flood at a water elevation of 1.25 meters at the
USGS gage.

e Nuisance flooding occurs after precipitation events greater than 23 millimeters.
The water is in depression storage (ponds in the area between Beach Plum Drive
and Bridgeham Avenue. The area is underlain by fill having a lower infiltration rate
than barrier sand.

e Elevation

e Dune elevations are lower north of Bridgeham Avenue than to the south. This is
caused by consolidation of the paleovalley muds as suggested by Rosati (2010).

e Offshore elevation (bathymetry) decreases from the Mispillion jetty to Harrison
Avenue where it drops with a high gradient. Then it increases to the southern
border of Slaughter Beach, but never gets back to the elevation at the jetty. The
higher elevation tidal flat and the jetties protect against erosion and breaching
here.

e Bay Avenue and the adjacent land to the east have a lower elevation north of
Harrison Avenue than to the south. In some locations, the land east of Bay Avenue
has a lower elevation than Bay Avenue. During moderate and major flooding when
tidal water floods the east of Bay area, the higher road is a hindrance to draining
the area.

e Subsurface

e The thick subsurface mud (> 30 feet) lies between Yerkes Drive and a location 100
meters south of Harrison Avenue. The thickest mud is between Bridgeham Avenue
and Harrison Avenue. There is risk of higher land subsidence here compared to
other parts of Town.
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e The area east of Bay Avenue from Beach Plum Drive to Bridgeham Avenue are
underlain by fill of unknown origin (possibly dredge spoils) that filled in a sand mine
used in the construction of Fort Saulsbury in 1918-1919.

e There are closed depressions between Beach Plum Drive and Bridgeham Avenue
on the east of Bay Avenue. The depressions have diameters from eight to thirty-
two meters and are consistently located five to seven meters east of the Bay
Avenue centerline. These are the result of heterogeneous compaction of fill and
the decay of material emplaced with the sediment. The latter case would make
these “debris pits.” Funding may be available from DNREC to remediate these.

e Groundwater is less than 0.5 meters deep on the west side of Bay Avenue.
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Appendix A. Storms in Slaughter Beach
Table Al. Storms in Slaughter Beach (cont.)

year

mth

day

water*
elevation

(m)

source®

note

observed flooding during this project

2016

2019
2020
2020
2020
2021
2021

9

9
1
12
12
3
3

29

6
10
15
17
31
19

na

0.954
0.717
0.863
0.927
0.744
0.793

KB

TMcK
TMcK
TMcK
TMcK
TMcK
TMcK

Yards flooded east of Bay Avenue. CBR flooded. precipitation = 55.88
millimeters

Yards flooded east of Bay Avenue. precipitation = 30.42 millimeters
Yards flooded east of Bay Avenue. precipitation = 41.24 millimeters
Minor flooding on Lighthouse Road. precipitation = 18.89 millimeters
Yards flooded east of Bay Avenue. precipitation = 67.94 millimeters
Yards flooded east of Bay Avenue. precipitation = 24.26 millimeters
Yards flooded east of Bay Avenue. precipitation = 38.6 millimeters

report of flooding that explicitly mentions Slaughter Beach and/or is USGS extreme high water

1962

1974

1977
1977
1984
1991

1992

1998

2007

2008

2012

2013
2014
2015

2016

2021

3

12

10

na

10

10

10

6-8

1-2

13-15
18-20
29
31

5-6

27

na

na

na

na

23

29

1.459

1.267
1.099
na
na

1.770

1.562

na

na

na

na
na
na

1.640

1.320

Carey,
Frielander

DGS

DGS
DGS; TNJ
USGS
USGS
DGS OFR
36; USGS

DGS; NCEI;
TNJ;
FEMA;
USGS

NCEI

NCElI,
DCP

DCP

DCP
NCEI
DCP

DCP, USGS

USGS,
Town,
YouTube

Ash Wednesday Storm. Great March Storm of 1962. Major flood.
Widespread damage in Slaughter Beach. Probable flood of record for
Slaughter Beach. In nearby Lewes, the 1/22-23/2016 storm became the
new flood of record based on water level.

