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1 Introduction and Purpose
Recent development and adoption of water clarity criteria and their tidal water clarity standards
regulations for protection in the Shallow Water Bay Grass Designated Use (SAVgrow zone)
areas of the Bay have placed a significant emphasis on the effect of sediment loads on Bay water
clarity (USEPA 2003a, 2003b). Furthermore, previous modeling results indicated that sediment
reductions from the watershed alone and nutrient reductions called for in the Tributary Strategies
would not be sufficient to meet the new state water clarity-submerged aquatic vegetation (SAV)
acreage water quality standards (USEPA 2003c; Cerco et al., 2002, Cerco et al. 2004). Success in
achieving the states’ water clarity-SAV acreage water quality standards will require recognition
of the many factors affecting water clarity and their origin within the Bay and watershed.
The Chesapeake Bay Program’s Sediment workgroup was assigned the task of developing
sedimentsheds. The purpose of the sedimentsheds is that they would be applied to determine the
source of sediment that is contributing to water clarity violations in a SAV grow zone with the
intent of using these results in the 2010 sediment reallocation process. The concept is expected
to be similar to that of the previous determination of the airsheds which were used to determine
the spatial extent of atmospheric nutrient sources affecting critical regions of the Bay.
The first step in the sedimentshed development process was to gain a collective understanding of
what a sedimentshed represents. The Sediment Workgroup defined a sedimentshed as the area,
including watershed, near-shore and sub-aqueous, that contributes the sediment that directly
influences water clarity in SAV grow zones. Discussions also identified complicating issues in
developing a sedimentshed, such as spatial scale and the timing of sediment transport, which
includes the delivery of legacy sediment from the watershed and subsequent resuspension of
sediment once in the tidal waters of the Bay. With consideration of these issues, the workgroup
went to the next step, which was to define a process for delineating a sedimentshed.
It was suggested from comments during the workgroup meetings that the delineation of a
sedimentshed for a specific SAV grow zone would require either monitoring data directed at
identifying the source of the sediment (i.e. watershed, shore erosion, resuspension, etc.) or a
mechanistic spatially and temporally varying model that accounts for the predominant physical
processes in Bay wide sediment transport. Currently there is not a Bay wide sediment source
tracking monitoring program, however, there is a joint modeling effort by the Chesapeake Bay
scientific community using the best science and information available to simulate the
predominant sediment transport processes in the Bay watershed and the Bay tidal waters and the
subsequent effect of suspended sediment on the SAV community. However, this refined water
quality model is not expected to be completed until the summer of 2007 (for testing runs only).
As a result, it was determined that sedimentsheds probably could not be delineated until the
model is completed, however, the workgroup could begin setting the foundation for
sedimentshed development.
Setting the foundation for sedimentshed development resulted in asking three simple questions.
• First, what sources of sediment would potentially be present during a critical growing
period in an SAV grow zone? What are the primary transport mechanisms for the
sources?
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•
•

Second, what is the appropriate scale for delineating a sedimentshed?
Third, considering limited resources, where should we prioritize our efforts for
delineating sedimentsheds?
This report presents preliminary answers to these three questions.
Section two of this report provides a brief review of the process used in determining the existing
sediment allocations based on the previous Chesapeake Bay Program model version 4.3, the
sediment source categories included and the scale at which the allocations were defined. Section
three presents the current Bay water quality segmentation used to determine if an area of the Bay
is deficient in SAV acres, which begins to address a potential scale based on the state’s
regulatory listing of impaired waters. Section four provides a narrative of the predominant
sediment sources expected to impact an SAV grow zone with recognition of significant sediment
transport processes. Section five presents an exploratory analysis of Bay wide water quality
monitoring data with the purpose of prioritizing areas with poor water clarity and high inorganic
solids (sediment) in the water column. Section six address future directions and major
conclusions from the Scientific and Technical Advisory Committee (STAC) Sedimentshed
Workshop held January 30-31, 2007.
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2 History of Sediment Allocations - The 2003 Sediment Cap Load
Allocations
Sediments suspended in the water column reduce the amount of light available to support healthy
and extensive SAV communities. The relative contribution of suspended sediment and algae that
cause poor light conditions varies with location in the Bay tidal waters (U.S. EPA, 2003a). The
Chesapeake Bay Program partners agreed that a primary reason for reducing sediment loads to
the Bay tidal waters is to assist in improving water clarity with the ultimate goal of restoring
SAV. “As a result, the cap load allocations for sediments are linked to the recommended water
quality criteria and the new SAV restoration goals and recognize that sediment load reductions
are essential to SAV restoration” (U.S. EPA, 2003c). The jurisdictions also agreed that nutrient
load reductions are critical for restoring SAV as well as improving oxygen levels (Murphy, Jr.,
2003).
To support the sediment cap load allocations, it became clear that updated SAV restoration goals
were needed (U.S. EPA, 2003a). The partners explored various methodologies for developing a
Bay wide SAV restoration goal using the available historical record. The methodology selected
used aerial photography from the 1930s to the present to identify the best year of record (in terms
of SAV acres) for each Chesapeake Bay Program segment. The acreage determined to be the
best year of record was designated as the SAV acreage goal for that segment. In aggregating all
of the single best year results for each segment, a Bay wide SAV acreage restoration goal of
185,000 acres was established (U.S. EPA, 2003c).
Unlike nutrients, where loads from virtually the entire Chesapeake watershed affect mainstem
Bay water quality, impacts from sediment loads are thought to be more localized (U.S. EPA,
2003c). For this reason, local, segment-specific SAV acreage goals have been established and
the sediment cap load allocations are targeted towards achieving those restoration goals.
In 2003 the Chesapeake Bay Program partners agreed for the first time to combine reductions in
watershed sediment inputs with nutrient reductions to the Chesapeake. The partners agreed to
watershed sediment reductions from the current estimated 5.83 million tons per year to the
sediment cap load of 4.15 million tons. These sediment reduction goals, adopted as loading caps
allocated by major tributary basins by jurisdiction, are to help improve water clarity and assist in
the restoration of 185,000 acres of SAV.
The partners recognize that the current understanding of sediment sources and their impact on
the Chesapeake Bay is incomplete. Currently, understanding of watershed sediments that are
carried into local waterways through runoff and stream bank erosion is still basic. Knowledge
about coastal sediments that enter the Bay and its tidal rivers directly through shore erosion,
near-shore erosion or shallow water resuspension is even more limited. Finally, the transport and
deposition of fine-grained sediments once in the estuary is poorly understood. Consequently, the
sediment cap load allocations are currently focused on watershed sediment cap loads by major
basin and jurisdiction, e.g., a Pennsylvania Susquehanna watershed sediment cap load allocation
of 0.79 millions of tons/year (U.S. EPA, 2003c). Major monitoring, research and modeling
projects are underway to improve our understanding of these complex sediment processes.
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Better understanding will inform management decisions and help direct actions needed to
achieve the water clarity standard, and assist with a sediment re-allocation process expected in
2008 – 2010.
Most watershed best management practices, which reduce nonpoint sources of phosphorus, also
will reduce sediment runoff. Consequently, the partners agreed to phosphorus-equivalent
sediment cap load allocations that were based on sediment load reductions expected from landbased non-point source phosphorous controls necessary to achieve the phosphorous allocation
(U.S. EPA, 2003c). To meet the 185,000 acre SAV restoration goal, Maryland, Virginia,
Delaware and Washington, D.C. adopted water clarity standards into their water quality
regulations.
Based on Watershed Model version 4.3 outputs, sediment and nutrient reductions from the
watershed alone are estimated to be insufficient to achieve the water clarity necessary for the
185,000 acre SAV restoration goal (Cerco et al., 2002; Cerco et al., 2004; U.S. EPA, 2003c).
Given the uncertainties surrounding tidal erosion, the partners did not consider allocating caps
for sediment loads from tidal erosion or shallow water sediment resuspension. Management
actions to control sediment from these sources may include, but are not limited to SAV planting,
offshore breakwaters, shore erosion controls, living shorelines and structures, beach
nourishment, and establishment of fisheries and filter feeders such as oysters and menhaden
(Cerco and Noel 2005a: Cerco and Noel 2005b; Deksenieks et al., 1993; Durbin and Durbin,
1998; Kemp et al., 1994; Kemp et al., 2005; Newell et al., 2002; Newell et al., 2005).
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3 Sedimentsheds and Setting the Geographic Scale
The first step in defining a sedimentshed is determining the scale of the SAV grow zone as this
will define the spatial extent of water column sediment sources that must be identified. Recall
that a sedimentshed is defined as the area that contributes the sediment that directly influences
water clarity in near-shore SAV growing zones. After several discussions within the Sediment
Workgroup, there has been no consistent agreement on a scale. The reason is that if the
sedimentshed is to be used to assist in both sediment allocations and sediment
management/implementation activities, these could be two very different scales, the first being a
larger area and the second focusing in on specific management actions for a shoreline reach.
An argument can be made that an appropriate management scale for defining a SAV grow zone
for sedimentshed delineation would be the Chesapeake Bay water quality segmentation scheme
(see Figure 3-1). The primary reason for selecting this is that the Bay states have adopted this
segmentation into their water quality standards and subsequent listing of impaired water bodies.
It is therefore likely, that at this scale, states will be required to determine Total Maximum Daily
Loads (TMDL) for segments that do not meet water quality criteria by the year 2010.
Furthermore, one of EPA’s TMDL requirements is that a TMDL must include source allocation
and a sedimentshed delineated at this scale would identify the sources impacting water clarity.
However, there also may be consideration, based on a scientific and/or regulatory basis, in
grouping or aggregating multiple water quality segments (i.e. major tributary).

.
Figure 3-1. Chesapeake Bay Water Quality Segmentation (CBPO, 2003)
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While consideration should be given to balancing the scale of regulatory requirements related to
states 303(d) listing process and the scale at which implementation activities are designed, it is
also important to recognize that the SAV growing area is a narrow ribbon along the shoreline.
Figure 3-2 depicts the actual SAV growing areas, which extends out to a two meter water depth,
compared to the Bay itself. We need to identify the origin of suspended sediment within a
narrow ribbon extending out to two meters depth adjacent to the shoreline.

Figure 3-2. Chesapeake Bay SAV growing areas and no grow zones (CBPO, 2006)
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4 Sediment Source and Sinks
4.1 Background
The second step in defining a sedimentshed, once the scale of the SAV area has been determined,
is to list the sources of sediment that are likely contributors to the area and estimate the relative
contribution of these sources. To illustrate the sediment sources and transport processes
contributing to nearshore water column suspended sediment, a sediment transport in nearshore
region conceptual model is presented in Figure 4-1. This figure identifies external sources of
sediment as watershed erosion, fastland erosion and oceanic input. Internal sources of sediment
include nearshore erosion and biogenic production. Horizontal and vertical transport processes,
including settling and resuspension, result in a mixing of the source components throughout the
Bay. Various regions of the Bay will be more or less impacted by these sources, transport
processes and sinks. For example, the oceanic input source diminishes with distance from the
Bay mouth, and the shore erosion component, both fastland and nearshore, will vary with
shoreline orientation, composition, and degree of protection.

