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Abstract 
 
Understanding the sources and sinks of suspended sediment in Chesapeake Bay 
tributaries is an important contribution to quantifying the Bay sediment budget, as well as 
an aid to management strategies.  The purpose of the project was to identify estuarine 
sediment transport processes and estimate sediment loads and sediment budgets for the 
major tributaries of the Bay.  The first phase included the York River, Va. and the 
Patuxent River, Md.  Sediment transport processes, sediment loads, and a partial budget 
also were developed for the Potomac River, Md. 
 
The results of this study represent the most comprehensive calculations to date of 
sediment loads for Bay tributaries.  The three rivers exhibit different magnitudes and 
transport directions of sediment loads at individual stations.  Average sediment loads for 
the rivers as a whole show the York, Patuxent, and Potomac all importing sediment. 
 
Sediment budgets for the York and Patuxent show a sediment loss that is unaccounted 
for; i.e. more sediment is needed from sources, or sinks are too large.  The York River is 
highly energetic, moving large amounts of sediment within the estuary.  The Patuxent 
River is less energetic but more variable in redistributing sediment.   
 
Important future work for a more comprehensive understanding of suspended sediment 
transport in the Chesapeake Bay includes completion of the sediment budget for the 
Potomac River and calculation of estuarine transport processes, sediment loads, and 
sediment budgets for the James and Rappahannock Rivers, Va. 
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Introduction 
 
Earlier studies laid the groundwork for understanding sediment transport and budgets in  
Chesapeake Bay (e.g. Hobbs and other, 1992 and 1990; Nichols and others, 1991).  A 
sediment budget for the Bay did not include the tributaries because there was ‘little 
specific data on net, long-term flux of material through the mouths of the tributaries’ 
(Fig. 1) (Hobbs and others, 1990).  Gaps in our understanding are still present.  A 
Chesapeake Bay Program (CBP) Scientific and Technical Advisory Committee workshop 
emphasized the need for an improved understanding of sediment sources and how 
sediment is distributed in the Bay and tributaries (CBP, 2007).  One of the 
recommendations for further research was to determine if tidal tributaries are a source or 
sink of fine-grained sediment to the Bay (CBP, 2007).  Results from such a study could 
provide insights for sediment management to improve water quality and protect SAV and 
tidal wetlands. 
 
Purpose 
 
The purpose of this project is to calculate estuarine suspended sediment loads and 
sediment budgets for 10 tidal tributaries of Chesapeake Bay.  Phase 1 included: 

• Sediment loads and budget for the York River, VA  
• Sediment loads and budget for the Patuxent River, MD  
• Sediment loads and estuarine sediment accumulation for the Potomac River, MD 

(Fig. 2). 
 
Background Information 
 
Technical terms and units of measure are defined in the glossary.  Terms included in the 
glossary are marked with an asterisk the first time they appear in the text. 
 
Sediment Loads 
Few studies have calculated sediment loads* in Bay tributaries.  The most commonly 
used sediment loads for Virginia tributaries (Schubel and Carter, 1976) were based on a 
salt balance using a single year’s worth of data at a station in the main stem of the Bay.  
A new methodology using sediment data from tributary water quality monitoring stations 
was developed previously (Herman, 2001) and improved upon here to estimate several 
important aspects of suspended sediments in estuaries*, including the magnitudes and 
directions of estuarine transport processes (gravitational circulation*, tidal pumping* and 
river flow*) and the calculation of suspended sediment loads (mean annual values) in the 
estuaries. 
 
Sediment Budgets 
Sediment budgets are a useful tool for a number of reasons.  Budgets account for the 
sources (areas of erosion) and sinks (areas of deposition) of sediment.  Sediment budgets 
identify types and locations of missing data, which could help direct future research.  
Budgets also may assist in management decisions. 
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The components of a sediment budget will vary depending upon spatial and temporal 
scales, local variables, and available data.  Sources of sediment are affected by location 
of the estuary within Chesapeake Bay such as southern vs. northern tributaries or western 
vs. eastern shore tributaries (Cronin, 2007).  Sources include sediment coming from the 
tidal freshwater portion of the river (head of the estuary), shoreline (bank) erosion, 
sediment from upland erosion (usually input through streams), in situ biogenic 
production, and possibly wetland erosion in some areas.  Sinks of sediment include 
deposition in the estuary and in wetlands.  Sediment may enter or exit from the estuary 
mouth, so the mouth may be a source or sink, depending upon conditions.  A budget is 
constructed with these components in a mass balance equation of sediment loads.  The 
components and equation used in this study are: 
Head of estuary load + shoreline erosion load + biogenic production load + mouth of 
estuary load – deposited sediment load in estuary ± error term = 0 
 