Dune breaches at southern end of Slaughter Beach. Roads 36, 203, 204,
in Slaughter Beach, and Mispillion Light were flooded. Entire marsh at
Slaughter Creek is under water and SBR is impassable; CBR at 3.9 km
from Rtel3 is under water. SB is totally isolated; There is water on
Rte. 36 west of Cedar Cr bridge. Lighthouse Road under water. There
are some photos. Major Flood

Water on Rte. 36 west of Cedar Cr bridge. Lighthouse Road flooded.
Dune breach in undeveloped area south of SB. Marsh flooded.

USGS extreme high for POR Cedar Creek near Slaughter Beach.

USGS extreme high outside POR for Cedar Creek near Slaughter Beach
Small dune breaches at south end of SB. end of Slaughter Beach.

Based on water level this was likely amoderate to major flood.

Major flood. Dunes flattened at south end of SB. High-water mark on
Lighthouse Road at -38.935, 75.138333 was 5.86 ft NGVD299. Water
on CBR and SBR. On SBR, water was at least 2 feet deep. Dune
breached in the southern part of town. USGS extreme high outside
POR.

Flooding along CBR in Slaughter Beach.

Probable major flood. Heavy wind pushed water over the sand dunes
and onto roadways, which blocked off CBR and SBR. The water rose as
high as four and a half feet at some points. Lighthouse Road under
water. Town citizens reported flooding to DCP in multiple months.
Four reported May 2008. Caused damage to Mispillion River jetty.
Town citizens reported flooding to DCP. Most reports indicated the
month of August. Hurricane Isaac occurred in Setember 2012

Town citizens reported flooding to DCP.

Slaughter Beach Road and Bay Avenue were flooded.

Town citizens reported flooding to DCP.

Winter Storm Jonas. Dunes breached. Widespread major flooding. The
water elevation given is estimated based on a temporary site 600
meters downstream of site USGS at the boat ramp where the water
elevation was 2.016.

Marsh mostly flooded. Water on Cedar Beach Road, Marina Lane, and
Lighthouse Road. No evidence for flooding of SBR. Marsh totally
sunbmerged, but can still see some grass.
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Table Al. Storms in Slaughter Beach (cont.)

water*
year mth day elevation source® note
(m)
Cedar Creek water elevation > 1 m at Cedar Beach Road before 1992.

1967 na na 1.663 USGS

1980 10 25 1.556 DGS

1984 3 28-29 1.724 DGS

1991 10-11 10/28-11/1 1.724 DGS

1972 12 23 1.184 DGS

1979 2 26 1.172 DGS

1983 12 1.197 DGS

1985 9 27 1.428 DGS

DGS OFR
1991 10 31 1.480 37

* Water elevation is for Cedar Creek at the Cedar Beach Road bridge. The vertical datum used is NAVDS8S.

A DGS = Delaware Geological Survey storm reports & files; NCEI = National Center for Environmental Information; TMcK =
Tom McKena; USGS = United States Geological Survey Water Year Reports; USGS NWIS = USGS National Water Information
System; TNJ = The News Journal; OFR = Open File Report.
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Appendix B. Event hydrographs with meteorological information

Table B1. Easterly winds during events.