Figure 4-1. Conceptual model of sediment transport in nearshore region
Sections 4.1 though 4.6 provide an overview of the sources and the physical forcing processes
that generate or remove sediment from the water column. Moreover, special discussion is
provided for areas prone to the effects of sea level rise, and the estuarine turbidity maximum, a
special case of combined resuspension and settling. Section 4.7 provides a preliminary estimate
of Bay wide sediment source loadings based on existing literature and identifies sources with
little or no available information.
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4.2

Watershed Sources

A large proportion of sediment that enters Chesapeake Bay is ultimately derived from erosion in
the Bay’s watershed. Erosion from land surfaces and erosion of stream corridors are the two
most important sources of sediment coming from the watershed. Watershed surfaces include
land uses of cropland, mining areas, pasture, forests, suburban, and urban areas. The channel
corridor consists of the channel bed, stream banks, and flood plain. Sediment erosion is a natural
process influenced by geology, soil characteristics, land cover, topography, climate, and stream
morphology. Rates of natural erosion are often affected by human activities, which lead to both
increases and decreases in the erosion, transport, and deposition of sediment.
An example of accelerated rates of soil erosion occurred as a result of land-use practices
associated with European colonization of the region in the 18th and 19th centuries (Wolman and
Schick, 1967). Agriculture and timber production cleared as much as 70-80 percent of the
original forest cover, and elevated erosion rates in the Bay’s watershed, leading to a greater mass
of sediment being transported to the Bay and its tributaries (Langland et al., 2003). During this
period, thousands of dam and mill ponds for local industry also were constructed (Merritts et al.,
2006). The construction of these dams and ponds caused a regional base-level rise and was an
important cause of aggradation in the channel corridor (Merritts et al., 2004; 2006). The postEuropean derived sediment that was eroded and stored in many stream channels and behind
former dams is referred to as “legacy sediment.”
The trend towards deforestation peaked in the late 1800s and was reversed during the 20th
century, when much of the watershed became reforested. Erosion rates should in theory have
decreased during this period, but may have remained elevated for two reasons: (1) increases in
urbanization, suburbanization, and associated construction practices, and (2) the removal of
legacy sediment through bank erosion. Increased urbanization and suburbanization in the 1960s
led to large-scale commercial and residential building, which denuded the landscape for a period
of time and led to large increases in sediment yield (Wolman, 1967; Wolman and Schick, 1967).
Adjustments of stream channels, which can lead to bank erosion, are still occurring from
historical and current modification of the landscape. For example, bank erosion has increased in
many stream channels as a result of channel straightening or channelization for runoff control
(Gellis et al., 2003). Channelization increases the channel slope and often leads to channel
lowering (degradation) and channel widening (bank erosion). Urbanization increases the
impervious area and leads to higher urban stormwater runoff and bank erosion. As aging mill
dams breached or were removed, sediment stored behind the dams was eroded through bank
erosion and transported by the newly formed active channel (Merritts et al., 2004; 2006).
Agriculture, construction practices, and streambank erosion are important sources of sediment in
stream channels draining the Chesapeake Bay watershed (Langland et al., 1995; Langland et al.,
2003). Some generalizations can be made about erosion, sediment yield, and land use within the
Bay’s watershed. For the entire Chesapeake Bay region, river basins with the highest percentage
of agriculture have the highest annual sediment yields, and basins with the highest percentage of
forest cover have the lowest annual sediment yields (Langland et al., 1995; Senus et al., 2004).
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Urbanization can more than double the natural background sediment yield; the highest increase
in sediment yield occurs in the early stages of land clearance associated with construction
practices (Langland et al., 2003). Other activities also influence watershed erosion. Coal
mining, for example, which has declined from historical levels in the watershed, still can
contribute the addition of fine particles from “reworked” piles to rivers and can increase
sediment yields by several orders of magnitude above background levels (Gellis et al., 2003).
Sediment remains an important pollutant to Chesapeake Bay, and along with nutrients, is
decreasing water clarity and increasing light attenuation. For land managers to effectively reduce
sediment loadings to the Bay, information on whether a particular part of Chesapeake Bay is
influenced by Bay-derived sediment such as fastland or nearshore erosion or watershed-derived
sediment must be obtained. If watershed-derived sediment is significant, then steps need to be
taken to isolate the important tributaries and identify the important sources of this sediment
within these tributaries. Although generalizations can be made about the major sources of
watershed-derived sediment in a tributary, an effort should be made to effectively quantify
sediment sources for tributaries in the Chesapeake Bay watershed. Without this information,
land managers will not be able to adequately reduce sediment loads to Chesapeake Bay.

4.3 Shore Erosion
Shore erosion is the combination of both fastland erosion (land above tidal water, often called
shoreline) and nearshore erosion (the shallow water close to the shoreline) (see Figure 4-1).
Shore erosion should be viewed as an integral part of the natural ecosystem processes in the Bay
and a necessary component of a properly functioning ecosystem. However, excess suspended
sediment delivered from many sources, including shore erosion, is directly linked to degraded
water quality and has adverse effects on critical habitats such as SAV beds and living resources
such as shellfish and finfish in the Chesapeake Bay and its watershed (Langland and Cronin,
2003).
The wave energy that affects a shore is determined by the fetch, orientation of the shoreline
relative to the prevailing winds, bathymetry, and storm wind directions. Offshore water depths
and the presence of plants and animals such as SAV and oyster reefs can reduce wave energy
levels. The ability of a given wave to erode a shore is influenced by the shoreline condition and
sediment composition, and the presence of vegetation on the shore. In addition, there are factors
not directly related to wave energy that influence shoreline stability, such as saturation of the
sediment with water, watershed runoff, and the action of freeze-thaw cycles.
Fetch has been used as a simple measure of relative wave energy to categorize susceptibility to
erosion forces. Low-energy shorelines have average fetch exposures of less than one mile and
generally have low erosion rates. Medium-energy shorelines have fetch distances between one
and five miles and commonly have higher erosion rates. High-energy shorelines, where fetch
exceeds five miles generally have the highest erosion rates (Hardaway and Byrne, 1999).
The shoreline orientation relative to the fetch will modify the rate of erosion. Eastward-facing
shorelines tend to have lower overall erosion rates than westward-facing shorelines because of
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the prevailing westerly winds in the mid-Atlantic region. However, storm events with associated
east winds can result in dramatic erosion rates over the short term.
Similarly, offshore characteristics can modify and reduce wave energy. Shallow nearshore
regions reduce the incoming wave energy more effectively than deeper water, and the presence
of SAV can weaken wave action providing some shore protection. Additionally, shore erosion
is also influenced by the bathymetry and the geomorphology of the area.
The composition and slope of a shore also affect erosion rates. For example, a gently sloping
beach can withstand waves better than a vertical bank with no beach. The composition of the
shore or bank also affects the rate of erosion. Compacted clays, naturally cemented sands and
slopes that are heavily vegetated with root-mat forming plants resist erosion better than loosely
consolidated sands or shores barren of vegetation. All of these factors combine to determine the
erosion potential of any shoreline. Understanding these factors will provide better insight into a
shoreline’s vulnerability to erosion.
Special case - Areas Prone to Effects of Sea-Level Rise
Sealevel over geologic time is dynamic. The sea has been rising globally since the last Ice Age
began to wane. The Bay itself formed as the rising sea flooded the Susquehanna River valley
thousands of years ago (Colman et al., 1992). Variations in regional and local geologic and
hydrologic conditions cause the rates of sea-level change to vary spatially. Within the Bay,
areas underlain by sediments prone to compaction subside at a greater rate than adjacent areas
that possess more stable subsurface materials. This has contributed to locally accelerated rates of
sea level rise in Blackwater National Wildlife Refuge (Newell 2006). Additionally, groundwater
withdrawal by people over the last century may have exacerbated subsidence in localized areas
of the Bay such as in the Cambridge, MD area (Stevenson et al., 2000).
Sea level in the Chesapeake Bay has risen approximately 1.3 feet over the past 100 years, and is
expected to continue to rise in the next century. Recent estimates suggest that this rate may
increase to as much as 2-3 feet in the next 100 years (Leatherman et al. 1995). The rate of sealevel rise is forecast to increase with anthropogenic atmospheric greenhouse gas loading (Titus
and Narayanan, 1995). As sea level rises, erosion increases because storm surges and waves
batter retreating shorelines. Because of regional land subsidence and ocean warming, rates of
sea level rise in the Chesapeake Bay and along the mid-Atlantic Coast are nearly double the
global average (Langland and Cronin, 2003). The potentially large effect of sea level rise on
erosion rates thus merits careful consideration in any comprehensive shore erosion control plan.
Sea-level rise drives shore erosion over the longterm, and gradually floods watershed and
wetland areas, converting them to open water. Over the shortterm, shore erosion is driven by
episodic storm events. The Bay has continuously grown in size throughout its geologic history
(Stevenson and Kearney, 1996) due to the sea-level rise phenomenon. During the period of time
spanning 1940 to 1990, fastland erosion claimed land at an average rate of about 460 acres per
year in Maryland, based on shore erosion data compiled by the Maryland Geological Survey.
Land loss occurred at a rate of about 300 acres per year in Virginia between the mid-1800s and
mid-20th century, based on shoreline studies conducted by the Virginia Institute of Marine
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Science. Additional landscape-scale conversion of interior marshes to open water also has
occurred over this time period (Kearney et al., 1988; Kearney and Stevenson, 1991; Stevenson et
al., 1985). Assuming that these trends persist today, the surface area of the Bay is likely growing
at a current rate in excess of 1,000 acres per year in Maryland and Virginia.
Sea-level rise rates have varied over time in the Bay over the last several thousand years. Sealevel rise appears to have accelerated from a rate of about 1 mm/yr to a rate in excess of 3 mm/yr
following the end of the Little Ice Age that ended in the 1800s. Shore erosion rates in the Bay
appear to have increased concomitantly with the acceleration in the rate of sea-level rise
(Kearney, 1996). However, recent tide gauge data exhibits a different trend. In the period
between 1970-1990 changes in the regional ocean circulation and density structure has produced
a temporary fall of sea level in the Chesapeake Bay that has entirely offset the effect of the
subsidence due to postglacial rebound (NOAA). Thus over that period the net change of sea level
in the middle Atlantic area was close to zero. “Of course this situation will not last. The nearby
ocean will inevitably recover, and even overshoot, its long term rate of sea level rise in the area,
producing at some time in the future (probably in the next few decades) a rate of rise that
exceeds the long term average rate for the region.”(NOAA).
Tidal marshes of the lower Eastern Shore are highly reliant upon accumulation of sediments and
organic matter to maintain their surface elevation with respect to sea level. Marshes in these
areas appear to be unable to keep pace with sea-level rise at current rates and are failing
(drowning and or eroding and converting to open water) on a landscape scale (Kearney et al.,
2002). Failing marshes in the Blackwater area generate substantial quantities of sediment which
are exported to Chesapeake Bay (Stevenson and Kearney, 1988). Continued landscape-scale
failure of marshes in the lower Eastern Shore could perhaps be forecast to deliver sediment loads
to the Bay as a function of the rate of marsh failure. Figure 4-2 depicts areas most vulnerable to
sea level rise. With acceleration in the rate of sea-level rise, it is likely that marsh failure rates
would increase dramatically, increasing the rate at which sediment from these failing systems is
delivered to the Bay. Increasing the available suspended sediment for input into these marshes
could conceivably improve their ability to maintain pace with a rising sea level and thus maintain
the habitat and reduce the export of sediment to the larger Chesapeake.
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Figure 4-2. Areas Most Vulnerable to Sea Level Rise (Titus and Richman, 2001).

