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Introduction
Sediment is an integral and natural component of the Delaware estuary. It is one element of a complex
estuarine system that includes processes associated with biology, biochemistry, geology, geochemistry,
hydrology, tidal hydraulics, and meteorology. The processes interact within a continuum of spatial and
temporal scales to influence the behavior and “health” of the ecosystem. Sediment as bottom/riverbed
substrate supports a wide variety of habitats and ecosystems that extend from the fresh water zone in the
tidal river above Philadelphia to the sandy, saline environment at the Capes. (Figure 1) Sediment
accumulates in channels and harbors of the estuary, interferes with safe and efficient navigation, and
necessitates dredging and ultimately disposal. Suspended sediments play a role in the transport of
nutrients and adsorb dissolved toxic substances such as trace metals, pesticides, and PCBs.
Suspended sediment creates turbidity, which limits penetration of light into the water column and affects
photosynthesis.
The goal of regional sediment management (RSM) is to consider sediment as a resource critical to the
economic and environmental vitality of the region. Sediment is often regarded as a localized waste
product or pollutant to be disposed of as cost effectively as possible. When sediment is removed for
navigation purposes, it is desirable to maximize the beneficial uses of the dredged material. Until the
Delaware Estuary RSM program was initiated in 2009, there was no systematic, collaborative approach to
dealing with the challenges and opportunities associated with sediment in the estuary. To date, all
attempts at beneficial use of dredged sediments have been accomplished on an ad hoc, project-specific
basis. The present RSM initiative is intended to broaden local knowledge about how, where, and when to
manage parts of the sediment system differently and more beneficially than has been previously
practiced. The overall goal of this paper is to help identify the “how, where, and when” of sediment
management for the estuary by first developing an understanding of how the sediment system functions.
The specific goals are to:
1. Identify what is known about the major sediment sources and sinks in the estuary
2. Describe, and quantify where possible, the principal sediment transport mechanisms and
pathways
3. Identify deficiencies in the present understanding of the sediment system and improve awareness
of ecological processes so as to implement workable, successful applications of RSM within the
Delaware estuary.
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Figure 1: Location Map
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The Delaware Estuary Sediment System
Shorelines and Channels
Estuaries trap sediment, most of which originates from erosion of land in the upper reaches of the
watershed. As sea levels rose at the end of the last glacial period (about 18,000 years ago), the
ancestral Delaware River valley was inundated by water. The approximate boundaries of the estuary
were established within the past several thousand years (Fletcher et al, 1990). The current Delaware
estuary sediment system is highly altered compared to what existed as recently as one or two centuries
ago. Extensive portions of once natural estuarine and river shoreline have been modified by construction
of bulkheads, seawalls, piers, and wharves to serve the needs of urban and industrial development.
Dredged fill was often used to create new land adjacent to the waterway. Since about 1890, waterborne
commerce has necessitated dredging and maintaining progressively deeper channels of the estuary.
Most of the sediment dredged from the estuarine system has been placed in upland dredged material
disposal sites. A number of these sites were constructed along the shoreline in shallow, sub-tidal areas
of the estuary.

Upland Sediment Supply
Upland sediment sources, either from the stream channel or surrounding basin, vary given the relative
location within a watershed, nature of the runoff response, maturity of the watershed, and other
conditions. In many watersheds, steeper headwater streams may obtain the bulk of their sediment by
erosion of the area within and adjacent to the stream channel. Larger-order streams farther downstream
primarily store and transport this material with less channel erosion (in terms of incision or streambed
erosion). Many landscape evolution models support this concept including the very earliest created by
William Morris Davis in 1909 (Cinotto, 2006).
Meade (1982), Trimble (1999), Phillips (1991), and others have found that approximately 80-90 percent of
all sediment eroded within a watershed is stored, and only about 10-20 percent is directly removed from
the basin. Of the stored sediment, approximately 70-80 percent is stored on hill slopes and floodplains
and about 20-30 percent is temporarily stored in the stream channel. What this means to water resource
managers is that even if the existing sources of sediment are completely cut off, reductions in sediment
loads may not be measurable for many years due to a long residence time.
The Delaware differs from most other large rivers in that there are no dams on the main stem to interrupt
the natural downstream transport of fluvial sediment toward the estuary. In fact, it is the longest undammed river east of the Mississippi, extending 530 kilometers (330 miles) from the confluence of its east
and west branches at Hancock, NY to the mouth of the Delaware Bay.
There is some evidence that mill dams on tributaries to the Delaware may play a significant role in
preventing downstream sedimentation. Historic data indicate that at least a third of the tributaries in the
Delaware River basin had an average mill spacing of between 1.6 and 15 kilometers (Merritts et al.,
2006). Renwick et al. (2005) estimated that 21 percent of the coterminous U.S. drainage area, which
represents 25 percent of the total sheet and rill erosion nationally, is captured by small impoundments.
Since 2000, there have been 140 planned dam removals in Pennsylvania and 20 in New Jersey. The
total sedimentation in the impoundments is large in relation to upland erosion. There has been no known
mill pond inventory of the Delaware River basin.
To a degree, the lack of dams on the main stem of the Delaware River has minimized the disruption to
the estuarine sediment system since there is no sediment impounded by dams. The annual series of
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suspended sediment discharged to the estuary from 1950 through 2009 is plotted in Figure 2 (Section 3f
describes ongoing work by the U.S. Army Corps of Engineers (USACE) on suspended sediment
discharge). Data are presented for the Delaware River at Trenton (red), the Schuylkill at Philadelphia
(green), and the Brandywine at Wilmington (blue), which together represent approximately 80% of the
total freshwater and sediment discharge to the estuary. The graph shows the large annual variability in
sediment discharge, which is highly correlated with freshwater discharge, particularly peak flow events.
The drought period of the mid-1960s has relatively low sediment discharge, whereas 2004 through 2006
had several large flood events in and shows relatively higher sediment discharge.
The mean annual sediment discharge over the past six decades at these three locations is 1.26 million
metric tons. There is no apparent net increase or decrease in sediment discharge over the period of
record. [Note: metric (SI) units are the default system used in this paper. Where useful for purposes of
comparison, the corresponding measure in English (Imperial) units will be included.] Mansue and
Commings (1974) analyzed suspended sediment input into Delaware Estuary. Their data show an
average annual input from the Delaware, Schuylkill, and Brandywine Rivers equivalent to 1.0 million
metric tons per year, with a total suspended solids input from all sources of 1.3 million metric tons
annually.
Piedmont watersheds contribute unusually high suspended sediment loads to the Chesapeake Bay
(Gellis et al 2004), despite low relief and low, long-term erosion rates (Reuter, 2005). The commonly held
view since the 1930s is that modern agriculture is the primary source of suspended sediment through
upland slope wash, rilling, and gullying (Panel, 2004). Merritts et al. (2006) proposed that sediment yields
th
remain high, despite 20 century best management practices, because of bank erosion and
remobilization of stored sediment along tens of thousands of kilometers of incised stream corridors. They
estimate that in Lancaster County, bank erosion of legacy sediments could account for 50-80 percent of
suspended sediment loads to downstream waterways, including the impaired Chesapeake Bay (Merritts
et al., 2004). The various land use/cover types in the Delaware River Basin are shown in Table 1.
Table 1: Land Use/Cover in the Delaware River Basin
Sq KM