wind wind
Event start easterly end easterl . . L.
ID wind wind duration  wind speed (m/s)  direction
(hrs) (degrees)
EO7  1/22/201610:05 1/23/2016 14:05 28.0 1.5-9.6 45-80
E104  9/28/2016 2:50  10/2/2016 1:20 94.5 6.7 max 90
E108  1/22/20171:20 1/23/2017 16:25 39.1 7.3 45-90
E106  9/16/2017 1:20  9/18/2017 2:40 49.3 most 2-3; peak at 7.9 45-90
E105 3/2/2018 4:15 3/5/2018 2:00 69.8 9.3 none
E109  4/15/2018 4:50 4/15/2018 23:40 18.8 2-6.4 80-90
EO6L = 9/7/2018 21:10 9/10/2018 18:00 68.8 2.9-5.7; most 4.8 71
EOS5L  10/26/2018 2:40 10/27/2018 11:25  32.8 <2;someto 6.3 45
EO3M  1/24/20206:05 1/25/2020 7:35 25.5 23 &upto4.8 48-138
EO2M  5/17/20204:50 @ 5/22/2020 8:45 123.9 <5 49-137
E09 10/11/2020 10/12/2020 24.0 <5 39-57
EO1M 12/15/202021:35 12/16/202022:55  25.3 2-5 45-90
E102 1/31/2021 11:15 2/1/2021 4:05 16.8 4.3 43-143
EO8 10/28/202110:10 10/29/202121:40  35.5 1.8-9.7 45-142
EOAL no data no data 0.0 <5 na
E107 no data no data no data no data no data

Figures B1—B16. (following pages) Water elevations during high-water events
with wind speed, wind direction, and precipitation. Event ID is given above the
top graph. If site ID given it refers to the site where water level information was
obtained (site USGS or SCBR. If no site name is given, then the water elevation
is from site USGS.
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Figure B1

Figure B2
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Figure B3

Figure B4
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Figure B5

Figure B6
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Figure B7

Figure B8
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Figure B9

Figure B10
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Figure B11

Figure B12

58



Figure B13

Figure B14
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Figure B15

Figure B16
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Appendix C. Field Observations of Flooding

Table C1. Field observations of minor to moderate flooding.

Observed water on upland cross
Location 11-13- 12-17- 4-1- 10-29- URS
street
2020 2020 2021 2021*

precipitation (mm) - > 54 68 23.8 40.8
precipitation (inch) - > 2.1 27 09 16
peak water level at site USGS - > 0.89 1.01 0.81 1.32

Marina Lane X
Lighthouse Road at CBR tidal X
CBR, at curve; east of u01 X
CBR west at site u01
CBR at bridge
CBR lot west of bridge
CBR house east of bridge; large
yard.
CBR; house northwest of bridge X
Bay Ave at Slaughter Beach sign. X
Bay Ave at marsh at Marvel sign X
135 Beach Plum Dr.
Bay Avenue addresses
647 Beach Plum X
645
643
641 X X
639
637
635
633
631
629
627
625
623
621
619
617
615
613
611
609
607
605
603
601
599
597
595

CBR

X X X X X

Evans

Yerkes

X X X X X X X X X X X X X X X X X X X X X X X X X Xx



Table C1. Field observations of minor to moderate flooding (cont.)

Observed water on upland cross
Location 11-13- 12-17- 4-1- 10-29- URS
street
2020 2020 2021 2021*

precipitation (mm) - > 54 68 23.8 40.8
precipitation (inch) - > 2.1 27 09 1.6
peak water level at site USGS - > 0.89 1.01 0.81 1.32

593 X X
591
589
587
585
583
581 X
579
577
575
573 X
571
569
567
565
563
561 X
559
557
555
553
551
549
547
545
543
541
539
537
535
533
531
529
527
525
523
521
520 X
519
518 X
517
515
513
511
509

Cohee

Marvel

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
x

x

X X X X X



Table C1. Field observations of minor to moderate flooding (cont.)