4.4 Oceanic Input
Sedimentation in the southern part of Chesapeake Bay has been the subject of numerous detailed
studies over the past 40 years. In the southern Bay, large quantities of sediment are derived from
inflow from the Atlantic Ocean continental shelf through the Bay’s mouth due to tides and ocean
currents, and from coastal erosion of headlands along the Bay margins (Harrison et al., 1967;
Meade, 1969, 1972). The Bay mouth is characterized by complex sedimentary processes that
result from variations in the tidal prism, fluvial input to the estuary, storm conditions in the
estuary and in the Ocean, and mutually exclusive ebb- and flood-dominated channels (Ludwick,
1975). Estimates of sediment influx through the mouth have relied on bottom sediment sampling
(Byrne et al., 1980), long-term averaging from geological and geophysical studies (Colman, et al
1988), mineralogical data (Bergquist 1986), and short-lived radioisotopic studies of sediment
cores (Officer et al., 1984). Studies of long-term sedimentation in the southern Bay indicate that
subsurface Holocene sediment filled the former Susquehanna River channel and that the majority
of sediment entered through the Bay mouth as relatively coarse sands. The associated
introduction of fine-grained sediments from the ocean source could not be identified by those
methods, but conceivably could be large.
Analysis of successive bathymetric surveys conducted from the mid-1800’s to the mid-1900’s
and analyses of bottom sediments show significant accumulations of sediment in the Bay mouth
region relative to other portions of the Bay (Byrne and Anderson, 1977; Byrne et al., 1980;
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Kerhin et al., 1988; Hobbs et al., 1990, 1992). These studies suggest that the volume of sediment
that has accumulated in the Bay during the 1840-1940 periods cannot be accounted for solely
from shore erosion, biogenic production, and riverine input. The volume of sand-sized sediment
exceeded the available sources by a factor of between 2.7 and 7.6, the range being dependent on
the levels of confidence that were ascribed to the bathymetric changes observed in comparing the
historical surveys. Most of this difference in the sand-sized fraction of quantifiable sediment
occurred in the Virginia portion of the Bay where most of the sand deposition occurs. Finergrained muds exceeded quantifiable sources by a factor of 2.4, a value less than that for sands,
but still large. Consequently, Hobbs et al. (1990) concluded that ocean-source sediment entering
from the adjacent Atlantic Ocean through the Bay mouth must be a significant source of the total
sediment deposited in the Bay. Colman et al. (1992) examined relatively long-term Holocene
(10,000 year) depositional records for the mainstem of the Chesapeake Bay, and concluded that
very large sediment volumes have been deposited in the Bay mouth area, northward to the
southern end of Tangier Sound. These data on sediment inputs to the lower Bay indicate that the
greatest sediment volume is from oceanic input from the continental shelf rather than the
Susquehanna River and other watershed tributaries, averaged over Holocene time (Colman et al.,
1992).
Although sand is the predominant sediment type in the southern Bay, the transport of finegrained sediment northward from the southern regions, and from the mainstem Bay into larger
tributaries, also can be a large source. In a comprehensive survey of the distribution, physical
properties and sedimentation rates in the Virginia portion of the Bay, Byrne et al. (1982)
concluded that channels leading to the James and York tributaries are mud as are the entrance
channels and basin embayments of Mobjack, Pocomoke and Tangier Sounds. In addition, the
deposition patterns suggest that there is appreciable transport of fine sand as a consequence of
net up-Bay estuarine circulation through the deep channel along the eastern shore from the Baymouth region to at least 35 kilometers up the Bay (Byrne et al., 1980).
Several authors (Byrne et al., 1980; Hobbs et al., 1990) commenting on the sediment budget
based on Schubel and Carter (1977), which could not account for the large volume of sediment
deposited since the 1840’s, postulated that
“If the tributaries are sinks for materials transported from the Bay, then the
apparent discrepancies between bottom accumulation and the previous
estimates of source strength are enlarged. If the tributaries are sources
rather than sinks, and if the Bay mouth is a stronger source than previously
estimated, then the order of magnitude discrepancy for silt and clay
accumulation would be reduced.”
This conclusion suggests that significant amounts of finer-grained material are entering the Bay
from its mouth, and also that the sub-estuary rivers are a potential source of fine sediment to the
Bay. Evidence that finer-grained particles derived from the southern Bay, possibly from oceanic
sources, reach even farther up the Bay was discussed in Hobbs et al., (1990) who, quoting the
work of Halka, concluded that:
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“Silts are transported much farther up-estuary than had previously been
reported.”
Other evidence supports the idea that, while sand-sized material dominates the surface
sediments in the southern Bay, fine-grained clays and silts also are accumulating in some
areas at a rapid rate. Officer et al. (1984) reviewed sediment flux rates for the entire Bay
based on lead-210 dating of sediment cores and determined that sediment mass accumulation
rates in the southern bay equaled those of the northern Bay where Susquehanna River inflow
dominates as a sediment source. Studies of drift buoys also show that surface currents are
capable of carrying fine-grained sediments from the Bay-mouth region far to the north.
Harrison et al. (1967) showed that bottom drifters released on the shelf had been recovered as
far north as Tangier Sound suggesting suspended material has the potential for transport
relatively far up the Bay in the landward flowing denser saline water.
In summary, sediment in the southern Bay is derived mainly from the adjacent ocean with an
unknown contribution from shore erosion along the Bay margins. These sources contribute to
relatively high long-term sedimentation rates in the southern mainstem Bay and in adjacent
sounds and embayments. Although much of the sediment deposited in the southern Bay is
sand-sized, a portion is comprised of clay and silt-sized material and there is also good
evidence for its significant net up-estuary transport. Because this material has the potential to
influence water clarity in the Bay’s shallow water bays and sounds, sediment transport and
deposition in the southern Bay requires further study.

14

4.5 Resuspension and Settling
Bottom sediments in the Chesapeake Bay can be resuspended in response to tidal currents,
waves, and boating traffic and can be a significant source of the sediment load in the water
column. The amount of sediment introduced to the water column by resuspension is highly
variable both spatially and temporally. Tidally resuspended sediments tend to occur as
aggregated groups and thus settle back to the bottom quickly, only to be resuspended yet again in
the next tidal cycle. Moreover, the ways physical forcing mechanisms generate resuspended
sediment are complex, and the transport of the particles subject to resuspension, including their
settling rates and eventual redeposition on the bottom, is only partially documented. In different
parts of the estuarine system, the relative importance of tides, wind-generated waves and boating
wakes on resuspension can be significantly different. It should be noted that the sediment
concentrations in the water column resulting from resuspension are not from new sediment being
introduced to the system, but are instead a recycling of material already in place.
The importance of tidal resuspension in fine sediment regions of Chesapeake Bay and its
tributaries has long been recognized (Sanford and Halka, 1993; Schubel, 1968; Schubel, 1969).
Recent work in the upper Chesapeake Bay demonstrated that asymmetrical tidal resuspension
and transport are the primary mechanisms responsible for the maintenance of the ETM at the
limit of salt intrusion (Sanford et al., 2001). Without the effects of tidal resuspension, the rapidly
settling aggregates of fine particles would remain on the bottom. Below the ETM zone, in the
mid-estuary, tidal resuspension is apparently weaker but still significant (Ward, 1985), although
fewer detailed studies have been conducted in this region.
In an effort to examine the relative magnitude of tidal resuspension as an instantaneous source of
suspended particulates in the upper bay, L. Sanford (University of Maryland, Center for
Environmental Science, written communication, 2003) provided the Sediment Workgroup with
an estimate of the amount of sediment resuspension that occurs on a daily basis in the northern
Chesapeake Bay. The estimate is summarized herein because of its significance to the question
of the potential importance of sediment resuspension to the suspended particulate load, but is
only an estimate and only applies to the ETM zone where tidal resuspension is estimated to be
most significant. The estimate is based on the volume of water in the ETM zone (from the
mouth of the Susquehanna River south to Tolchester), the average background concentrations of
suspended sediment, or that which is present irrespective of currents and bottom shear stress, and
the resuspended sediment concentration in that water volume. Using these values, the suspended
sediment load in the ETM zone is estimated to be approximately 135,000 metric tons (MT)
during maximum tidal resuspension, including 90,000 MT of resuspended material per tidal
cycle and 45,000 MT attributable to background concentrations. Given two tidal cycles per day,
the estimated loading due to tidal resuspension is 180,000 MT per day, but this material also is
redeposited twice per day. These values can be compared to the estimated combined input of
“new” sediment to this area of the Bay from the Susquehanna River, shore erosion, and internal
productivity of 4,400 MT per day. The relatively large value attributed to sediment resuspension
is due to multiplication of a small number for suspended material per unit bottom area times the
relatively large bottom area of the northern Bay. A few caveats apply to these estimates. The
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estimates were based on only a small number of study sites primarily in deeper waters of the
ETM zone, such that the estimated total load of resuspended material must be considered very
preliminary. It is not clear how much of the resuspended deepwater sediment can be transported
laterally into shallower areas of the estuary, which is the general area of concern for improving
water clarity. The process of deposition followed by resuspension with each tidal cycle results in
the large total loads that are calculated, but it also results in relatively shortlived peaks in
resuspended sediment concentration that are most pronounced near the bottom. Despite the
uncertainties, a major conclusion that can be drawn from these estimates is that normal bottomsediment resuspension processes could be the dominant instantaneous source for the suspended
sediment load in the water column, when considered in a highly averaged spatial context.
Wave-forced resuspension coupled with wave-induced nearshore erosion in shallow (less than 2
m deep) parts of the estuarine system generally is understood to produce significant amounts of
suspended sediment in the water column. However, relatively few site-specific studies of this
topic have been conducted to date (Wilcock et al., 1998). Those that are available are applicable
only to a particular location and time frame. Their results cannot be extrapolated to the larger
estuarine system due, in part, to the variable geometry of the Chesapeake Bay that results in both
variable fetch and wide ranges in nearshore bathymetry. Fetch influences the ability of local
winds to generate waves; local variations in bathymetry influence the direction and energy of
waves approaching shallow-water zones and shorelines. In the relatively deeper waters of the
Chesapeake system, wave-forced resuspension may be significant under storm conditions and
can dominate the normal tidally induced resuspension signal (Sanford, 1994; Ward, 1985;
Wright et al., 1992). After the physical forcing associated with the storm wave energy is
reduced, the resuspended sediments settle rapidly to the bottom, but these sediments exhibit
increased erodibility for some period of time thereafter (Sanford, 1994), thus increasing the
likelihood of subsequent transport by lower energy tidal currents. A similar dependence of
bottom-sediment grain size with storm-wave bottom shear stress has been observed in
intermediate water-depths in the Chesapeake Bay (Nakagawa et al., 2000). In that study, the
bottom-sediment grain size was related to strong wind events that occurred less than 5% of the
time, not to the mean wind speed for the area. The results of these studies point to the importance
of infrequent high-energy events in sediment resuspension, transport, and eventual distribution
on the bottom of the Chesapeake Bay. The influence of wind-wave induced bottom shear
stresses on sediment resuspension and subsequent transport can probably only be estimated for
local stretches of shoreline and on a bay-wide basis through the use of modeling simulations.
In the vicinity of the Bay mouth, long-period waves entering from the Atlantic Ocean are likely
to resuspend more bottom sediment than shorter period storm waves further up the estuary (Boon
et al., 1996; Wright et al., 1992), introducing another variable forcing mechanism influencing
sediment resuspension. These externally derived waves would be temporally variable depending
on conditions in the Atlantic Ocean, and their spatial influence in the Bay would vary depending
on the wave period. Following passage of a significant long-period wave event, bottom
sediments exhibit increased erodibility for some period of time as was noted following storm
events further up the Bay (Sanford, 1994).
In addition to natural processes of waves, currents, and tides, boating activity also can cause
sediment resuspension. A study of boat-wake effects on shore erosion in an area of high
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recreational boat use showed that boat wakes generated less incident energy than normal windgenerated waves (Zabawa and Ostrom, 1980). The major factor influencing shore erosion was a
single storm event during the study period, followed by wind waves associated with normal wind
levels. Recreational boating undoubtedly has increased throughout the bay region since that
study, but it remains unclear how significant the effect of boat wakes may be on resuspension in
nearshore areas. It is possible that larger effects result from repeated generation of boat wakes
during periods of high recreational vessel use, such as summer weekends. Resuspension effects
resulting from the passage of large commercial ships has not been studied in the Chesapeake and
could be locally important because of the higher energy waves produced by these ships.
However, the relatively infrequent passage of these ships would suggest that their importance is
minimal relative to wind-generated waves.
In summary, the ability to control resuspension in the Chesapeake Bay that results from tidal
currents and storm-generated waves is limited because of the extremely widespread sediment
source (for example, the entire bay bottom). However, the processes that lead to sediment
resuspension and subsequent transport into sensitive habitat zones need to be more fully
understood through direct measurement coupled with the development of computer models that
simulate resuspension in response to known physical mechanisms. With appropriate
parameterizations representing sediment resuspension, deposition, and consolidation, these
models could provide an understanding of where management actions can be most effective.