Square
Miles

Acres

Percent of River
Basin

8,611

3,325

2,127,808

24.4

144

56

35,584

0.4

Developed

4,819

1,861

1,190,912

13.8

Forest

16,286

6,288

4,024,256

46.1

Water

2,645

1,021

653,568

7.5

Wetland

2,747

1,061

678,848

7.8

TOTAL

35,252

13,611

8,710,976

100

Land Use
Agriculture
Barren

Agricultural cultivated cropland use, a portion of overall agricultural land use shown in Table 1, includes
an estimated 343,000 hectares (847,500 acres) or 9.7 percent of the entire Basin (U.S. Department of
Agriculture – Natural Resources Conservation Service [USDA NRCS], 2010). Large amounts of cropland
in the Basin have been converted from agricultural use to urban/suburban and other uses. The 2007
National Resource Inventory (NRI), which provides nationally consistent data for the 25 year period 1982
through 2007, shows a decreasing area of cropland both nationally and in the Northeast (which includes
DE, NY, NJ, and PA) farm production region (USDA, 2009). In addition, soil erosion rates on cropland
have decreased from 8.1 to 6.0 metric tons/hectare/year (Table 2).
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Figure 2: Annual Suspended Load Time Series
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Table 2: Northeast Region Cropland Erosion Rates (1982-2007)
Soil Loss
(Metric Tons Per Hectare Per Year)

Soil Loss
(Tons Per Acre Per Year)

1982

8.1

3.6

1987

8.5

3.8

1992

7.2

3.2

1997

6.5

2.9

2002

6.5

2.9

2007

6.0

2.7

Year

Sheet and rill erosion is the detachment and movement of soil particles within a field during rainfall
events. Controlling sheet and rill erosion is important for sustaining soil productivity and preventing soil
from leaving the field. Sediment loss is the sediment transported beyond the edge of the field. The
average sediment loss for cropped areas in the Delaware River basin is 5.8 metric tons per hectare (2.6
tons per acre) per year (USDA, 2010). On an annual basis, sediment loss can vary considerably. Annual
sediment loss is below 4.5 metric tons per hectare (2 tons per acre) for about 50 percent of the cropped
area under all conditions, including years with high precipitation. In contrast, sediment loss exceeds 27
metric tons per hectare (12 tons per acre) in one or more years on about 20 percent of the cropped area.
Conservation practices in the Delaware River basin have reduced average annual sediment loss by 50
percent for cropped areas. Without conservation practices, 44 percent of the area would have less than
4.5 metric tons per hectare (2 tons per acre) per year of sediment loss, while 65 percent of the cropped
areas would have sediment losses of less than 4.5 metric tons per hectare with conservation practices
(USDA, 2010).
A study of two relatively undeveloped Delaware River tributary watersheds (USDA, 2007) found the
primary sediment sources were streambanks, roadways and agricultural cropland (Table 3). A growing
body of evidence in agricultural areas shows that the locus of sediment erosion has shifted from fields
and uplands to channels (Simon & Limetz, 2008). The Conservation Effects Assessment Project (CEAP)
in the Delaware River Basin consists of 186 sample points representing 342,200 cropped hectares
(845,600 acres). This study of CEAP benchmark watersheds revealed that channel contributions are a
significant source of sediment. Town Brook, a CEAP benchmark watershed that is tributary to
Cannonsville Reservoir and the West Branch Delaware River, had sediment yields of 290 and 105
percent of the reference watersheds for the ecoregion. In both cases, channel erosion, particularly
streambank erosion, was important (Simon and Limetz, 2008).
Table 3: Relative Erosion Rates and Delivery Ratios for Sediment Delivery
in the Lockatong and Wickecheoke Creek Watersheds
Relative Soil Erosion
Rate

Sediment Delivery Ratio
(Percent)

Agricultural Cropland

Low

33

Forestland

Low

33

Roadways

High

80

Streambanks

High

100

Sediment Source
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Regional radionuclide studies in nearby river basins have determined that much of current stream
sediment represents eroded agricultural soil from the 19th century (Nagle et al, 2007; Phillips, 1991).
These legacy sediments from prior agricultural uses move through the system during severe weather
events. Sun, Natter and Lacombe (2008) have found that suspended sediment concentrations in the
Delaware River basin are high during March and April when snow melt combines with rainstorm runoff
and lower during the summer when the river discharge is low.

Sediment Budget
To plan and implement rational, efficient, and effective RSM actions within the Delaware estuary requires
at least a basic understanding of how the sediment system operates. One way to view the estuarine
sediment system is to schematize the principal sources, sinks, pathways, and processes in the form of a
sediment budget. In an ideal budget, all sediment sources and sinks are identified and quantified, and all
processes that add, transport, and remove sediment are identified and quantified. However, because
sediment transport processes are highly variable in time and space, quantifying source and sink terms
involves a level of temporal and spatial averaging. Since an estuary may exhibit long-term net
accumulation of sediment, or long-term net loss, it is not necessarily expected that the system is at steady
State and that the source and sink terms will balance to zero. This paper will demonstrate that we have
a good qualitative understanding, and even acceptable quantitative knowledge, of some portions of the
Delaware estuary sediment system. However, other aspects of the overall estuary sediment budget,
such as sediment sources from urban and suburban sites, are not as well understood.

Sediment Classification and Distribution
This paper considers sediment in two broad classes based on the size of the sediment particles. One
component is termed bedload or “non-cohesive” sediment and consists principally of coarse-grained
components (sand and gravel). These particles are considered non-cohesive because they exhibit
essentially no inter-particle attraction. Bedload refers to the transportation of the sand and gravel at, or
close to the bed of the estuary or river rather than suspended in the water column. The other component
is broadly classified as “cohesive” or fine-grained sediment and consists of silt and clay mineral
aggregates known as flocs (e.g., Gibbs et al, 1981). In general, inorganic suspended particles less than
10 microns in diameter are transported as flocs whereas larger particles move as single grains.
Suspended sediment is composed predominately of silt and clay flocs, particulate organic matter such as
plant debris, and biological particles such as phytoplankton. By definition, mud is a mixture of silt- and
clay-sized grains less than 63 microns in diameter. Clays have larger surface area-to-volume ratios so
they have much higher adsorption capacities. Clays exhibit strong inter-particle forces due to their
surface ionic charges, which can also bind chemicals. As a result, contaminant testing is frequently
required for estuarine mud, but not for sand and gravel. The small grain size of silt and clay results in low
intrinsic settling velocities, but flocculation significantly increases the size and effective settling velocities
of small particles. Nonetheless, mud flocs can stay suspended in the water column for much longer
periods than sand and gravel, and can be transported by the ambient flow over long distances before
they settle to the bed.
Depending on the sediment classification scheme, the size difference between sand and mud is in the
range of 50 to 74 microns (0.050 to 0.074 mm) mean particle diameter. There are significant differences
between the spatial distribution of the two classes within the estuary, as well as physical and chemical
processes that govern fate and transport. The distribution of bottom sediment types is depicted in Figure
3 (Biggs and Church, 1984). In the segment from Wilmington to Liston Point, the dominant bottom
sediment is mud whereas downstream of Liston Point, the bottom is dominated by mixtures of sand and
gravel.
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Figure 3: Bottom Sediment Distribution (Biggs and Church, 1984)
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The zone of dominant muddy bottom corresponds to the Estuary Turbidity Maximum (ETM), which results
from the complex interaction of freshwater inflows from upstream sources with denser, more saline water
from the Atlantic Ocean.
In the last decade, research by the Delaware Department of Natural Resources and Environmental
Control and the University of Delaware (Sommerfield and Madsen, 2003; Wilson, 2007) has identified and
mapped benthic habitats and bottom sediments of Delaware River and Bay. This effort has significantly
improved our knowledge of the spatial heterogeneity of bottom sediments in the estuary. The bottom
sediment distribution determined through earlier work and depicted in Figure 3 is representative of the
estuary and is considered valid for purposes of this paper.