Observed water on upland cross
Location 11-13- 12-17- 4-1- 10-29- URS
street
2020 2020 2021 2021*

precipitation (mm) - > 54 68 23.8 40.8
precipitation (inch) - > 2.1 27 09 16
peak water level at site USGS - > 0.89 1.01 0.81 1.32

509 X X
507 X
505 X
503 X

501

499

495

493 X

491 X

489

487

485

484 X

483

481

479

477

475

473

471

469

467 X

465

463

461

460

459

457

455 X

453

452

451

433

351

347 Slaughter Beach

345 X

331 S. Delaware

257 Virginia

217 X

215 Simpson

SBR bridge X

* Event EO8; observations by Larry Meinart and Kathy Lock

Bridgeham

Harrison

N Delaware

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X



Appendix D. Elevation Profiles

Figure D1. Elevation profile for Bay Avenue and east of Bay Avenue (profile parallel
to the road between the dunes and the road). Marsh elevation is a nominal value
for comparison.
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Figure D2. Elevation of Lighthouse Road, the marsh parallel to Lighthouse Road,
Marina Lane, and Passwaters Drive. Distance is northeast of Cedar Beach Road.
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Figure D3. Elevation of Slaughter Beach Road.

Figure D4. Elevation of Cedar Beach Road. Distance is west of the intersection of
Bay Avenue and Beach Plum Road.
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Appendix E. Well Information

Table E1. Well information

land measuring
. . . screen
easting®* northing* surface point .
ID DNRECID ) . interval
(m) (m) elevation”® elevation” ,
(m bls)
(m) (m)
WellA 273073 208955.1 102483.9 0.82 1.43 3.15-4.57
WellB 273072 208993.7 102505.7 0.95 1.56 2.29-3.81
WellC 272726 209058.3 102519.3 1.82 2.43 3.05-4.57
WellD 272727 210066.1 100999.7 3.72 4.33 2.90-4.42

For all wells: water-table aquifer; 2"-diameter PVC casing and screen; annulus
filled with gravel from base to 1 ft above the top of screen with bentonite above
to land surface

* Delaware State Plane coordinates using NAD83 (2011) datum.

A North American Vertical Datum of 1988

"m bls = meters below land surface



Table E2. Lithologic logs for well boreholes..

Well A
top (m) base (m) lithology
0.00 0.15 soil, clayey
0.15 0.61 mud, gray brown
0.61 0.76  mud - organic-rich
0.76 1.52 grayclay
1.52 3.20 sand with mud layers
Well B
top (m) base (m) lithology
0.00 0.15 soil
0.15 1.52  sand, m-gr with gravel
Well €
top (m) base (m) lithology
0.00 2.56 sand, slightly gravelly, gray
2.56 3.66 sand, slightly gravelly, brownish black
Well D
top (m) base (m) lithology
0.0 1.8 sand f-m, minor mud
1.8 2.4 sand f-m, gvl
3.0 3.2 saNd m, gvl
3.2 3.5 sand, muddy
3.5 3.7 sand,f
3.7 4.3 sand, f
4.3 5.1 sand, muddy
5.1 5.5 mud
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Appendix F. Chronologies

Table F1. Chronology of recent hydrologic events.