Estuarine Turbidity Maxima Zone (Secondary source and sink)
The northern mainstem bay and larger tidal tributaries each have an estuarine turbidity maximum
(ETM) that results from a complex interaction of physical, chemical and biological processes. In
this region, the amount of suspended material in the water column is higher than in either the
upstream direction, toward the watershed, or the downstream direction, toward the mouth of the
Bay. As a result light attenuation is enhanced in the water column, and the deposition of
sediment to the bottom is greater than in many other portions of the estuary. See figure 4-3 for
locations of the ETMs.
Early studies suggested that this zone of elevated turbidity resulted when clay particles, delivered
in the fresh water flow, underwent electro-chemical flocculation at the junction of fresh and salt
waters. In the Chesapeake, early seminal studies attributed the formation of the ETM to the
relatively simple convergence of the estuarine gravitational circulation at, or near, the limit of
salt intrusion (Schubel, 1968a; Schubel, 1968b; Schubel and Biggs, 1969; Schubel and Kana,
1972). In the ensuing years, investigations have identified a number of attendant physical
processes that contribute to the formation and presence of ETMs in a variety of estuaries.
Resuspension of bottom sediments by asymmetrical near-bottom currents (Dyer, 1988; Dyer and
Evans, 1989), suppression of upward mixing by density stratification (Geyer, 1993), and the
presence of a pool of available resuspendable particles (Uncles and Stephens, 1993) are physical
processes that have been shown to contribute to the development of ETMs. In virtually all cases,
these ETMs have been located near the upstream limit of salt water intrusion in the estuaries. In
the northern mainstem asymmetrical tidal resuspension and asymmetrical tidal transport of
rapidly settling aggregates are primarily responsible for the Chesapeake Bay ETM (Sanford et
al., 2001).
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Each of the major Chesapeake tributary systems has been shown to have an ETM zone near the
upstream limit of saltwater intrusion. Examples have been noted in the Rappahannock (Nichols,
1974), the Potomac (Knebel et al., 1981), and the York Rivers (Lin and Kuo, 2001). Analyses of
Chesapeake Bay water-quality monitoring data sets for the Sediment Workgroup identified the
appearance of similar turbidity maxima zones in most of the main tributaries (Potomac, Chester,
Patuxent, Choptank, Rappahannock, York, James and Elizabeth) (David Jasinski, unpub., 2006).
In contrast to the normal location near the upstream limit of salt water intrusion, interactions
between the cross estuary bathymetry and circulation patterns have been shown to maintain a
zone of elevated turbidity in the Hudson estuary, downstream of the salt limit (Geyer et al.,
1998). The York River has been shown to have more than one ETM zone, one of which is well
downstream of the salt front, probably because of multiple convergent transport zones (Lin and
Kuo, 2001). The specific physical processes contributing to the development, maintenance and
location of ETMs probably differ between estuaries, depending on specific conditions in each
case. The dominant physical process governing the ETM location may change within the same
estuary at different times of the year, in response to changing fresh water input, spring verses
neap tides, wind forcing and season, among other factors.
Recent studies have shown that ETMs are areas of elevated zooplankton concentrations
(Kimmerer et al., 1998; Morgan et al., 1997; North and Houde, 2003; Roman et al., 1988;
Simstead et al., 1994). Abundant food in the form of detritus, protozoa, and phytoplankton, in
addition to the physical processes described above, are thought to support the high zooplankton
abundances. The protozoa, phytoplankton and zooplankton all contribute to the pool of
suspended material in the ETM, and to the attendant light attenuation, although this impact may
be strongly seasonal. Schubel and Kana (1972) found that zooplankton fecal pellets were
important agents of particle agglomeration in upper Chesapeake Bay, enhancing the settling of
particles during particular seasons.
Sanford et al. (2001) determined that in the mainstem Chesapeake the convergence of fresh and
saline waters and its associated salinity structure contributed to strong tidal asymmetries in
sediment resuspension and transport. These asymmetries collected and maintained a
resuspendable pool of rapidly settling particles near the salt limit. The rapidly settling particles,
primarily present in near-bottom waters, consisted of aggregations of finer particles which
individually would have lower settling velocities. Without tidal resuspension and transport, the
Chesapeake Bay ETM would either not exist or be greatly weakened. Repetitive resuspension
suggests that the high suspended loads in the ETM are maintained not simply by continued
introduction of new sediment, but also by repetitive reworking of the sediment already present.
Resuspended sediments tend to be more aggregated and thus settle back to the bottom quickly,
only to be resuspended yet again in the next tidal cycle, and as a consequence they tend to be
located near the bottom. In spite of this repeated resuspension, sedimentation is the ultimate fate
of most terrigenous material delivered to the Chesapeake Bay ETM. Sedimentation rates in the
ETM channel are at least an order of magnitude greater than on the adjacent shoals, probably due
to forcing mechanisms that are poorly understood. Ultimately, deposition of sediment to the
bottom in the ETM zones removes these materials from the suspended load that affect water
clarity.
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The distinction between more rapidly settling aggregations of particles in the ETM zone and the
more slowly settling finer particles is an important factor to remember. Total suspended
sediment concentrations in the entire upper Bay are elevated relative to the rest of the estuary,
with typical background concentrations of the very slowly settling particles ranging between 5–
25 mg/l (Sanford and Halka, 1993; Sanford et al., 1991; Sanford, 1994; Schubel, 1968a; Schubel,
1968b; Schubel, 1971). These background particles tend to be uniformly distributed through the
water column or slightly more concentrated in the lower water column. The ETM itself typically
has TSS concentrations 20–100 mg/l higher than this background, with the largest concentrations
resulting from tidal resuspension in the near-bottom waters. There is little spatial or temporal
variation in the dispersed, or disaggregated, slowly settling particle size distributions (Sanford et
al., 2001; Schubel, 1968a; Schubel and Kana, 1972). However, settling velocities of the
aggregated particles in the ETM can exhibit seasonal variations with much higher settling rates
in the warmer months relative to colder periods (Sanford et al., 2001; Schubel, 1968a; Schubel
and Kana, 1972).
The presence of a background population of slowly settling particles throughout the water
column suggests that some portion of the suspended materials bypass the ETM zone and enter
the middle and lower portions of the estuarine system. North et al. (2004) showed that increases
in both fresh water input and along-channel winds resulted in enhanced sediment transport
down-estuary. Only reductions in river flow resulted in consistent up-estuary movement of
bottom sediment in the ETM. Major flood events serve to not only mobilize and transport large
quantities of sediment from the watershed for delivery to the tidal waters, but also translate the
ETM zone into the middle portions of the system, well beyond the normal location. In the
mainstem bay, Schubel and Pritchard (1986) estimated that the ETM zone can migrate 40-55 km
seaward during flood events, which would lead to southward export of Susquehanna River
sediment. During these events (e.g. Tropical Storm Agnes in 1972), which have been shown to
deliver a disproportionately high sediment load, the majority of the delivered sediment bypasses
the normal location of the ETM, allowing sediment to “escape”. Satellite data also show export
of suspended material from tributaries into the bay during relatively wet periods (Stumpf, 1988)
at least in the upper portions of the water column.
Various studies have indicated more sediment may be “escaping” the ETM zone than generally
believed. For example, geochemical tracer data indicate sediment has been transported over
longer time scales than current studies would indicate, resulting in the delivery of sediment from
the northern bay at least to the midbay (Darby, 1990; Helz et al., 2000). Using isotopic analyses
of sediments from the central mainstem bay, Helz et al. (2000) concluded that the source of some
mid-bay sediment was the Susquehanna River. Recent studies of sediment deposition rates in
the central Chesapeake Bay by the USGS compared rates from the post-1880 and pre-1880 time
periods (Langland and Cronin, 2003). While there was a great spatial variability throughout the
Bay some sites exhibited about a four-fold greater sediment flux during the last century than
during the prior 1,000 years, confirming the general conclusions of studies of sediment cores for
the central mainstem discussed by others (Colman and Bratton, 2003; Cooper and Brush, 1993;
Cronin et al., 2000). These results strongly suggest that the increased sediment loads, delivered
from the watershed due to land-use practices since European occupation, have bypassed the
ETM into to the middle portions of the estuarine system. The relative proportions of sediments
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that are retained in the ETM verses those that are transported down-estuary are difficult to
establish.
In summary, while a number of processes that contribute to the formation, maintenance and
location of the ETM are generally understood, there remains a variety of questions concerning
the effectiveness of the ETM to serve as a sediment trap for the estuary. For example, we don’t
know many of the details of the following processes, all of which determine what happens to a
fine-grained bit of inorganic material when it enters the Bay:
•
•
•
•
•
•
•
•
•
•
•

How are fine-grained sediments aggregated in the fresh to brackish transition of the
ETM?
What are the sizes and settling velocities of aggregated particles, and how different are
they from individual particles?
How often do these aggregated particles become disaggregated under turbulent flow, and
how quickly do they re-form?
How large is the effect of filter-feeding organisms on particle aggregation and settling,
relative to other processes?
What role does organic ‘stickiness’ play in aggregation, and how seasonal is it?
What specific shear stresses are required to resuspend particles once on the bottom, and
how much seasonal variability is there?
What controls the critical stresses for resuspension?
How much sediment is available for resuspension at a given level of stress, and how does
this quantity vary with sediment loading, physical forcing, and biological activity?
After it initially settles to the bottom, how much time elapses before a particular sediment
particle can be considered to be a permanent part of the bottom?
If a particle that can be considered part of the permanent bottom experiences a
significantly elevated shear stress due to a storm and is resuspended, under what
conditions does it resettle to the permanent bottom?
Once resuspended, what are the vertical and horizontal extents of particle transport in the
post-1880 and pre-1880 time intervals?
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Figure 4-3 SAV growing season ETM locations (Source: David Jasinski, (UMCES, 2006))

4.6 Biogenic Sources of Sediment
Biogenic sediments generated within Chesapeake Bay itself can be broadly defined as any
material consisting of the remains of organisms generated within the estuary by skeletal
formation or organic production. This would include diatom siliceous skeletal material,
dinoflagellate cysts, calcareous shells of benthic organisms (mainly foraminifera, ostracodes,
mollusks), sponge spicules (siliceous), fish scales and bones (mainly phosphatic), and organic
matter formed in situ. Diatoms, for example, can constitute 5-10 % of dry sediments, calcareous
shells as much as 5 %. Biogenic suspended matter of most concern in terms of water quality can
be viewed as those components that occur in the water column, mainly phytoplankton (diatoms
and dinoflagellates) and zooplankton. Historically increasing turbidity in the bay, due in part to
biogenic suspended matter, has been hypothesized as a contributing factor to the decline in SAV
for at least 20 years (Orth and Moore, 1983).
A review of the literature on biogenic components of sediment in Chesapeake Bay can be
summed up in two contradictory conclusions. In a comprehensive bay-wide review of sediment
characteristics in the bay and its tributaries, which provided quantitative estimates of sediment
sources and budgets, Nichols et al. (1991) concluded that biogenic production and consumption
were “neglected since they are usually small.” If one accepts this conclusion, and in light of the
lack of biogenic sediment data in most previous studies of Chesapeake Bay sediments, it would
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at first appear that in situ-generated suspended matter is not quantitatively significant in the
overall sediment budget of the bay.
Conversely, in one of the few studies to consider the composition of suspended sediments in the
bay, Biggs (1970) concluded from analyses of suspended sediment that skeletal material and
organic production contributed 18% and 22% respectively to suspended matter in the mid Bay.
In the northern Bay these values were only 2% being overwhelmed by riverine input from the
Susquehanna River. Biggs did not consider the southern Bay. An extensive literature search
published since the studies of Nichols et al. and Biggs suggests that biogenic material is an
important component of suspended matter in the Bay and has increased significantly in the last
several decades. First, overall organic productivity (driven by nutrient influx, including silica)
has increased substantially during the 20th century based on trends in chlorophyll a (Harding and
Perry, 1997), biogenic silica (Cooper and Brush 1991; Colman and Bratton, 2003.), diatom floras
(Cooper, 1995), dinoflagellates (Willard et al. 2003), and organic biomarkers (Zimmerman and
Canuel, 1999). Second, much of this increase has occurred since Biggs conducted his study,
which was based on data collected in the 1960s, suggesting the biological component of
Chesapeake suspended matter is in all likelihood progressively increasing, although seasonal and
interannual variability is great. Third, biological processes play an important role in the
production, transport and fate of particulate sediment within and downstream of the estuarine
turbidity maxima of the Bay and its large tributaries (Kemp and Boynton, 1984; Fisher et al.,
1988), in concert with tidal re-suspension and other processes (e.g., Sanford et al., 1991).
Organic-inorganic coupling greatly affects particle settling time which, in concert with physical
processes, will determine whether material is deposited in the ETM, advected laterally, or
transported downstream of the turbidity maximum zone. Ultimately, these processes affect water
quality in large parts of the northern Bay and under certain conditions the mid-Bay as well.
In sum, in situ biological processes, fueled by external nutrient influx, modulated by climate and
river discharge variability, and influenced by estuarine circulation, tides and wind, contribute
significantly to water clarity, suspended sediment, sedimentation, and bottom sediment
composition. Well-documented temporal trends of the past century in organic production,
phytoplankton ecology, riverine nutrient and sediment influx, although not usually considered in
analyses of Bay sediment, suggest that biological components of Chesapeake Bay sediment are
even more important than they were 40-50 years ago. Quantitative estimates of the relative
contribution of biogenic material, both as organic matter and skeletal materials, to the suspended
load in various regions of the Bay cannot be made with certainly based on current data. It is
likely that efforts to reduce nutrient influx would improve water clarity by reducing biogenic
sediment.
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4.7 Sediment Source Loadings
The following table attempts to assemble the available information that can lead to developing a
full sediment budget for the Chesapeake Bay. The data was derived from available regional or
comprehensive information sources. It is presented primarily to provide an indication of the
approximate relative sediment contributions from the major sources, and the degree of
convergence or divergence between the values reported in those sources. The implicit
assumption being that where values converge between sources there is a greater degree of
confidence in the validity of the value for that input source. A number of the rows are devoid of
entries because no reliable comprehensive estimates have been produced. However, they are
included to indicate additional research studies or monitoring efforts requirements to understand
the range and magnitude of sediment sources.
Values are in metric tons per year of fine-grained sediments, or silt- and clay-sized particles finer
than 63 microns diameter. Because the focus of this effort centers on sediment and light
attenuation, the mass of coarser sand sized particles is not included. Sand-sized sediments are
assumed to have limited transportability in the water column either temporally or spatially, with
movement in the estuary occurring primarily by bed load transport mechanisms. As such sandsized particles have limited impact on water clarity issues.
Table 4-1. Chesapeake Bay Sediment Source Loadings (metric tons per year)
Current Model
Updated Model 1990 COE
RIM datab
Estimates:
Estimates:
Shore Erosion (all
Phase 4.3
available
2008
Watershed and
years)
Eutrophication
2002
(draft)
Eutrophication a
Watershed
4,359,721
X
X
5,328,000
(Above Fall
Line)
Watershed
1,467,429
X
X
296,000
(Below Fall
Line)
X
Shore Erosion 4,667,000
2,009,000
~12,000,000
d
(reported as
volume of
8,411,000 m3)
Oceanic
606,000
X
X
X
(960,000 import
354,600 export)
Direct
X
X
X
X
Atmospheric
Deposition