Delaware Estuary Sediment Budget – Quantities and
Transport Mechanisms
Sources and Sinks
The earliest attempts to quantify the sediment budget of the Delaware estuary date to the early 1970’s
(e.g., Oostdam, 1971; Wicker, 1973). More recently, there has been significant work on this topic,
principally at UD under the leadership of Dr. Christopher Sommerfield (Sommerfield and Madsen, 2003;
Walsh, 2004; Cook, Sommerfield and Wong, 2006; Sommerfield and Wong, 2011). Research has
included analysis of historic bathymetric surveys of the estuary to determine the location and rate of
change in the sedimentation and scour of the estuary floor. The recent UD research includes direct
measurement of currents, salinity, and suspended sediment concentration at multiple locations in order to
track the transport of suspended sediments within the system, assess the relative magnitudes of the
different transport processes, and determine sediment mass fluxes.
The most recent quantitative sediment budget for the estuary is summarized in Table 4 (Walsh, 2004).
The USACE Philadelphia District is working with Woods Hole Group (WHG) and Dr. Sommerfield to
update this budget. The in-progress findings of the sediment budget reevaluation are presented in
Section (3f) of this paper.
Table 4: 1950-1985 Estuary Sediment Mass Balance
SOURCES

SINKS

Bottom erosion

3.4

Dredging

2.8

Rivers

1.3

Marshes

2.1

Phytoplankton

0.23

Subtidal shoals

0.63

Waste/industrial

0.17

TOTAL SOURCES

5.1

TOTAL SINKS

5.5

Note: Sources and sinks shown in millions of metric tons per year

Table 4 illustrates a number of salient points. First, although the source and sink term do not balance in
an absolute sense, they are sufficiently close given the uncertainty of the calculations and measurements
involved that they balance to a first order of accuracy. In the list of sources, the largest category is
bottom erosion. This indicates that scour of the bed of the estuary was the largest source of sediment
available to the system. It was larger by a factor of 2.6 than the average annual input of new sediment .
In the list of sinks, the largest contributor is dredging, followed by sediment accumulation in marshes.
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This implies that despite the large lateral retreat of the fringing marshes of Delaware Bay documented
th
during the 20 Century, tidal marshes may accumulate more sediment mass than they lose to lateral
retreat. This component of the estuary sediment budget is part of the ongoing work described in Section
(3f).
Some of the terms in the table can be directly derived with relatively little uncertainty. For example, the
contribution from rivers is calculated as the product of suspended sediment concentration (SSC) times
river discharge. The dry sediment mass for dredging (sink) and bottom erosion (source) is calculated
indirectly by comparing hydrographic surveys from different dates, which results in an in situ (i.e., wet)
sediment volume change measurement. Conversion from units of in situ volume (measured at the bed of
the estuary) to units of dry mass of sediment requires a volume-to-mass conversion factor. There is a
wide range of empirically measured in situ volume to dry sediment mass ratios. For work performed in
the UD sediment budget analyses, the investigators adopted the value of 753 kg of dry sediment solids
per cubic meter of in situ sediment (Walsh, 2004). This value, equivalent to a sediment porosity of 68
3
percent assuming a mineral grain density of 2650 kg/m , will be used as the default conversion factor for
this paper and is viewed as a reasonable approximation based on empirical data on Delaware estuary
sediments from the past several decades.

Dynamic Factors – Estuarine Turbidity Maximum (ETM) and Principal
Transport Mechanisms
Nomenclature
For purposes of consistent reference to various segments of the estuary, the following geographic naming
conventions are applied. The distances in kilometers above the mouth at the Capes are listed for the
upstream and downstream boundaries of each zone. The locations listed in Table 5 are shown on Figure
1.
Table 5: Delaware Estuary Zones
Zone

U/S & D/S Bounds

KM Above Capes

Trenton

215

Tidal River
Rancocas Creek
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TBD

2

50

TBD

4

75

TBD

31

30

TBD

29

25

TBD

34

25

Lower Bay
The Capes

35

55

Upper Bay
Egg Island Point

Zone Volume
(%)

130

Lower Estuary
Ben Davis Point

Zone Area
(%)

180

Upper Estuary
Marcus Hook

Zone Length
(KM)

0
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Estuary Turbidity Maximum (ETM) Overview
The ETM is a zone of elevated suspended-sediment concentration maintained by a combination of: (1)
continuous, but unsteady input of sediment from fluvial sources; (2) tidal resuspension of sediment at the
bed of the estuary; (3) non-tidal gravitational circulation driven by density differences between upstream
fresh and downstream salt water; and (4) tide-induced residual transport (tidal pumping). Understanding
the genesis and behavior of the ETM is critical to our ability to formulate effective regional sediment
management measures for the fine-grained sediments. Of all the source and sink terms in the estuary
sediment budget, dredging and disposal offer the greatest opportunity for alternate management methods
in an effort to influence the estuary sediment system. The ETM is the zone with the greatest mass of
mobile sediment, the most active and complex sediment transport mechanisms, and includes several
navigation channel segments in which most maintenance dredging is performed.
Bed shear stress, generated by reversing tidal currents, provides the immediate source of energy to
suspend and then maintain fine-grained sediment in suspension. However, gravitational circulation and
tidal pumping produce residual currents that control the along-estuary position of the ETM, and influence
the lateral distribution of sediment in the lower estuary and bay. Each of these mechanisms is discussed
in greater detail in subsequent sections of this paper.
The location of the suspended load within the ETM varies based on tidal and seasonal time scales. At
times, more than one ETM is present, but the ETM is typically centered about 80 - 100 km above the bay
mouth, between Artificial Island and New Castle, DE. UD research cruises (Sharp et al, 2009) along the
length of the estuary between 1978 and 2003 obtained suspended sediments samples that were
analyzed for total SSC. The SSC data from over 1600 of these samples show that the lower estuary,
from Marcus Hook downstream to Ben Davis Point, NJ is the zone of greatest SSC (Figure 4).
The zones upstream and downstream of the lower estuary display a gradual reduction in typical SSC
values. When mean SSC values are applied to the volume of water in each of the five zones identified in
Table 5, approximately 66% of the total mass of suspended sediment is found in the lower estuary, with
30% in the upper and lower bay, and 4% in the upper estuary and tidal river together.