Date Event Source"
A small canal inthe far north area connects Cedar Creek and Delaware Bay. It is
1961 - 1968 not seen in 1961aerial photography, but can be seen on 1968 photography. It is na
not seen in 1992 photogaphy. It is located on the northern boundary of Town.
Great March Storm of 1962 (Ash Wednesday Storm). Storm surge breaches dunes Pratt
In several places in north and south Slaughter Beach. All homes north of ’
3/5-9/1962 . DPA,
Bridgeham Avenue were destroyed. Three feet of water on Bay Ave. Old Cedar
. . Drew
Creek inlet reopened by breach in dunes.
Dune breaches at southern end of SB. Roads 36, 203, 204 at SB and Mispillion Light
are flooded. Entire marsh at Slaughter Creek is under water. SBR is impassable. SB
12/1-2/1974 . . . .
is totally isolated. There is water on Rte 36 west of Cedar Cr bridge and on TNJ
Lighthouse Road.
1/4/1992 Mispillion River jetty - damage
7/3/2005 Hurricane Irene; PHNWR* Unit 1 -dune breach USEWS
9/2006 PHNWR Unit 1 - small dune breach
6/008 Mispillion River jetty - breaches in jetty discovered Moffat
5/12/2008 Northeaster (Mothers Day Storm); PHNWR Unit Il - small breach
5/12/2008 PHNWR Unit Il - small dune breach
10/17/2008 PHNWR Unit Il - small dune breach repaired USFWS
11/12-14/2009 PHNWR Unit Il - 2 large dune breaches discovered
D011 PHNWR Unit 1 -small dune breach starting to close.
8/26-27/2011 Hurricane Irene NWS
H012 Hurricane Isaac; Mispillion River jetty - damage Moffat
Hurricane Sandy; PHNWR Unit Il -two new large breaches. Now there are four
10/29-30/2012 . .
open breaches in Unit I1.
10/31/12 PHNWR Unit Il - PHNWR starts closing breaches USFWS
8/7/13 SCBR tide gage becomes operational
6/20/15 PHNWR Unit Ill - begin dredging channels
1/20-22/2016 Winter Storm Jonas . Major flooding in Slaughter Beach. TNJ
1/2016 PHNWR Unit lll - channel dredging stops for winter. No dredging yet in Unit I1.
Fowler Beach Road WCS. Six flap gates were reversed allowing tidal flow from
3/25/2016 Slaughter Canal into Unit Il. This configuration did not allow water to flow out of
Unit Il into Slaughter Creek.
3/25/2016 PHNWR Unit Il - breaches closed
4/10/16 PHNWR Unit Ill - dredging nearly complete
5/18/2016 Fowler Beach Road WCS”. Boards removed to lower water level.
6/2/2016 Broadkill River WCS. Four flap gates were chained open. The flapgates were closed USFWS
on 06/08/2016.
Petersfield Ditch WCS. Two flap gates were chained open to lower water levels The
6/7/2016
gates were closed on 06/08/2016.
6/20/2016 Broadkill River WCS.. Six flap gates were chained open.
6/20/2016 Petersfield Ditch WCS. Four flap gates were chained open.
Petersfield Ditch WCS . The water level range increased drastically as a result of the
7/14/2016

removal of 4 flap gates and one fish weir during the late afternoon.
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Table F1. Chronology of recent hydrologic events (cont.).

Date Event Source"
8/14/18 USGS tide gage at Cedar Creek becomes operational. USGS
8/4/2020 Tropical Storm Isais ; little to minor flooding in Slaughter Beach. na
Broadkill River WCS. Removal of all flap (4) and screw (1) gates and a fish passage gate to open
8/31/2016 . . o
tidal exchange with the Broadkill River.
9/1/2016 Fowler Beach Road WCS. Removed all flap (7) and screw (2) gates from the concrete piers along
with fish passage gates (2) to open tidal exchange between Unit Il and Slaughter Canal.
9/12/16 PHNWR Units Il and Il - breach filling and channel dredging nearly complete USFWS
9/12/2016 PHNWR - Several man-made water-control structures removed
Prime Hook Road. Primary channels excavated under new bridge on Prime Hook Road between
9/16/2016 .
Units Il and 111
9/21/2017 Petersfield Ditch & Broadkill River WCS. Inner working of water control structure removed.
10/29/2021 Northeaster; moderate flooding in Slaughter Beach na

|* PHNWR = Prime Hook National Wildlife Refuge - Unit | is between Slaughter Beach and Fowler Beach roads. Unit
A WCS = water control structure at PHNWR
" DNERR, DPA, Drew, Moffat, NCEI, NWS, Pratt, TNJ,.USFWS, USGS; see reference list ]]
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Table F2. Chronology of pre-1990 relevant events

Date note Source
Law passes allowing "cutting a canal to begin at Cedar Creek and to run

1793 into the Delaware Bay or Mispillion River. It was not built until 1848, at DPA
the earliest.