Other c

Sediment
WG
Report
(Chapters
5 and 7)

X

4,270,000

425,686 900,000

X

8,420,000

470,000 1,140,000
e

X

14,000
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Resuspension X
X
X
X
and Settling
Biogenic
X
X
X
X
Sediment
Production
X indicates no data for that source from the identified study/effort.

X

X

X

X

Notes:
a: Phase 4.3 Watershed model and 2002 eutrophication– uses 1985-1994 hydrologic period for
watershed inputs.
b: RIM data – Most recent data obtained from web, includes all years of estimates (1981-2005
for Susquehanna; Potomac; Patuxent, Choptank; 1989-2005 for James, Rappahannock,
Appomattox; 1990-2005 for Pamunkey, Mattaponi) with no attempt to utilize same hydroperiod
as the Phase 4.3 Watershed model; scaled as follows.
Above Fall Line (AFL) – Averaged delivery for all RIM stations excluding the Choptank scaled
up to the size of the entire AFL watershed (RIM AFL stations cover 129,300 km2 or 78% of AFL
watershed area).
Below Fall Line (BFL) – Averaged delivery for RIM Choptank River station scaled up to the
size of the entire BFL watershed. (Choptank RIM station covers 290 km2 or 0.8% of the BFL
watershed area).
c: Other –
BFL - from A. Gellis, 2006, personal communication. Average sediment delivery of 11.9 metric
tons/km2/yr derived from all available stream gauge data in BFL watersheds. Multiplied by BFL
area of 35,772 km2.
Oceanic - from Schubel and Carter (1977) based on conservative salt model
d: Shore Erosion – For all studies except 2002 Eutrophication Model, consists of fastland
erosion and the associated nearshore erosion in the area immediately offshore of the eroding
fastland. Nearshore erosion is estimated from a constant ratio to the adjacent fastland erosion.
The 2002 Eutrophication Model used only the fastland component.
e: Oceanic input identified in Sediment Workgroup Report (Langland and Cronin, 2003) adapted
from Hobbs et al. (1992). Estimated as difference between reported sources and mass needed to
balance amount of sediment accumulated based on bathymetric changes.
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5 Analysis of Chesapeake Bay Sediment-Related Monitoring Data
5.1 Background
An exploratory analysis of Baywide long term monitoring data was conducted using suspended
sediment-related water quality information. The purpose of the analysis was to identify
similarities between Bay water quality segments and then cluster them to gain an understanding
of which groups of segments had similar sediment-related effects or designated use impacts. It
is expected that the results of this analysis could be used to prioritize model scenario runs for
sedimentshed delineation by identifying areas where water clarity is potentially most impacted
by inorganic sediment.
The Sediment Workgroup discussed the most appropriate dataset for the analysis, the most
appropriate temporal period for averaging the data and finally the potential parameters to be
included. It was decided that SAV growing season data from the Chesapeake Bay long-term
monitoring stations (Figure 5-1) would be used in this analysis as this would be the most
comparable in terms of data quality and available information. It was further concluded that
surface layer results would be used since these are most consistent with the application depth of
the water clarity criteria. The final set of parameters used in the cluster analysis was salinity, the
light attenuation coefficient, and percent of fixed suspended solids. Please note that this final
selection is still under review by the Sediment Workgroup.

Figure 5-1. Chesapeake Bay monitoring station locations and revised monitoring scheme. (John
Wolf, 2006).
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Salinity and the light attenuation coefficient were selected because they are the basis of the water
clarity criteria. It was reported that SAV is most sensitive to the available light through the water
column and that the required light to support SAV varies as a function of salinity. More saline
SAV species require more light whereas less saline SAV species require less light, relatively
speaking, for survival (see Figure 5-2). The percent of fixed suspended solids was used because
it represents the actual sediment contribution to the total suspended solids in the water column.
Fixed suspended solids represent the inorganic solids and are composed of clay, silt and sand
whereas volatile suspended solids represent the organic solids derived from nutrients (eg.
phytoplankton chlorophyll a, organic detritus).

Figure 5-2. Light attenuation water quality criteria in the Chesapeake Bay. (CBPO, 2005).
In the mesohaline and polyhaline regions, SAV is able to grow if the light attenuation coefficient
is less than 1.5. In the tidal Fresh and oligohaline regions, SAV can withstand more turbid
water, and needs a light attenuation coefficient of less than 2.0.
Two options were considered for input units into the cluster analysis. First, the clustering
analysis could be based on results at the monitoring stations and second, using the Bay
monitoring data interpolator program, results could be interpolated and extrapolated throughout
the Bay and then averaged to a user-defined scale. While the first is more robust to the original
data, the second option allowed for more flexibility given the regulatory considerations of
working within the Bay water quality segments. It was therefore decided the average SAV
growing season monitoring station results would be interpolated and extrapolated throughout the
Bay. However, it must be recognized that even though we have estimated values along the
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shoreline, these values are only representative of those at main channel locations (i.e. the original
monitoring stations).
The spatial units for averaging the monitoring data results were based on the Chesapeake Bay
water quality segments. This is the scale that has been adopted into regulation by the Bay states.
Adjustments to these segments were made for this analysis only, and included splitting several of
the larger main bay segments to capture the effects of the nearby tributary influence and splitting
segments near the growing season estuarine turbidity maximum as determined by Jasinski
(2006). The final segments are illustrated in figure 5-3. The segment-averaged results for
salinity, light attenuation and fixed suspended solids are presented in figure 5-4.

Figure 5-3. Adjustments to Bay Water Quality segmentation for cluster analysis
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Figure 5-4. Segment-averaged values for salinity, light attenuation and percent fixed suspended
solids (Jasinski and Wolf, 2006).

5.2 Clustering Methodology
Hierarchical cluster analysis was performed in SAS using the centroid method on squared
Euclidean distances. The centroid method was selected because it tends to be more robust to
outliers than most other hierarchical cluster procedures (Milligan, 1980). Input data for the
analysis were scaled to a mean of zero and a variance of one to allow for equal representation
among the three parameters when computing the distances.
Clusters were selected by moving down the resulting dendogram (Figure 5-5) to separate major
groupings, which ideally contained multiple Bay water quality segments. The appropriate
number of clusters was confirmed using the cubic clustering criterion (CCC), pseudo F, and
pseudo t2 statistics output in SAS (Lipscomb, 1998). Based on a local maximum of the CCC
and changes in the pseudo t2 statistic seven clusters were identified.
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Figure 5-5. Dendogram of hierarchical cluster analysis using salinity, light attenuation and fixed
suspended solids (Lee Currey, 2007)

5.3 Cluster Results
The cluster analysis revealed seven distinct clusters that capture approximately 91% of the
variance in the data. The number of segments per cluster ranged from five to fifteen. Salinity
was a significant parameter in splitting segments and defining clusters. This was expected and
also intentional, with the purpose to group regions that have a similar water column water clarity
criteria.
The tidal fresh and oligohaline regions of the Bay resulted in two clusters, which were
differentiated primarily by light attenuation with some additional influence from fixed suspended
solids. Higher light attenuation and fixed suspended solids in cluster 2 included the
Rappahannock, Mattaponi, Pamunkey and James. Cluster 1 had slightly lower light attenuation
and slightly lower fixed suspended solids and included the Upper Bay and Upper Potomac River.
The mesohaline region of the Bay resulted in four clusters (3, 4, 5, 6) with varying levels of light
attenuation. Of the four clusters, three of the clusters (3, 5, 6) exceeded the light attenuation
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water clarity criteria. Of the three clusters exceeding the light attenuation criteria, two had high
fixed suspended solids (5, 6) and one cluster (3), located in the upper part of the Bay and below
the estuarine turbidity maximum, had relatively low fixed suspended solids. Using the percent
fixed suspended solids, it would be possible to aggregate these four clusters into two clusters,
with one having high fixed suspended solids (5, 6) and the other relatively low fixed suspended
solids (3, 4).
Cluster 7 mostly consisted of polyhaline Bay water clarity segments with relatively moderate
levels of fixed suspended solids. In addition, the majority of the segments had an average light
attenuation coefficient below the water clarity criteria, thus meeting water clarity standards.

Figure 5-6. Cluster results – Segmentation map and corresponding box and whisker plots per
cluster (Lee Currey, 2007).
Simplification of the results presented in Figure 5-6 is further possible by aggregating clusters by
using a categorical classification for light attenuation and percent fixed suspended solids.
Clusters exceeding the light attenuation criteria were assigned a classification of high or very
high and clusters below the criteria were assigned a classification of low. Similarly, the clusters
were assigned fixed suspended solids classifications of low, moderate and high based on a
relative comparison. Categorical results are illustrated on the box and whisker plots in Figure 56. Based on these classifications it is possible to identify regions that are exceeding the water
clarity criteria and that also a have relatively high percent of fixed suspended solids (1, 2, 5, 6),
thus indicating an impact from sediment. Clusters 3 and 7 exceed the water clarity criteria yet
have low to moderate levels of FSS, indicating that the water clarity impairment may be caused
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by factors other than, or in addition to, FSS. Results of this final grouping are presented in
Figure 5-7, with a comparison to the water quality modeling results presented by Cerco et al.
(2002) that identify areas that benefit more from sediment controls (shaded area) than from
nutrient controls in the watershed and tidal tributaries. These two maps essentially identify the
same regions.
Although there is good correspondence between the results of this cluster analysis and those
presented by Cerco et al. (2002), it is important to recall that the monitoring data used in the
clustering is based on main channel stations. While in many regions of the main Bay the
monitoring data showed a low light attenuation coefficient, it is expected there may be more
variability between the main channel and near shore environment and these results should be
confirmed using the shallow water monitoring data that are currently being collected by
Maryland and Virginia.