Fluvial Transport
The discharge of freshwater by the Delaware River and its tributaries leads to a net seaward flux of water
into the estuary. Fluvial transport of sediment from the watershed above the head of tide into the estuary
is unidirectional (downstream), and can be highly variable from year to year due to variations in fresh
water discharge (Figure 2). Once sediment crosses the head of tide on a river or stream, it enters the
estuarine system and is subject to a number of other transport processes of greater or lesser significance
depending on location along the longitudinal axis of the estuary.

Tidal Transport
Delaware Estuary is by definition tidal from the Atlantic Ocean at the Capes upstream about 215 km (133
miles) to the head of tide at Trenton. This zone experiences the periodic rise and fall of water level driven
by the semi-diurnal tidal regime of the Atlantic Ocean, with a mean period of 12.4 hours. The tidal wave
propagates up the estuary with characteristics of a progressive, shallow water wave, such that the time of
high (or low) water at any location is dependent on its distance from the mouth. High tide (low tide)
occurs in Philadelphia an average of about 5 hours (6.5 hours) later than at the mouth, and at Trenton,
about 7 hours (9 hours) later than at the mouth. The flood (upstream directed) and ebb (downstream)
phases of a tidal current cycle are separated by a brief period of slack water in which flow velocities fall to
zero, followed by the reverse tidal flow. In addition to the progressive temporal nature of the tidal wave,
there is also a spatial trend in tidal range, which is the difference between high tide and low tide height at
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Figure 4: Suspended Sediment Distribution
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any location. The mean tidal range at the mouth is 1.2 m (4.1 ft); at Philadelphia it is 1.9 m (6.1 ft); and at
the head of tide in Trenton, 2.5 m (8.2 ft). In tidal flow, as in fluvial flow, circulation driven solely by the

gradient in water surface elevation is termed barotropic.
There is an important 14-day variation in tidal range that leads to spring and neap tidal phases. Spring
tides occur during syzygy (new and full moon conditions) and are characterized by a larger tidal range
and corresponding greater flood and ebb current velocities. Conversely, neap tides (first and last quarter
moon phases) are characterized by smaller tidal range and current velocities. Typical peak spring tide
flood and ebb velocities in Delaware estuary can attain or exceed 100 cm/sec (3 ft/sec). Unlike episodic
fluvial flood events or storm-driven ocean surges that occur at irregular intervals, the tidal regime
operates continuously, 24 hours per day, 365 days per year, and thus constitutes the principal short-term
source of energy to suspend and transport sediment within the estuary. Recent evidence from six
months of SSC, and current observations by UD (Sommerfield and Wong, 2011), indicates that the
spring-neap cycle also leads to systematic changes in location and SSC of the ETM at three transects in
the lower estuary. One finding is that neap tides lead to larger landward fluxes of suspended sediments,
while spring tides produce a seaward flux of sediment. A detailed discussion of the neap-spring variability
in sediment transport is beyond the scope of this paper.

Gravitational Circulation
A longitudinal salinity gradient is a permanent feature of salt distribution in the Delaware estuary. Along
the gradient, salinity is higher at the mouth and downstream end of the system, and decreases in the
upstream direction. Unlike fluvial and tidal flows that can be observed by eye and measured in real time,
estuarine gravitational circulation is a residual flow best resolved with a sufficiently long time series over
multiple tidal cycles during which the vertical distribution of the flow is measured. This is accomplished
either with a vertical array of conventional current meters or more recently, by bottom-mounted acoustic
Doppler instruments that measure the vertical profile of water velocity in a number of discrete bins,
typically on the order of 1 m intervals through the water column. Gravitational circulation is the tidally
averaged residual movement of water driven by the seaward-directed flux of the mean river discharge
and landward-directed flux that results from the longitudinal salinity gradient. This circulation is also
referred to as “baroclinic” flow. In some estuaries, gravitational circulation is the primary, if not exclusive,
mechanism that leads to the formation of the ETM, where suspended sediment concentrations in the
water column are highest and the estuary bed is primarily comprised of fine-grained sediments (Figure 3).

Tidal Pumping
Tidal pumping is a transport mechanism contributing to the distribution of sediment within estuaries. In
the Delaware Estuary, it is driven by asymmetries in tidal velocity and particle settling, and by tidal
variations in internal mixing in the stratified lower estuary (Sommerfield and Wong, 2011). Phase
differences between water velocity and suspended-sediment concentration produce tide-induced residual
fluxes of sediment that contribute to the formation of the ETM. As in many estuaries, gravitational
circulation and tidal pumping coexist in the Delaware and influence the intensity of the ETM in ways that
depend on location, tidal conditions, and freshwater inflow.

Observations of Sediment Transport and the ETM in the Lower
Estuary
Long Range Spoil Disposal Study
The existence of an ETM within the Delaware estuary has been recognized for at least four decades as a
critical feature of the estuary sediment transport system. The USACE investigation titled “Long Range
Spoil Disposal Study” (LRSDS, Wicker, 1973) evaluated sediment transport mechanisms and quantities
to determine the cause of repetitive, problematic high shoaling rates in several locations along the
Delaware Estuary Regional Sediment Management Plan
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Delaware River navigation channel, primarily between Marcus Hook and Wilmington. In May and July
1969, the LRSDS obtained two series of single tide cycle synoptic current and SSC measurements at
Tinicum Island, Marcus Hook, and the Delaware Memorial Bridge (Figure 1). The report documents
instantaneous SSC and current observations and calculates the ebb- and flood-phase total suspended
sediment fluxes at the three sites. An expanded summary of the findings of the LRSDS is presented in
Appendix A of this paper.
The largest ebb- or flood-phase suspended sediment fluxes measured during the 1969 experiment
consisted of approximately 26,000 metric tons of sediment at the Delaware Memorial Bridge (DMB)
station. This finding quantified the mass of sediment suspended in the water column and transported upand downstream by the flood and ebb currents during ordinary conditions of tide and freshwater inflow.
The average hourly flux of suspended sediment at the DMB was over 4,000 tons per hour (26,000 tons /
6 hours), as compared to the long-term average rate of sediment input from above the head of tide, about
150 tons per hour (1.3 million tons / 8,760 hours). It is not the absolute value of these rates that is
important; rather, it is the relationship between the two, indicating that the very large quantities of
primarily fine-grained sediment are stored and available for transport within the ETM of the estuary. The
LRSDS provided the following analysis with regard to the navigation channel shoaling/dredging problem:
“The estuary serves as a temporary storage reservoir for materials contributed from the
watershed. When the rates of these contributions are high, as is the case during floods
and freshets, some of the material received by the estuary is deposited in the channel,
but a far greater portion is deposited on the much larger bottom areas beyond channel
and anchorage limits. Some of the materials deposited beyond the limits of these
navigation improvements remains there until greater than normal tidal currents occur in
consonance with the widely varying tidal regimen, and they thereupon go into transport.
Thus, although the bed of the estuary is the primary supplier of shoaling material, this
source must be replenished from time to time by materials from the watershed,
supplemented by the locally introduced material and by diatoms.”