1828 Slaughter Creek and Cedar Creek flow into Delaware Bay with no NOAA T-sheet
connections between them. T00151
Thorn Point House, a hotel in Cedar Beach destroyed by anice

1831 . . MHS
“freshet” in 1831 when Cedar Creek overflowed its banks.
Cedar Creek flows directly into Delaware Bay. Cedar Creek and

1842 Slaughter Creek cutoffs (canals) do not exist. Clark's Tavern at east end NOAA T-sheet
of Cedar Beach Road. Sheppards Island is labeled Fishers Island. T00151
Doctor's Island is just north of current SBR.
George Fisher forms the Cedar Creek Navigation Company to connect

1848 Cedar Creek to the Mispillion River. Original Cedar Creek to be MHS
abandoned to silt in and dry out.

1849 First Cedar Creek Cutoff dug in present location. MHS

1859 Jetty built by local interests. USACE
First permanent structure constructed on beach. Prior map shows the

~1865  barrier as uninhabited from "Old Cedar Creek Hotel" in Cedar Beach to MHS
the present southern limit of Slaughter Beach
Map shows Slaughter Creek turning to southeast and discharging into
Delaware Bay at Slaughter Creek Landing. There is a another small

1868 . . . . . o Beers
creek in what is now Unit | of Prime Hook National Wildlife Refuge that
flows into Delaware Bay at Draper's Inlet.

1868 Map shows Cedar Creek connected to Mispillion River via the Cedar Beers
Creek Cutoff and connected to Delaware Bay via the original channel.
George Fisher is instrumental in digging the long canal that connects

1869 Slaughter Creek (south of Fowler Beach Road) with Cedar Creek, This MHS
canal is now called Slaughter Creek.

1869 Cedar Creek Cuttof enlarged by Cedar Creek Navigation Company. MHS
Map shows Cedar Cheek is connected to Mispillion River via the Cedar

1885 . . MHS
Creek Cutoff and connected to Delaware Bay via the original channel.

1885-1889 Old Cedar Creek Inlet closed naturally. Maumeyer
(1978)

Cedar Creek "Canal " is dredged for better access while constructing

1917 DPA
Fort Saulsbury.
Some materials for building Fort Saulsbury are transported on a narrow
gauge railway, that ran from Milford to Cedar Beach. The routing of the

1917 tracks was basically paralleling the dirt road (now known as Cedar DPA
Beach Road) on the north side. The spur connected to the main line in
Milford.

1917 Fort Saulsbury built as a coastal defense fortification. DPA

1914-1918 World War | na

71



Table F2. Chronology of pre-1990 relevant events (cont.).

Date note Source
Map shows Slaughter Creek diverted to the north near Fowler Beach to

1918 connect with "Slaughter Neck Ditch" (now known as Slaughter Creek) USGS
then to Cedar Creek.
Jetties exist on the north and south sides of Mispillion River. Fort

1918 ) USGS
Saulsbury is not shown on map.
Map shows Cedar Beach and Slaughter Beach. and a dirt road
connecting them. There are small buildings north of Cedar Beach Road

1918 but no buildings on current Bay Avenue between Cedar Beach and USGS
Slaughter Beach roads. There are six small buildings south of Slaughter
Beach Road. No indications of hotels.

1926 No ditches evident on aerial photo.

1920 First n.nodern je.tty constructed at Mispillion Inlet. Other jetties have Moffat, USACE
been in place since 1859

1930s Ditches are dug in marshes up and down the east coast of the US,
including the marsh at Slaughter Beach.