Figure 5-7. (Left) Cluster results show water quality segments exceeding the water clarity
criteria with high percent fixed suspended solids (Currey and Wolf, 2007). (Right) Estuarine
areas that benefit more from sediment controls (shaded area) than from nutrient controls (areas in
yellow) in the watershed and tidal tributaries (Cerco et al, 2002).
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6 Summary and Future Work
In this report we have attempted to lay the foundation needed to develop a sedimentshed. The
Sediment Workgroup began (section two) with a review of the process applied in previous
sediment allocations (USEPA, 2003c) and the uncertainty reported with respect to these
allocations. Next (section three) the Sediment Workgroup reported the consensus decision on a
definition of a sedimentshed as the area that contributes the sediment that directly influences
water clarity in near-shore SAV growing areas. Further, in section three, we suggested that the
first step when delineating a sedimentshed would require determining the appropriate scale of the
SAV area where sediment sources are to be identified and provided considerations for defining
this scale. In section four, we listed the second step in determining a sedimentshed as requiring
an evaluation of the sediment sources in the nearshore area water column and their relative
contribution and impact to water clarity. Section five provides an analysis that can be used to
prioritize areas for sedimentshed development by identifying areas with high fixed suspended
solids and high light attenuation, relative to the appropriate criteria.
While this report presents the components of and proposed plan for developing a sedimentshed,
it does not provide results of a defined sedimentshed. The Sediment Workgroup’s present
opinion is that the delineation of a sedimentshed for a specific SAV region would require either
monitoring data directed at identifying the source of the sediment (i.e. watershed, shore,
resuspension, etc.) or a mechanistic, spatially and temporally varying model that accounts for the
predominant physical processes governing Baywide sediment transport. Currently there is not a
Baywide sediment source tracking monitoring program, however, there is a joint modeling effort
by the Chesapeake Bay scientific community using the best science and information available to
simulate the predominant sediment transport processes in the Bay watershed and the Bay tidal
waters and the subsequent effect of suspended sediment on the SAV community. However this
refined water quality model is not expected to be completed until the summer of 2007 (for testing
runs only). As a result, it was determined that sedimentsheds probably could not be delineated
until the model is completed, but the Workgroup has begun by setting the foundation for
sedimentshed development.
The Sediment Workgroup is expecting the January 2007 STAC workshop to provide guidance of
how to best proceed in supporting the 2010 Bay reallocation process. Three specific questions
have been identified for discussion and are broadly defined as:
•

What aspects of suspended sediment variability are most important for water clarity?

•

Does sediment have the same impact on water clarity and SAV in all areas of the Bay?
Which areas of the Bay would most likely benefit from local sediment reductions?

•

What is the appropriate scale and once decided, what is the optimum approach to
delineating sedimentsheds?

On January 30-31, 2007, the Science and Technology Advisory Committee hosted a
Sedimentsheds Workshop which had three major objectives:
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1. To provide a forum to share important insights from all invited experts on sediment,
water clarity and submerged aquatic vegetation.
2. To review and comment on the Sediment Workgroup’s draft report “Addressing
Sediment and Its Relationship to Chesapeake Bay Water Clarity.”
3. To provide the Sediment Workgroup with focused guidance in determining appropriate
next steps for addressing sediment impacts to Bay water clarity as necessitated by the
2010 reevaluation.
Major conclusions and a summary of recommendations are outlined in the document:
“STAC Workshop Final Report An Introduction to Sedimentsheds: Sediment and its
Relationship to Water Clarity” available at
www.chesapeakebay.net/pubs/STACFinalSedshedsReport.pdf

7 References
Berquist, C.R., Jr., 1986, Stratigraphy and heavy mineral analysis in the Lower Chesapeake Bay,
Virginia: PhD. dissertation, College of William and Mary, Gloucester Point, Va., p. 105.
Biggs, R.B., 1970, Sources and distribution of suspended sediment in northern Chesapeake Bay:
Marine Geology, v. 9, p. 187-201.
Boon, J. D., Green, M. O., and Suh, K. D., 1996, Bimodal Wave Spectra in lower Chesapeake
Bay, sea bed energetics and sediment transport during winter storms: Continental Shelf
Research, v. 16, no. 15, p. 1965-1988.
Boynton, W.R. and Kemp, W.M. 2005. Historical patterns and ecological interactions
associated with eutrophication in Chesapeake Bay. Society of Environmental Toxicology and
Chemistry Abstract Book. SETAC North America 26th Annual Meeting, 13 - 17 November
2005, Baltimore, Md., p. 115-116. Oral presentation.
Bratton, J.F., S.M. Colman, and R.R. Seal, II. 2003. Eutrophication and carbon sources in
Chesapeake Bay over the last 2700 yr: Human impacts in context. Geochimica et Cosmochica
Acta, 67(18): 3385-3402.
Brush, G.S., J.M. Hill, and M.A. Unger. 1997. Pollution history of the Chesapeake Bay. Final
Report NOAA Project NA27OA0450. August 9, 1997. 75 pages plus appendices.
Brush, G.S., and W.B. Hiltgartner. 2000. Paleoecology of submerged macrophytes in the upper
Chesapeake Bay. Ecological Monographs, 70(4): 645-667.
Byrne, R.J., and Anderson, G.L., 1977, Shoreline erosion in tidewater Virginia: SRAMSOE,
no. 111, Virginia Institute of Marine Science, School of Marine Science, Gloucester Point, Va.

33

Byrne, R.J., Hobbs, C.H., and Carron, M.J., 1980, Baseline sediment studies to determine
distribution, physical properties, sedimentation budgets and rates in the Virginia portion of the
Chesapeake Bay: Environmental Protection Agency Report.
Byrne, R. S., Hobbs, C. H. I., and Carron, M. J., 1982, Baseline sediment studies to determine
distribution, physical properties, sedimentation budgets, and rates in the Virginia portion of the
Chesapeake Bay: Final Report to the U.S. Environmental Protection Agency: Virginia Institute
of Marine Sciences.
Chesapeake Bay Program Office, 2005, Light attenuation water quality criteria in the
Chesapeake Bay map.
Chesapeake Bay Program Office, 2005, Sediment in the Chesapeake Bay and Management
Issues: Tidal Erosion Processes, CBP/TRS 276/05, May 2005.
Cerco, C.F., Linker, L., Sweeney, J., Shenk, G., and Butt, A.J., 2002, Nutrient and solids controls
in Virginia's Chesapeake Bay tributaries: Journal of Water Resources Planning and Management,
v. May/June, p. 179-189.
Cerco, C.F., Noel, M.R., and Linker, L., 2004, Managing for water clarity in Chesapeake Bay:
ASCE Journal of Environmental Engineering, v. 130, no. 6, p. 1-12.
Cerco, C.F., and Noel, M.R., 2005a, Assessing a Ten-Fold Increase in the Chesapeake Bay
Native Oyster Population: A Report to the EPA Chesapeake Bay Program: U.S. Army Engineer
Research and Development Center.
Cerco, C.F., and Noel, M.R., 2005b, Evaluating Ecosystem Effects of Oyster Restoration in
Chesapeake Bay: A Report of the Maryland Department of Natural Resources: U.S. Corp of
Engineer Research and Development Center.
Colman, S.M., Baucom, P.C., Bratton, J., Cronin, T.M., McGeehin, J.P., Willard, D.,
Zimmerman, A., and Vogt, P., 2002, Radiocarbon dating, chronologic framework, and changes
in accumulation rates of Holocene estuarine sediments: An example from Chesapeake Bay:
Quaternary Research, v. 57, p. 58-70.
Colman, S.M., P.C. Baucom, J.F. Bratton, T.M. Cronin, J.P. McGeehin, D. Willard, A.R.
Zimmerman, and P.R. Vogt. 2004. Corrigendum to “Radiocarbon dating, chronologic
framework, and changes in accumulation rates of Holocene estuarine sediments from
Chesapeake Bay” [Quaternary Research 57 (2002) 58-70].
Colman, S.M., Berquist, C.R., and Hobbs, C.H., III, 1988, Structure, age, and origin of the
deposits beneath the shoals at the mouth of the Chesapeake Bay, Virginia:Marine Geology, v. 83,
p. 95-113.
Colman, S. M., and Bratton, J. F., 2003, Anthropogenically Induced Changes in Sediment and
Biogenic Silica Fluxes in Chesapeake Bay: Geology, v. 31, no. 1, p. 71-74.
34

Colman, S. M., Halka, J. P., and C.H. Hobbs, I., 1992, Patterns and rates of sediment
accumulation in the Chesapeake Bay during the Holocene rise in sea level, in Charles H.
Fletcher, I., and Wehmiller, J. F., eds., Quaternary Coasts of the United States: Marine and
Lacustrine Systems: Special Publication: Tulsa, OK, (SEPM) Society for Sedimentary Geology,
p. 101-111.
Cooper, S. R., and Brush, G. S., 1993, A 2,500-year history of anoxia and eutrification in
Chesapeake Bay: Estuaries, v. 16, no. 3B, p. 617-626.
Cooper, S.R., 1995, Chesapeake Bay Watershed Historical Land Use—Impact on Water Quality
and Diatom Communities: Ecological Applications, v. 5, p. 703-723.
Cooper, S.R., and Brush, G.S., 1991, Long-term history of Chesapeake Bay Anoxia: Science,
v. 254, p. 992-996.
Cronin, T.M., and C.D. Vann. 2003. The sedimentary record of climatic and anthropogenic
influence on the Patuxent Estuary and Chesapeake Bay ecosystems. Estuaries, 26(2A): 196209.
Cronin, T., Willard, D., Karlsen, A., Ishman, S., Verardo, S., McGeehin, J., Kerhin, R., Holmes,
C., Colman, S., and Zimmerman, A., 2000, Climatic variability in the eastern United States over
the past millennium from Chesapeake Bay sediments: Geology, v. 28, no. 1, p. 3-6.
Currey, L., 2006 and 2007, personal communication
Darby, D. A., 1990, Evidence for the Hudson River as the dominant source of sand on the U.S.
Atlantic Shelf: Nature, v. 346, p. 828-831.
Deksenieks, M.M., Hofmann, E.E., and Powell, E.N., 1993, Environmental effects on the growth
and development of eastern oyster, Crassostrea Virginica (Gmelin, 1791), larvae: A modeling
study: Journal of Shellfish Research, v. 12, no. 2, p. 241-254.
Durbin, A.G., and Durbin, E.G., 1998, Effects of menhaden predation on phytoplankton
populations in Narragansett Bay, Rhode Island: Estuaries, v. 21, no. 3, p. 449-465.
Dyer, K. R., 1988, Fine Sediment Particle Transport in Estuaries, in Dronkers, J., and van
Leussen, W., eds., Physical Processes in Estuaries: Berlin, Springer-Verlag, p. 295-310.
Dyer, K. R., and Evans, E. M., 1989, Dynamics of Turbidity Maximum in a Homogeneous Tidal
Channel: Journal of Coastal Research, v. SI, no. 5, p. 23-30.
Fisher, T.R., Harding, L.W., Jr., Stanley, D.J., and Ward, L.G., 1988, Phytoplankton, nutrients,
and turbidity in the Chesapeake, Delaware, and Hudson Estuaries: Estuarine, Coastal, and Shelf
Science, v. 27, p. 61-93.