UD Observations in 2003
Between March and June 2003, UD (Cook, Sommerfield and Wong, 2006) obtained SSC and a current
measurement at two transects: Tinicum Island (upper estuary) and New Castle (lower estuary). The
period of measurement included the occurrence of two typical spring freshets that were found to have at
least short-term significant impacts on sediment transport. Analysis of the time series of data led to the
following four principal conclusions relevant to estuary sediment transport mechanisms (bold italics added
for emphasis):
“(1) In Spring 2003, the Delaware Estuary turbidity maximum migrated axially in
3
association with river peakflows of 1,000 to 2,000 m /sec, typical springtime events with a
recurrence interval of 1 - 2 years. Such flows are capable of displacing the salinity
intrusion and suspended sediment trapped within the ETM zone ~20 km to
seaward, while at the same time increasing salinity stratification and suspended
sediment mass in the lower estuary. River-forced excursions of the ETM temporarily
decrease SSC in the upper estuary, because pools of easily resuspendable sediment are
advected seaward.
(2) Spatial and temporal variation in SSC and flux in the upper Delaware Estuary is highly
dependent on the proximity of resuspendable bed deposits, some of which reside in
quasistationary depositional zones . . . . Throughout the study period the depthaveraged residual current and sediment flux were seaward, and the flux magnitude
increased 3 - 4 fold during river peakflows on account of elevated ebb currents and
bottom scour. The seaward residual current . . . appears to be a significant mechanism
of sediment transport to the estuarine turbidity maximum zone.
Delaware Estuary Regional Sediment Management Plan
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(3) Although subtidal variations of currents and SSC in the upper Delaware Estuary are
forced principally by freshwater discharge, remote winds during the study period had
a measurable influence on residual flow. Sustained along-shelf winds (50° from
North) of speeds ≥10 m/sec increased water levels in the upper estuary by nearly 100 cm
and reduced the nontidal drift. . . .
(4) Sediment mass balance suggests that the upper estuary channel is a
quantitatively important repository of sediment on inter-annual timescales. During
the 80-day observational period, the estimated sediment load delivered by tributaries to
8
the study area was 5 X 10 kg [0.5 million metric tons]. By comparison, the sectionally
8
8
averaged sediment flux at Tinicum Island was 4 X 10 kg, and 11 X 10 kg was measured
8
at New Castle. The flux imbalance (~7 X 10 kg) implies that deposits remobilized from
storage within the intervening channel were a significant source of sediment
delivered to the lower estuary. In view of these results, and given the persistence of
sediment deposition in the upper estuary (as evinced by dredging records), we speculate
that suspended sediment becomes entrapped by up-estuary tidal pumping and
deposition during periods of low riverflow.”

UD Observations in 2005
The most recent series of SSC and current observations obtained by UD took place between March and
October 2005 (Sommerfield and Wong, 2011). The principal purpose of these observations was “to
identify mechanisms of suspended-sediment flux and turbidity maintenance in the Delaware River
estuary.” Three transects within the lower estuary were monitored, New Castle (NC), Blackbird Creek
(BC), and Bombay Hook (BH, Figure 5).
The period of measurement captured the large freshwater flood event that peaked on 4 April 2005, when
3
inflow at Trenton reached 6776 m /sec, the third highest peak flow observed since 1898. Inflows
remained at elevated levels for approximately the next 20 days, during which an estimated 2.6 million
metric tons of sediment were discharged to the estuary. This 20-day total exceeds the mean annual
discharge of sediment by a factor of 2, demonstrating the episodic nature of new sediment input to the
estuary from the watershed. Later in the observational period, freshwater inflows returned to typical
seasonal low flow values. This data provides the most spatially and temporally comprehensive synoptic
view of circulation and sediment transport phenomena obtained to date in the Delaware estuary. The
observations covered an extended period with large variations in hydrologic conditions and provide
important new insights into the workings of the estuary sediment transport system.
Much of the analysis and discussion in Sommerfield and Wong (2011) pertains to identifying the relative
role and magnitude of the transport mechanisms outlined earlier in sections. The following conclusions
from Sommerfield and Wong are considered significant and are quoted here:
“The estuarine channel is a strongly advective transport environment with residual
sediment fluxes driven mostly by gravitational circulation.
Tidal pumping is a contributing process of residual sediment flux in the channel
near the estuarine null point and turbidity maximum, though the magnitude and direction
of pumping vary with river flow and resident sediment inventory in the upper estuary.
Sediment pumping in the channel is driven by tidal asymmetries in velocity and
particle settling, and perhaps by tidal variations in internal mixing in the stratified lower
estuary.
In contrast to the estuarine channel, residual sediment fluxes over the subtidal flats
are weak and dominated by tidal pumping.
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Figure 5: Location Map for UD 2005 Observations (Sommerfield, “Understanding Turbidity in the Delaware Estuary”, 2007
Delaware Estuary Science Conference)
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Landward advective fluxes of sediment in bottom waters of the lower estuarine
channel are strongest during neap tides; during large spring tides sediment is mixed
high in the water column and the advective flux reverses to seaward under the residual
surface outflow.
Despite these transient seaward fluxes, the estuary has an enormous capacity to
buffer extreme freshwater discharges and suppress export of suspended sediment
to Delaware Bay.
Gravitational circulation in the axial channel of Delaware Estuary is a fundamental
mechanism of sediment entrapment within the ETM zone, but . . . tidal trapping over
the shallow subtidal flats is involved in the permanent sequestration of sediment
delivered to the estuary as whole. This implies lateral circulation and sediment transport
between the estuarine channel and subtidal flats, the nature of which will require further
research to characterize.”
These observations unambiguously confirm previous notions as to the importance of gravitational
estuarine circulation in the creation and maintenance of a permanent ETM in the lower estuary. In effect,
a large portion of all new sediment added from fluvial sources is trapped within the lower estuary,
consistent with the uniform and nearly continuous mud bottom mapped by Biggs and Church (1984,
Figure 3). This also explains the fact that four localized navigation channel hot spots, which lie in a 30 km
reach from the Chesapeake and Delaware Canal (C&D Canal) upstream to Marcus Hook, together
require about 80% of the maintenance dredging (by volume) within the entire estuary. Presumably the
hydraulic geometry in these high shoaling rate areas causes the highly localized nature of their
shoaling/dredging characteristics despite the much greater longitudinal extent of the ETM (Figure 6).