1937 Dense grid of ditches evident on aerial photograph.

1939 Second modern jetty constructed at Mispillion Inlet. Moffat, USACE

1946 Fort Saulsbury deactivated in 1946 and sold as surplus property in 1948. DPA

1949 Map shows a dense network of ditches in the Slaufghter Beach marsh USGS MR
marsh.
Prime Hook National Wildlife Refuge (PHNWR) established. PHNWR

1960s o . DPA
Unit | is adjacent to south Slaughter Beach.
Great March Storm of 1962 (Ash Wednesday Storm). Storm surge
breaches dunes In several places in north and south Slaughter Beach. Pratt et al., and

3/5-9/1962 All homes north of Bridgeham Avenue were destroyed. Three feet of DPA, Drew

water on Bay Ave. Old Cedar Creek riverbed reopened by breach in (1981
dunes.
Slaughter Creek, southwest of Slaughter Beach is modified to flow

1918 northwest into Cedar Creek. The canal is now known as Slaughter USGS
Creek.
Pilings are driven for a home foundation near Bridgeham Avenue..The
top of a 20 to 30-foot piling fell to ground level after being pounded a

mid 1970s few times indicating the lot is underlain (at least partially) with very soft  Town citizen

sediments. About 250 meters south, a geotechnical report for piles
driven showed the area is underlain by soft sediments.
Slaughter Beach road was raised and ditches in the back marsh were i

1975 Firedlander
enlarged.

1980s In the 1980s, the two central units in Prime Hook National Wildlife Area USEWS

— Unit Il and Unit Ill — were converted to freshwater impoundments.
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Appendix G. GPR

Figure G1. Example of hyperbolas in a radargram that
indicate subsurface objects like utilities

Figure G2. Locations of high-graded GPR targets to
investigate for drainage pipes. Coordinates in Table G1.

Figure G3. Location of GPR survey lines.
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Table G1. Locations of potential drainage pipes under road from GPR survey.

ID

easting (m)

northing (m)

Depth (m)

General Location

472414.05

4309382.09

0

472384.36

4309425.43

0

472426.08

4309413.49

0

472464.30

4309496.73

0.724

472446.30

4309455.89

0.489

472105.72

4309627.65

472873.04

4308321.53

0.938

471985.89

4309602.25

0.173

472104.41

4309551.88

0.217

472373.88

4309726.57

472195.81

4309650.67

472454.77

4309590.75

0.657

473877.66

4306789.48

1.131

473837.82

4306837.26

0.531

472314.84

4309702.80

0.754

Passwaters Dr & Marina Lane between Cedar

Beach Road and Sandpiper Dr

472459.96

4309548.59

0.584

Passwaters Dr between Sandpiper Dr and
Launch Service

473815.89

4306862.23

473806.92

4306872.88

473798.72

4306883.19

473794.50

4306887.72

473780.28

4306903.26

473168.09

4307816.88

473173.15

4307810.28

473257.42

4307660.50

Beach Plum between Bay Ave and culdesac

472159.71

4309638.52

471999.34

4309599.25

472104.81

4309625.54

472313.53

4309702.45

Cedar Beach Road between bridge and sharp
curve

472415.85

4309379.70

473126.33

4307889.77

473133.22

4307877.32

473133.32

4307877.15

Bay Ave between Evans Ave and sharp curve

473756.29

4306939.97

Bay Ave between Bridgeham Ave and Cohee

Table G1. Locations of potential drainage pipes under road (cont.)

ID

easting (m)

northing (m)

Depth (m)

General Location
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44 | 472087.97 | 4309557.85 1.458

45| 472179.26 | 4309643.11 1.63

46 | 472222.42 | 4309664.58 | 1.919

30| 472900.78 | 4308311.90 | 0.811 |Bay Ave between Cedar Ave and Sussex Ave
47 | 472896.69 | 4308308.88 0.17 |Bay Ave between Delaware Ave N and 403 Bay
48 | 472897.55 | 4308309.38 | 0.703 |Ave

13| 472411.29 | 4309926.99 0.648

14 | 472376.27 | 4309731.27 0

31| 472905.44 | 4308314.23 1.073

32| 472943.52 | 4308328.59 0.57 |Bay Ave between Maryland Ave and Cedar Ave
33| 472423.38 | 4309419.50 | 0.434

34| 472423.42 | 4309427.99 0.745

35| 472467.46 | 4309495.15| 0.424
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