35

Gellis, A.C., Smith, S., and Stewart, S., 2003, Watershed sediment sources in “A Summary
Report of Sediment Processes in Chesapeake Bay and Watershed,” edited by Michael Langland
and Thomas Cronin, U.S. Geological Survey Water-Resources Investigations Report 03-4123,
Chapter 3, p. 29-33.
Geyer, W. R., 1993, The Importance of Suppression of Turbulence By Stratification On the
Estuarine Turbidity Maximum: Estuaries, v. 16, no. 1, p. 113-125.
Geyer, W., Signell, R., and Kineke, G., 1998, Lateral trapping of sediment in a partially mixed
estuary, in 8th International Biennial Conference on the Physics of Estuaries, Rotterdam, The
Netherlands, p. 115-124.
Gottschalk, L.C. 1945. Effects of soil erosion on navigation in upper Chesapeake Bay.
Geographical Review, 35: 219-238.
Halka, J.P., 2000, Deposition and distribution of bottom sediment in the Chesapeake Bay:
Maryland Geological survey Report to the Chesapeake Bay Program, Scientific and Technical
Advisory Committee.
Hardaway, C. S., Jr., and R. J. Byrne. 1999. Shoreline Management in Chesapeake Bay. Virginia
Institute of Marine Science, VSG-99-11.
Harding, L.W., Jr., and Perry, E.S., 1997, Long-term increase of phytoplankton biomass in
Chesapeake Bay, 1950-1994; Marine Ecology Progress Series, v. 157, p. 39-52.
Harrison, W. R., Norcross, J. J., Pore, N. A., and Stanley, E. M., 1967, Circulation of shelf
waters of the Chesapeake Bight, surface and bottom drift of continental shelf waters between
Cape Henlopen, Delaware and Cape Hatteras, North Carolina, June,1963-December, 1964:
ESSA Professional Paper 3, p. 82.
Helz, G. R., J. M Adelson, C.V. Miller, J. M. Cornwell, J.C. Hill, M. Horan, and R. J. Walker,
2000, Osmium isotopes demonstrate distal transport of contaminated sediments in Chesapeake
Bay: Environmental Science and Technology, v. 34, no. 12, p. 2,528-2,534.
Hobbs, C.H., III, Halka, J.P., Kerhin R.T., and Carron, M.J., 1990, A 100-year sediment budget
for Chesapeake Bay: Special Report in Applied Marine Science and Ocean Engineering, no. 307,
Virginia Institute of Marine Science, Gloucester Point, Va., 32 p.
Hobbs, C.H., III, Halka, J.P., Kerhin R.T., and Carron, M.J., 1992, Chesapeake Bay sediment
budget: Journal of Coastal Research, v. 8, no. 2, p. 292-300.
Holdahl, S. R. and N. L. Morrison, 1974, Regional investigations of vertical crustal movements
in the U.S., using precise relevelings and mareograph data, Tectonophysics, v. 23, no. 4, p. 373390.

36

Howarth, R.W., G. Billen, D. Swaney, A. Townsend, N. Jaworski, K. Lajtha, J.A. Downing, R.
Elmgren, N. Caraco, T. Jordan, F. Berendse, J. Freney, V. Kudeyarov, P. Murdoch, and Z. ZhaoLiang. 1996. Regional nitrogen budgets and riverine N & P fluxes for the drainages to the North
Atlantic Ocean: natural and human influences. Biogeochemistry, 35: 75-139.
Jasinski, D. 2006, personal communication.
Karlsen, A.W., T.M. Cronin, S.E. Ishman, D.A. Willard, R. Kerhin, C.W. Holmes, and M.
Marot. 2000. Historical trends in Chesapeake Bay dissolved oxygen based on benthic
foraminifera from sediment cores. Estuaries, 23(4): 488-508.
Kearney, M.S. 1996. Sea-level change during the last thousand years in Chesapeake Bay.
Journal of Coastal Research, 12(4): 977-983.
Kearney, M. S., Grace, R. E., and Stevenson, J. C., 1988, Marsh Loss in Nanticoke Estuary,
Chesapeake Bay: Geographical Review, v. 78, no. 2, p. 205-220.
Kearney, M.S., A.S. Rogers, J.R.G. Townshend, J.C. Stevenson, J. Stevens, E. Rizzo, and D.
Stutzer. 2002. Landsat imagery shows decline of coastal marshes in Chesapeake Bay and
Delaware Bays. Eos, Transactions, American Geophysical Union, 83(16): 173, 177-178.
Kearney, M. S., and Stevenson, J. C., 1991, Island Land Loss and Marsh Vertical Accretion Rate
Evidence for Historical Sea-Level Changes in Chesapeake Bay: Journal of Coastal Research, v.
12, no. 4, p. 403-415.
Kemp, W.M., and Boynton, W.R., 1984, Spatial and temporal coupling of nutrient inputs to
estuarine primary production—The role of particulate transport and decomposition: Bulletin of
Marine Science, v. 35, p. 522-535.
Kemp, W.M., Boynton, W.R., Adolf, J.E., Boesch, D.F., Boicourt, W.C., Brush, G., Cornwell,
J.C., Fisher, T.R., Gilbert, P.M., Hagy, J.D., Harding, L.W., Houde, E.D., Kimel, D.G., Miller,
W.D., Newell, R.I.E., Roman, M.R., Smith, E.M., and Stevenson, J.C., 2005, Eutrophication of
the Chesapeake Bay: Historic trends and ecological interactions: Marine Ecology Progress
Series, v. 303, p. 1-29.
Kemp, W.M., Brandt, S.B., Boynton, W.R., Madden, C.J., Luo, J., Hagy, J., and Bartleson, R.,
1994, Benthic filtration, nutrient inputs, and hypoxia in mesohaline Chesapeake Bay in
Ecosystem Models of the Patuxent River Estuary: Maryland Department of Natural Resources
CBRM-GRF-94-2.
Kerhin, R.T., Halka, J.P., Wells, D.V., Hennessee, E.L., Blakeslee, P.J., Zoltan, N., and
Cuthbertson, R.H., 1988, The surficial sediments of Chesapeake Bay, Maryland—Physical
characteristics and sediment budget: Report of Investigations no. 48., Department of Natural
Resources, Maryland Geological Survey, 82 p.

37

Khan, H., and G.S. Brush. 1994. Nutrient and metal accumulation in a freshwater tidal marsh.
Estuaries, 17(2): 345-360.
Kimmerer, W. J., Barau, J. R., and Bennett, W. A., 1998, Tidally oriented vertical migration and
position maintenance of zooplankton in a temperate estuary: Limnology and Oceanography, v.
43, p. 1697-1709.
Knebel, H. J., Martin, E. A., Glenn, J. L., and Needell, S. W., 1981, Sedimentary framework of
the Potomac River estuary, Maryland: Bulletin of the Geological Society of America, v. 92, no.
8, p. 578-589.
Langland, M., and Cronin, T. (eds.), 2003, A Summary Report of Sediment Processes in the
Chesapeake Bay and Watershed: U.S. Geological Survey, 03-4123.
Langland, M., Cronin, T., and Phillips, S., 2003, Executive summary in, A Summary Report of
Sediment Processes in Chesapeake Bay and Watershed: edited by Michael Langland and Thomas
Cronin, U.S. Geological Survey Water-Resources Investigations Report 03-4123, p. 1-20.
Langland, M.J., Lietman, P.L., and Hoffman, S. ,1995, Synthesis of nutrient and sediment data
for watersheds within the Chesapeake Bay drainage basin: U.S. Geological Survey WaterResources Investigations Report 95-4233, 121 p.
Leatherman, S. P., R. Chalfont, E. C. Pendleton, T. L. McCandless and S. Funderburk. 1995.
Vanishing Lands: Sea Level, Society and Chesapeake Bay. University of Maryland, Laboratory
for Coastal Research, and the U.S. Fish and Wildlife Service, Chesapeake Bay Field Office,
Annapolis, MD
Lin, J., and Kuo, A., 2001, Secondary Turbidity Maximum in a Partially Mixed Microtidal
Estuary: Estuaries, v. 24, no. 5, p. 707-720.
Lipscomb, S.W. 1998. Hydrologic classification and estimation of basin and hydrologic
characteristics of sub basins in central Idaho. USGS professional paper 1604, 49 pp.
Ludwick, J. C., 1975, Tidal currents, sediment transport, and sand banks in Chesapeake Bay
entrance, Virginia, in Cronin, L. E., ed., Estuarine Research: New York, Academic Press, p. 365380.
Maryland Department of Natural Resources. 2007. Zebra mussel dark false mussel fact sheet.
http://www.dnr.state.md.us/irc/zebra/zebra_dark.pdf
Maryland Geological Survey. 1994-2000. Shoreline changes maps. Scale 1:24,000 or 1:12,000.
Kerhin, R.T., Hennessee, E.L., Isoldi, J.J., Gast, R.A, Stott, J.A., and Cuthbertson, R.H.,
compilers.

38

Meade, R. H., 1969, Landward transport of bottom sediments in estuaries of the Atlantic coastal
plain: Journal of Sedimentary Petrology, v. 39, no. 1, p. 222-234.
Meade, R.H., 1972, Sources and Sinks of Suspended Matter on Continental Shelves, in Swift, D.
J. P., Duane, D. B., and Pilkey, O. H., eds., Shelf Sediment Transport: Process and Pattern:
Stroudsburg, Pennsylvania, Dowden, Hutchinson & Ross, p. 249-262.
Merritts, D., Walter, R., Lippincott, C., and Siddiqui, S., 2004, High suspended sediment yields
of the Conestoga River watershed to the Susquehanna River and Chesapeake Bay are the result
of ubiquitous post-settlement mill dams: EOS, Transactions, American Geophysical Union, v.
85, no. 47, p. 903.
Merritts, D. Walter, R.C., Rahnis, M., Scheid, C., Rehman, A., Oberholtzer, W., Gellis, A., and
Pavich, M., 2006, High Erosion Rates in Early America Estimated from Widespread Sediment
Trapping in Thousands of 18th-20th Century Mill Dam Reservoirs, Appalachian Piedmont, USA:
Abstract 2006 Geological Society of America Meeting, Philadelphia, PA.
Milligan, G.W. (1980), "An Examination of the Effect of Six Types of Error Perturbation on
Fifteen Clustering Algorithms," Psychometrika, 45, 325 -342.
Moore, K.A., D.J. Wilcox, B. Anderson, T.A. Parham, and M.D. Naylor. 2004. Historical
Analysis of Submerged Aquatic Vegetation (SAV) in the Potomac River and Analysis of Baywide SAV Data to Establish a New Acreage Goal. Final Report. April 2004. Report prepared
for the Chesapeake Bay Program (CB983627-01). 23 pages.
Morgan, C. A., Cordell, J. R., and Simstad, C. A., 1997, Sink or swim? Copepod population
maintenance in the Columbia River estuarine turbidity-maxima region: Marine Biology, v. 129,
p. 309-317.
Murphy, Jr., Tayloe W., 2003. Memo to CBP Principal Staff Committee on “Summary of
Decisions Regarding Nutrient and Sediment Load Allocations April 29, 2003.
Nakagawa, Y., Sanford, L., and Halka, J., 2000, Effect of wind waves on distribution of muddy
bottom sediments in Baltimore Harbor, USA, in 27th International Conference on Coastal
Engineering, Sydney, Australia, p. 3516-3524.
NOAA, National Oceanic and Atmospheric Administration, Variations in Sea Level.
http://www.ngs.noaa.gov/GRD/GPS/Projects/CB/SEALEVEL/sealevel.html.
National Oceanic and Atmospheric Administration. 2007. NOAA Chesapeake Bay Office
website: http://noaa.chesapeakebay.net/index.aspx. Accessed January 2007.
Newell, R. 1988. Ecological changes in Chesapeake Bay: are they the result of over harvesting
the American oyster? Understanding the Estuary: Advances in Chesapeake Bay Research.
Proceedings of a Conference, March 29-31. Baltimore, Maryland. Chesapeake Bay Research
Consortium 129. CBP/TRS 24-88. Pages 536-546.