Maintenance Dredging Trends
Annual maintenance dredging quantities have been compiled in a number of USACE reports since major
navigation improvements began in the estuary around 1900. A 1937 report (USACE, 1937) states
“maintenance dredging amounting to about ten million cubic yards annually” was required over the
preceding 25 years. Subsequent USACE reports (USACE 1967, USACE 1984) also present estimated
annual navigation project dredging in the estuary. For this paper, maintenance dredging quantities from
2000 to 2009 were compiled for the major Federal navigation projects in the estuary. Figure 7 presents
the annual dredging rates from these four dates (1937, 1967, 1984, and 2009).
Maintenance dredging rates are shown in Figure 7. The quantities are displayed in terms of cubic yards
per year on the left axis and are converted to their corresponding sediment mass values of metric tons
3
per year (right axis) using the relationship of 753 kg/m adopted by UD investigators (see Section 3c
above). The quantities display the trend of reduced maintenance dredging over the past several
decades, but are not directly applied in this paper for purposes of a quantitative sediment budget for the
estuary.
The cumulative maintenance dredging from all Federal navigation projects in the Delaware Estuary for
the period 1997 through 2009 is presented in Figure 8, and illustrates the relative portion of total estuary
dredging associated with each project.

Sediment Transport in Delaware Bay
In contrast to the recent intensive research into sediment transport processes in the lower estuary (Figure
3), less rigorous research has been done on transport processes in the upper and lower bay. In terms of
an overall estuary sediment budget, the upper and lower bay are significant in that they constitute about
80% of the total estuary surface area and 63% of the estuary’s volume. The zone from Trenton to
Philadelphia includes approximately 2% of the estuary surface area and volume and from Philadelphia to
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Figure 6: High Maintenance Dredging Areas
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Figure 7: Maintenance Dredging Rates
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Figure 8: Cumulative Maintenance Dredging, Federal Navigation Projects in Delaware Estuary, 1997 - 2009
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Bombay Hook, approximately 16% of the total estuary surface area, and 35% of the estuary volume.
From an estuary-wide perspective, the upper and lower bay are ecologically important in that they include
most of the critical oyster and horseshoe crab, as well as a significant fraction of fringing tidal marsh.
Oostdam (1971) reported on current and SSC observations at the mouth of the estuary on multiple dates
between 1967 and 1970. By extrapolating the net transport measured over many non-continuous tide
9
cycles across the mouth, Oostdam calculated that Delaware Bay exports between 2.9 and 10.1 X 10 kg
(2.9 to 10.1 million metric tons) of suspended sediment annually. However, he qualifies the calculated
range of net transport values as likely overestimates due to lack of data from the bottom 0.6 m (reported
as “2 feet”) of the water column. The author also computed Lower Bay bathymetric changes between
1842 and 1968 and found large localized changes, with bottom erosion dominant on the east side, and
shoaling dominant on the west side. Overall, he concluded the lower bay exhibited a dynamic equilibrium
between relative sea level rise and a small net deposition of sediment from 1842 to 1968.
Wong and Moses-Hall (1998) examined the three-dimensional flow and salinity regime across the 18 kmwide mouth of the estuary, using data obtained in April 1984. Their principal finding was that there are
“two branches of buoyant outflow in the shallow areas along the shores separated by a more saline inflow
concentrating in the deep channel and the central portion of the bay”. The results are consistent with the
overall importance of gravitational circulation causing a net inflow of more saline water along the deeper
center of the estuary and its influence on maintaining the ETM in the lower estuary zone.
Knebel (1989) utilized side-scan sonar data from Delaware Bay and found that the lower bay acted as a
sink for coarse-grained sediments that enter the bay on flood tide at Cape May and Cape Henlopen, and
found evidence of upstream-directed sediment transport along the deeper channels, driven by flood-tide
currents. Knebel also found evidence of fine-grained sediment accumulation in the shallow nearshore
region northwest of Cape May, as far north as Maurice River Cove.
Pizzuto (1986) examined the sediment budget and dynamics of the sandy barrier shoreline along a
portion of the western shore of the lower bay, where rates of up to 3 meters per year of retreat were
observed in the preceding decades. Pizzuto states: “Eroding marsh or estuarine sediments will remain
suspended and will be carried out of the nearshore zone. Only coarser sands or gravels may be carried
onshore to the beach. The influence of lithology further implies that the direction of onshore--offshore
transport may vary up and down the coast depending on the location of fine or coarse sediments.”
Finally, Kelley (1983) and Hall et al (1987) present evidence that indicates the export of suspended
sediment plumes from Delaware Bay. Their findings suggest “resuspension of northeast Delaware Bay
bottom sediment, augmented by contributions from the Delaware River, provides most of the fine-grained
sediment to the Atlantic coastal marshes of Cape May Peninsula”.
Together these and other research efforts provide insight into aspects of bay sediment transport, but
clearly much work remains to be done before we have a full understanding of the dominant processes
transporting sediment within (or out of) the Bay, and contributing to a robust budget for sediments in the
upper and lower bay zones.

Ongoing Sediment Budget Research
In 2009, the Philadelphia District USACE, contracted with Woods Hole Group (WHG) and Dr. Christopher
Sommerfield to identify sediment sources, transport pathways, and sinks in the Delaware Estuary
including the development of a regional sediment budget with emphasis on fine-grained (cohesive)
sediments. The budget is being developed from the most recent data available from a number
government agency and academic sources and is intended to provide a framework for managing
sediment and related resources in the estuary. The principal tasks in this contract include:

Delaware Estuary Regional Sediment Management Plan
Sediment Quantity and Dynamics White Paper

21

1. Analysis of sediment loads at the head of tide on the Delaware River at Trenton, Schuylkill River in
Philadelphia, and Brandywine River in Wilmington, using data archived by U.S. Geological Service
(USGS)
2. Analysis of the suspended sediment inventory in the estuary based on University of Delaware
oceanographic surveys
3. Analysis of maintenance dredging records provided by USACE
4. Compilation of bottom sedimentological data (grain size and bulk density)
5. Digital shoreline datasets and analysis of shoreline change for periods of interest
6. Digital bathymetric datasets and analysis of bathymetric change for several periods
7. An analysis of fine sediment accumulation within the fringing tidal marsh of the estuary
8. GIS map layers for the relevant work products (grain size, bathymetry, bathymetric change)
9. An updated regional sediment budget derived from Items 1−8
To date, a number of these products have been largely completed. The suspended sediment load time
series shown in Figure 2 and the suspended sediment distribution in Figure 3 are both products of this
work. In addition, Item 7 above has been completed in draft form and indicates that the magnitude of
inorganic sediment accumulation in tidal marshes is about 1.1 million metric tons annually, compared to
the estimated 2.1 million metric tons in the Walsh (2004) sediment budget shown in Table 4. The
shoreline change analysis (Item 5) is in progress and when complete, will provide an estimate on the rate
at which erosion of the tidal marsh fringes contributes to the overall estuary sediment budget as a source
term. Likewise, the analysis of historic bathymetric datasets (Item 6) will provide further insight into the
magnitude of shoaling and scour outside the limits of the main navigation channels. As additional work
products become available from the WHG contract, the findings will be incorporated into subsequent
versions of this paper.

Principal Conclusions
1. The mean annual contribution of new sediment to the estuary has averaged 1.3 million tons per
year over the past six decades. However, the seasonal and year-to-year variability in sediment
discharge is large and reflects the underlying variability of the hydrologic regime of the Delaware
watershed.
2. The sediment budget is not spatially inclusive of the entire estuary, but it does indicate that erosion
of the bottom is the largest source of sediment and that dredging is the largest sink, both of which
exceed the mean annual contribution of new sediment from the watershed.
3. The ETM is a permanent feature of the estuarine sediment system. It results from seaward
advection of sediment originating above the head of tide on the Delaware River and its tributaries,
combined with a landward flux of suspended sediment driven by estuarine gravitational circulation.
Gravitational circulation results from the longitudinal salinity gradient between the saline mouth of
the estuary and the fresh water zone that typically extends from Marcus Hook to Trenton. At any
given time, the total mass of sediment suspended in the water column can approach the mean
annual mass of sediment contributed by rivers. Sediments at the bed of the estuary in the ETM are
dominantly fine-grained (i.e., mud). The muddy bottom in the ETM constitutes a large reservoir of
sediment that is readily suspended and transported in the short term by energetic tidal currents. On
a longer-term basis, residual circulation patterns tend to concentrate and retain fine-grained
sediment within the ETM. Ultimately, this zone is a trap for the majority of fine-grained sediments,
although an unknown fraction of the ETM sediment escapes to the upper and lower bay.
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4. The overall pattern of gravitational circulation and sediment transport is modified by a number of
factors, including the three-dimensional geometry of the estuary, as well as hydraulic factors such
as tidal pumping, neap-spring tidal variations in dominant sediment flux direction, and episodic
fluvial flood events. Consequently, there is a complex set of interactions that are not fully
understood and quantified, but ultimately control the fate of sediment distribution and transport
within the estuary.
5. The single largest component of the estuary sediment budget amenable to change through
management measures is maintenance dredging and upland disposal. Other major components in
the sediment budget, including fluvial sediment input and bed erosion (sources) and marsh
accretion (a sink), are not as amenable to significant change as dredging/disposal. The
management problem is to find effective and efficient alternative ways to modify current dredging
and disposal practices to best benefit the overall health of the estuary. Given the critical regional
economic and social needs to maintain the existing network of navigation channels and harbors
(the waterborne commerce transportation network), it is unlikely that a significant reduction in
dredging can be achieved. Instead, the principal challenge facing the RSM Workgroup is to find
alternatives to permanent impoundment of dredged sediment in confined upland disposal sites.

Remaining Problems/Questions to Address
Sediment Budget
The present estuary sediment budget is spatially incomplete, in that it does not encompass the entire
estuary. Evaluation of historic changes in estuary geometry from Philadelphia to the head of tide, and
from Bombay Hook to the Capes, is needed to determine the magnitude of the bottom erosion (or bottom
accretion) component. A sediment budget has been reasonably well established for the Philadelphia to
Bombay Hook reach. However, this reach represents approximately only 20% of the area (30% of the
volume) of the estuary. An analysis of the remaining 80% remains to be accomplished; this would
include a quantitative assessment of historic dredging for the navigation channel from Philadelphia to
Trenton. This channel reach has a substantially higher fraction of coarse-grained sediments that have
been dredged and disposed of, compared to the channel from Philadelphia to the sea.

Marsh Sediment Budget
The role of tidal marshes as sink or source terms in the sediment budget requires further analysis.
Although we do have a reasonable assessment of vertical sediment accumulation in selected marsh
zones (sink term), we do not have a good quantitative measure of the sediment budget impact of fringing
marsh erosion in the bay (source term). Fringing marshes along both the NJ and DE bay shorelines have
experienced a significant lateral retreat for at least the past century.

Coarse-grained Sediments
Most scientific investigations to date have concentrated on the ETM and fine-grained sediments in the
lower estuary. Additional research is needed both upstream and downstream of the lower estuary, where
coarse-grained sediments are more prevalent and a different suite of hydraulic and sedimentary
processes affect sediment transport.

Dredging
Over the past four or five decades, there has been a progressive decline in the average annual volume of
sediment removed from navigation channels by dredging. During this period, there have been no
reductions in project depths maintained, nor has there been any significant reduction in the number of
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Federal or non-Federal projects requiring maintenance. The cause of this decline has not been
investigated to date.

Geochemistry and Biochemistry
Fine-grained sediments are affected by both chemical and biological processes that may play a role in
transport, settling rate, and ultimately deposition and stabilization of sediment at the bed of the estuary.
Little work has been done to date evaluating the potential for biological and chemical interactions to affect
the behavior and fate of suspended sediment.

Fine-grained Sediment Transport in the Bay
The 2005 research by UD (Sommerfield and Wong, 2011) in the lower estuary identified differences in
sediment fluxes occurring in the deeper, central portion as compared to shallower marginal areas to the
east and west. Additional research is needed to develop a better understanding of the transport
mechanisms and fluxes on the marginal shoal areas of the lower estuary and in the Bay.

Mechanisms of Marsh Loss
In addition to the loss of fringing marshes along the Bay shoreline, there are also a number of locations in
which portions of interior marsh have reverted to shallow open water. Numerous contributing factors
have been proposed for both fringing and interior marsh loss, but the primary causative factors have yet
to be identified with certainty.

Sediment Transport Pathways
“Our general understanding of sediment routing from watershed sources to depositional sinks in tidal
basins is poor, and research focusing on sediment storage within the tidal freshwater segment of river
estuaries is sorely needed” (Sommerfield and Wong, 2011).

Model
There is presently no operational Delaware estuary sediment transport model that could be readily
applied to assess alternate sediment management practices. (Note - sediment transport was included in
a three-dimensional numerical hydrodynamic model of the Delaware estuary developed as a PhD thesis
in 2006: “Simulation of Hydrodynamics and Sediment Transport Patterns in Delaware Bay” by Tevfik
Kutay Çelebioğlu, Drexel University).
Given the complexity of the sediment transport system that has become apparent over the past decade,
development of such a model would undoubtedly be a lengthy and expensive undertaking, even though
our understanding of relevant transport processes has improved significantly through field data collection
and analysis.
Lack of a sediment transport model should not be viewed as an intractable obstacle in the search for
improved methods to manage sediment resources of the estuary. Certain beneficial use options, such as
harvesting sediments from existing confined upland disposal sites, can reasonably be implemented
without a model. Sediment in confined disposal areas is already out of the system and harvesting such
material would simply (and beneficially) create new disposal capacity. Other types of questions such as,
Where was the ETM prior to 1890 when major modifications to the estuary channel and shorelines
began? or What are the impacts on the estuary sediment budget from deepening the main navigation
channel? are difficult to answer with a reasonable degree of certainty in the absence of a robust model.
This is a matter that can only be resolved with time and careful consideration. In the interim, the
Delaware Estuary RSM initiative should identify sediment management and beneficial use options that

Delaware Estuary Regional Sediment Management Plan
Sediment Quantity and Dynamics White Paper

24

can be implemented with a reasonable expectation of success in the absence of a model to rigorously
assess potential impacts of such actions.
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Appendix A: Summary - Long Range Spoil Disposal
Study, Sub-Study 2 “Nature, Source,
and Cause of the Shoal” (USACE, 1973)
This report presents background information on two topics relevant to regional sediment management in
the Delaware estuary. The first is the sediment budget analysis developed for the estuary; the second is
prototype measurements of suspended sediment transport obtained in 1969. Summaries of these two
topics are presented below.