39

Newell, 2006. Personal Communication
Newell, R.I.E., Cornwell, J.C., and Owens, M.S., 2002, Influence of simulated bivalve
biodeposition and microphytobenthos on sediment nitrogen dynamics: A laboratory study:
Limnology and Oceanography, v. 47, no. 5, p. 1367-1379.
Newell, R.I.E., T.R. Fisher, R.R. Holyoke, and J.C. Cornwell. 2005. Influence of eastern oysters
on Nitrogen and Phosphorus regeneration in Chesapeake Bay, USA. Pages 93-120 In: The
Comparative Roles of Suspension Feeders in Ecosystems. R. Dame and S. Olenin (Eds.) Vol 47
NATO Science Series: IV- Earth and Environmental Sciences. Springer, Netherlands.
Newell, R.I.E., and J.A. Ott. 1999. Macrobenthic communities and eutrophication, p. 265-294.
In: T.C. Malone, A. Malej, L.W. Harding, Jr., N. Smodlaka, and R.E. Turner (eds.), Ecosystems
at the Land-Sea Margin. Coastal and Estuarine Studies, vol. 55. American Geophysical Union,
Washington, D.C. 381 pages.
Nichols, M., 1974, Development of the turbidity maximum in the Rappahannock Estuary:
Memoires de l'Institute de Geologie du Bassin d'Aquitaine, v. 7, p. 19-25.
Nichols, M.M., Kim, S.C., and Brouwer, C.M., 1991, Sediment characterization of the
Chesapeake Bay and its tributaries, Virginian Province: National Estuarine Inventory
Supplement, NOAA Strategic Assessment Branch, 88 p.
North, E. W., Chou, S. Y., Sanford, L. P. and Hood, R. R., 2004, The Influence of Wind and
River Pulses on an Estuarine Turbidity Maximum: Numerical Studies and Field Observtions in
Chesapeake Bay: Estuaries, v. 27, p. 132-146.
North, E. W., and Houde, E. D., 2003, Linking ETM physics, zooplankton prey, and fish earlylife histories to striped bass Morone saxatilis and white perch M. americana recruitment: Marine
Ecological Progress Series, v. 260, p. 219–236.
Officer, C.B., Lynch, D.R., Setlock, G.H., and Helz, G.R., 1984, Recent sedimentation rates in
Chesapeake Bay, in Kennedy, V.S., ed., The estuary as a filter: New York, Academic Press,
p. 131-157.
Orth, R.J. and Moore, K.A., 1983. Chesapeake Bay: An Unprecedented Decline in Submerged
Aquatic Vegetation: Science 7 October 1983: Vol. 222. no. 4619, pp. 51 - 53
Phelps, H.L. 1994. The Asiatic Clam (fluminea) invasion and system-level ecological change in
the Potomac River estuary near Washington, D.C. Estuaries, 17(3): 614-621.
Roman, M. R., White, J. R., and Gauzens, A. L., 1988, Temporal and Spatial Variations in
Zooplankton of the Mesohaline Portion of Chesapeake Bay, in Lynch, M. P., and Krome, E. C.,

40

eds., Understanding the Estuary: Advances in Chesapeake Bay Research: Solomons, Maryland,
Chesapeake Research Consortium, p. 91.
Rothschild, B.J., J.S. Ault, P. Goulletquer, and M. Heral. 1994. Decline of the Chesapeake Bay
oyster population: a century of habitat destruction and over fishing. Marine Ecology Progress
Series, 111: 29-39.
Sanford, L. P., 1994, Wave-Forced Resuspension of Upper Chesapeake Bay Muds: Estuaries, v.
17, no. 1B, p. 148-165.
Sanford, L., and Halka, J. P., 1993, Assessing the paradigm of mutually exclusive erosion and
deposition of mud, with examples from upper Chesapeake Bay: Marine Geology, v. 114, p. 3757.
Sanford, L., Panageotou, W., and Halka, J. P., 1991, Tidal resuspension of sediments in northern
Chesapeake Bay: Marine Geology, v. 97, p. 87-103.
Sanford, L. P., Suttles, S. E., and Halka, J. P., 2001, Reconsidering the Physics of the
Chesapeake Bay Estuarine Turbidity Maximum: Estuaries, v. 24, no. 5, p. 655-669.
Schubel, J. R., 1968a, Suspended Sediment of the Northern Chesapeake Bay: Johns Hopkins
University, Chesapeake Bay Institute, 35.
Schubel, J.R., 1968b, Turbidity Maximum of the Northern Chesapeake Bay: Science, v. 161, p.
1013-1015.
Schubel, J.R., 1971, Tidal variation of the size distribution of suspended sediment at a station in
the Chesapeake Bay turbidity maximum: Netherlands Journal of Sea Research, v. 4, p. 283-309.
Schubel, J. R., and Biggs, R. B., 1969, Distribution of Seston in Upper Chesapeake Bay:
Chesapeake Science, v. 10, no. 1, p. 18-23.
Schubel, J. R. and Carter, H. H., 1977, Suspended sediment budget for Chesapeake Bay.
Estuarine Processes. M. L. Wiley. New York, Academic Press. 2: 46-62.
Schubel, J. R., and Kana, T. W., 1972, Agglomeration of Fine-Grained Suspended Sediment in
Northern Chesapeake Bay: Powder Technology, v. 6, p. 9-16.
Schubel, J. R. and Pritchard, D. W., 1986, Responses of Upper Chesapeake Bay to Variations in
Discharge of the Susquehanna River: Estuaries, v. 9, p. 236-249.
Senus, M.P., Langand, M.J., and Moyer, D.L., 2004, Nutrient and sediment concentrations,
loads, and trends for four nontidal tributaries in the Chesapeake Bay watershed, 1997-2001: U.S.
Geological Survey Scientific Investigations Report 2004-5125, 33 p.

41

Simstead, C. A., Morgan, C. A., Cordell, J. R., and Baross, J. A., 1994, Flux, passive retention,
and active residence of zooplankton in Columbia River estuarine turbidity maxima, in Dyer, K.
R., and Orth, R. J., eds., Changes in Fluxes in Estuaries: Implications from Science to
Management: Fredersborg, Denmark, Olsen and Olsen.
Stevenson, J.C., and M.S. Kearney. 1996. Shoreline dynamics on the windward and leeward
shores of a large temperate estuary, pp. 233-259. In: K.F. Nordstrom and C.T. Roman (eds.),
Estuarine Shores: Evolution, Environments and Human Alterations. John Wiley & Sons,
Chichester, U.K.
Stevenson, J.C., M.S. Kearney, and E.C. Pendleton. 1985a. Sedimentation and erosion in a
Chesapeake Bay brackish marsh system. Marine Geology, 67: 213-235.
Stevenson, J. C., Ward, L. G., Kearney, M. S., and Pendleton, E. C., 1985b, Sedimentation and
erosion in a Chesapeake Bay brackish marsh system: Marine Geology, v. 67, p. 213-235.
Stevenson, J.C., J.E. Rooth, M.S. Kearney, and K.L. Sundberg. 2000. The health and long term
stability of natural and restored marshes in the Chesapeake Bay, p. 709-735. In: M.P. Weinstein
and D.A. Kreeger (eds.), Concepts and Controversies in Tidal Marsh Ecology. Kluwer
Academic Publishers, Boston.
Stumpf, R. P., 1988, Sediment transport in Chesapeake Bay during floods: Analysis using
satellite and surface observations: Journal of Coastal Research, v. 4, no. 1, p. 1-15.
Titus, J.G., and V.K. Narayanan. 1995. The probability of sea-level rise. U.S. Environmental
Protection Agency, Office of Policy, Planning, and Evaluation. October 1995. EPA 230-R-95008. 186 pages.
Titus, JG; Richman, C, 2001. Maps of lands vulnerable to sea level rise: Modeled elevations
along the US Atlantic and Gulf coasts: Climate Research Vol. 18, no. 3, pp. 205-228. 2 Nov
2001.
Uncles, R. J., and Stephens, J. A., 1993, The Fresh-Water-Saltwater Interface and Its
Relationship to the Turbidity Maximum in the Tamar Estuary, United-Kingdom: Estuaries, v. 16,
no. 1, p. 126-141.
U.S. Environmental Protection Agency. 2002. Chesapeake Bay submerged aquatic vegetation
habitat requirements and restoration targets: a technical synthesis. Chesapeake Bay Program.
CBP/TRS 83/92.
U.S. EPA, 2003a. Technical Support Document for identification of Chesapeake Bay
Designated Uses and Attainability. U.S. EPA Chesapeake Bay Program Office Annapolis, MD
http://www.chesapeakebay.net/uaasupport.htm

42

U.S. EPA, 2003b. Ambient Water Quality Criteria for Dissolved Oxygen, Water Clarity and
Chlorophyll a for the Chesapeake Bay and Its Tidal Tributaries. U.S. EPA Chesapeake Bay
Program Office Annapolis, MD http://www.chesapeakebay.net/baycriteria.htm
U.S. EPA, 2003c. Setting and Allocating the Chesapeake Bay Basin Nutrient and Sediment
Loads. U.S. EPA Chesapeake Bay Program Office Annapolis, MD
http://www.chesapeakebay.net/caploads.htm
Virginia Institute of Marine Science. 2007. Historical SAV Distribution (1971-2004).
http://www.vims.edu/bio/sav/historical.html. Accessed January 2007.
Ward, L.G. 1985. The influence of wind waves and tidal currents on sediment resuspension in
middle Chesapeake Bay. Geo-Mar. Lett. 5: 71-75.
Wilcock, P. R., Miller, D. S., Shea, R. H., and Kerkin, R. T., 1998, Frequency of effective wave
activity and the recession of coastal bluffs: Calvert Cliffs, Maryland: Journal of Coastal
Research, v. 14, no. 1, p. 256-268.
Willard, D.A., Cronin, T.M., and Verardo, S., 2003, Late Holocene climate and ecosystem
variability from Chesapeake Bay sediment cores: The Holocene, v. 13, p. 201-214.
Wolf, J. 2006 and 2007, personal communication
Wolman, M.G., 1967, A cycle of sedimentation and erosion in urban river channels: Geografiska
Annaler, v. 49A, p. 385-395.
Wolman, M.G., and A.P. Schick. 1967. Effects of construction on fluvial sediment, urban and
suburban areas of Maryland. Water Resources Research, 3(2): 451-464.
John Wolf, 2006, personal communication
Wright, L. D., Boon, J. D., Maa, J. P.-Y., and Schaffner, L. C., 1992, Dynamics of Sediment
Resuspension: Bay Stem Plains of the Lower Chesapeake Bay, in Olmi, E. J., and Hens, B., eds.,
Chesapeake Bay Environmental Effects Studies Toxics Research Program Workshop Report:
Charlottesville, VA, Virginia Sea Grant, p. 44-46.
Zabawa, C., and Ostrom, C., 1982, An Assessment of Shore Erosion in Northern Chesapeake
Bay: Maryland Department of Natural Resources, Tidewater Administration.
Zimmerman, A.R., and Canuel, E.A., 2000,
A geochemical record of eutrophication and anoxia in Chesapeake Bay sediments, anthropogenic
influence on organic matter composition: Marine Chemistry, v. 69, p. 117-137.

43

8 Glossary
Bathymetry -- the topography, or contours, of the Bay bottom.
Fastland - land above tidal water, often called shoreline
Fetch – The distance across open water over which wind blows.
Geomorphology -- form and general configuration of the land of the area.
Nearshore – the shallow water close to the shoreline
SAV Grow Zones – See Shallow Water Bay Grass Designated Use (below)
Sediment – Is composed of loose particles of clay, silt and sand.
• Fine-grained sediment – refers to clay (less than 1/256-mm diameter) and silt (1/256 1/16mm diameter) sized fractions
• Coarse-grained sediment – refers to the sand (1/16-2mm diameter) and gravel (2-64mm
diameter) sized fractions
The fine/coarse distinction is important because most coarse material is transported along the
bottom of rivers and the Bay and has little effect on light penetration. In contract, fine-grained
sediment commonly is found in suspension and variably blocks light penetration depending on it
abundance, grain-size distribution, and degree of aggregation.
Shallow Water – Chesapeake Bay water less than 2 meters in depth
Shallow Water Bay Grass Designated Use -- This is a generally narrow ribbon of shallow water
(less than 2 meter deep) along the tidal Bay shorelines where underwater grasses (SAV) can
grow. It is one of five Chesapeake Bay tidal-water designated uses. This designed use is to
protect underwater Bay grasses and the many fish and crab species that depend on the shallowwater habitat provided by grass beds. The Shallow Water Bay Grass Designated Use area is also
known as SAV grow zones.
Water Clarity Criteria – State water quality regulations in Maryland, Virginia, Delaware and
Washington, D.C. adopted in 2006 which require minimum light requirements through water in
shallow (less than 2 meter depth) waters to facilitate submerged aquatic vegetation growth.
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