Sediment Budget (pages 29 - 42)
The goal of the sediment budget analysis was to identify the “nature, source, and cause” of the
sedimentation that takes place within the limits of the navigation channels between the head of tide at
Trenton and RM 57 in the Reedy Island Range of the Delaware River main channel. The principal
shoaling/dredging problem identified in the report is the Marcus Hook Range and Anchorage. The overall
magnitude of shoaling/dredging is described as follows (page 1): “The total shoaling of the Federally
maintained man-made channel and appurtenant anchorages averages 8.2 million cubic yards each year.”
Downstream of RM 57 the report states there is no observed channel shoaling and thus no sediment
volume or mass calculations were made for the reach between RM 57 and the mouth.
The sediment budget analysis in Sub-Study 2 does not utilize conventional sediment budget terminology,
in that it does not explicitly refer to sources and sinks. Instead, the report calculates (a) the mass of
sediment contributed to the estuary from all sources and compares this to (b) the mass of sediment that
accumulates within the multiple navigation projects of the estuary. In this regard, the mass of sediment
identified in part (a) of the analysis effectively corresponds to the term sources as applied in most modern
sediment budget references, whereas the mass of sediment identified in part (b) only loosely corresponds
to the term sinks as used in most sediment budgets. Shoaling in the navigation channels, which
necessitates its removal by dredging, is the only sink term considered in this report. Parts (1a) and (1b) of
the analysis are discussed separately below.
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Sediment Contributions to the Estuary
The following table is reproduced from Table 16 of the report.
Suspended Solids Inputs to the Delaware Estuary
Source terms
Tributary drainage area
Erosion of bed and banks (outside
channel boundaries)

Tons per year
1,402,000
-

Trenton to Philadelphia

1,524,000

Philadelphia to RM 60

760,000

Dredging

385,000

Storm and sanitary sewers

133,000

Industrial pollutants

57,000

Diatoms
Atlantic Ocean
Airborne particulates
Column Total
(Metric tons equivalent)

1,500,000
0
95,000
5,856,000
(5,311,392)

Note in the above table that the category “Erosion of bed and banks (outside channel boundaries)” was
computed from hydrographic survey comparisons between 1961 and 1966. The hydrographic surveys
were used to determine volumetric changes; then empirical relationships between in situ sediment
volume and sediment dry mass were used to convert volumes to the mass units in the table above.
Pages 29 through 37 of the report describe the derivation of the other categories of suspended solids
inputs to the estuary.

Sediment Shoaling in Navigation Channels
Hydrographic surveys from 1961-62 were compared with surveys from 1965-66 to determine the
sediment volumetric change within navigation channel limits over that period. The observed sediment
volume change, plus all dredging performed in the period, were summed to obtain the total shoaling
volume, and divided by the appropriate number of years to determine average annual volumetric shoaling
per 1,000 ft-long segments of the Philadelphia to Trenton and Philadelphia to Sea channels. Dredging
and shoaling for the same period were also calculated for other Federal and non-Federal navigation
projects in the estuary. Sediment volumes were adjusted to equivalent dry sediment mass using locationspecific conversion factors. Plate 12 on page 39 of the report documents empirical data used to derive
the volume-to-mass conversion factors. The calculated shoaling in the principal navigation channels of
the estuary is presented in Tables 17 and 18 of the report, and is summarized in the following table.
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Shoaling in Delaware Estuary Navigation Channels
Location

Tons per Year, Dry Mass

Philadelphia to Trenton

773,000

Philadelphia to the Sea

3,317,000

Anchorages
Non-Fed Navigation Facilities
Tributary Channels (Schuylkill, Wilmington Harbor,
etc)
Column Total
(Metric tons equivalent)

501,000
1,660,000
594,000
6,845,000
(6,208,415)

The report recognizes the imbalance between the sediment masses calculated in parts (a) and (b) and
proposes a number of plausible explanations for the imbalance. The report also concludes that the
principal source external to the estuary is the watershed above tidewater with regard to sediment that
shoals within the navigation channels. However, the immediate short-term source of shoaling within the
navigation channels is sediment that originates from the bed of the estuary itself. See page 90:
“The estuary serves as a temporary storage reservoir for materials contributed from the
watershed. When the rates of these contributions are high, as is the case during floods
and freshets, some of the material received by the estuary is deposited in the channel,
but a far greater portion is deposited on the much larger bottom areas beyond channel
and anchorage limits. Some of the materials deposited beyond the limits of these
navigation improvements remains there until greater than normal tidal currents occur in
consonance with the widely varying tidal regimen, and they thereupon go into transport.
Thus, although the bed of the estuary is the primary supplier of shoaling material, this
source must be replenished from time to time by materials from the watershed,
supplemented by the locally introduced material and by diatoms.”

Suspended Sediment Transport (pages 42 - 87)
Suspended sediment and current measurements were obtained in 1969 at three locations in the
Delaware River. The measurement locations were (1) Tinicum Island, Station 90+000; (2) Marcus Hook
Range, Station 124+000; and (3) Cherry Island Range, Station 180+000, about 500 ft d/s of the Delaware
Memorial Bridge. At each location, three observation points were established, one at the center of the
channel, and one each to the east and west outside the navigation channel edges. The dates of
measurement were 15 May and 23 July 1969, at which times the estimated freshwater discharge above
Marcus Hook was 12,300 cfs and 9,800 cfs, respectively. Observations were made over one tidal cycle
on each date, capturing a full flood and ebb sequence. A summary table of the computed flood and ebb
phase sediment fluxes is presented below, based on data in Table 22 of the report. In addition to the
summary table below, pages 42 - 87 present details of the tide, current, and suspended sediment
observations obtained at the three sampling locations on the two dates.
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LRSDS - Suspended Sediment Transport During Flood and Ebb
Phases, Tons
15 May 1969

23 July 1969

Location

Flood

Ebb

Flood

Ebb

Tinicum Island (Sta
90+000)

4,176

5,139

2,994

3,313

Marcus Hook (Sta
124+000)

13,653

16,240

9,101

6,354

Cherry Island
Range (Sta
180+000)

28,710

28,800

18,211

22,680
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