 



 9

Study Areas 
 
Three estuaries on the western side of Chesapeake Bay were studied for this phase of the 
project: York River, Virginia; Patuxent River, Maryland; and Potomac River, Maryland 
(Fig. 2).  The York and Patuxent Rivers were chosen to represent Virginia and Maryland, 
respectively, because these well-studied river systems have the necessary data, and 
revealed problems unique to datasets for each state during the first phase of the project.  
With data issues resolved, the Potomac River was requested by the Corps because it is the 
largest estuary of the Bay (the Bay is the estuary for the Susquehanna River) and the 
focus of many state and federal agencies.  Sediment data from CBP water quality 
monitoring stations in the tributaries were used to study sediment transport.  Stations 
were chosen by location (Fig. 2).  The ‘original’ stations were the head and mouth of the 
estuaries, and the ‘additional’ stations were added for a better understanding of sediment 
transport within the estuaries.  The water quality monitoring stations have CBP 
identifications with the prefix LE denoting lower estuary and RET denoting river-estuary 
transition. 
 
While the watersheds of these rivers differ greatly in relief, areal extent, soil type, land 
use, etc. the estuaries for all the systems are limited to the low-relief Coastal Plain.  
Water quality monitoring stations used to calculate estuarine loads were located only in 
the brackish part of each system (Fig. 3).  All the systems have a main channel that varies 
in depth and tends to shallow upstream, flanked by broad shoals about 2m deep.  The 
brief descriptions below include information pertinent to this study, specific to each river.  
Values for river lengths, bank erosion rates, and bank heights were calculated from 
geographic information system (GIS) data layers (references are detailed in the Methods 
chapter). 
 
York River 
 
The York River empties into the southern end of Chesapeake Bay.  Land use in the 
watershed is predominantly forested. 
 
The length of the York River included in this study is about 46 km long.  Just above the 
upstream station the York receives freshwater from the confluence of its two major 
tributaries at the town of West Point: the Pamunkey and Mattaponi Rivers.  The axis of 
the main channel varies in depth from about 24 m below LE4.2 to about 8 m at the upper 
station RET4.3.   
 
The shoreline studied is about 110 km long.  Bank erosion rates range from 0 to 1.3 m/yr, 
with a weighted average of about 0.5 m/yr.  The original source of erosion rates came 
from Byrne and Anderson (1978) using data from topographic maps of the 1850’s and 
1940’s, which were then used by Hardaway and others (1992).  Bank heights range from 
0 to 12 m (using CBP data) to a maximum of 29 m (using Virginia Base Mapping 
Program (VBMP) 2006-2007 data).  The weighted average bank height for unprotected 
shoreline is about 3.7 m. 
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Patuxent River 
 
The Patuxent River is the largest river completely in Maryland and empties into the Bay 
just north of the Potomac River.  In the Patuxent River basin, land use is very mixed, and 
consists of high density and low density development and agriculture lands, with some 
forests and wetlands.   
 
The portion of the river studied is approximately 32 km long.  The axis of the main 
channel varies in depth from about 30 m at LE3.1 to about 10 m at the upper station 
RET1.1.   
 
The shoreline studied is about 84 km long.  Bank erosion rates range 0 and 0.9 m/yr, with 
a weighted average of about 0.15 m/yr (using MGS and CCRM data).  Erosion rates 
represent shoreline positions between the years 1988 and 1995.  Bank heights reach up to 
25 m but more than half the reaches have average bank heights between 0 and 3 m 
(LIDAR data).   
 
Potomac River 
 
The Potomac River is the second largest tributary to Chesapeake Bay and empties into 
the mid-Bay.  In the Lower Potomac River basin, land use is primarily forested land, with 
some agricultural and developed lands. 
 
The portion of the Potomac River studied is about 107 km long.  The axis of the main 
channel varies in depth from about 24 m between stations LE2.3 and LE2.2 to about 5 m 
at station RET2.1. 
 
Shoreline erosion calculations for the Potomac were not part of phase 1 of this study. 
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Methods 
 
Pre-existing datasets from a variety of federal and state agencies were used.  Each budget 
component was calculated independently, and if possible, the results were verified with a 
different method. 
 
Software 
 
Several software programs were used extensively in this study.  The geographic 
information system (GIS) software was ArcGIS ArcInfo v. 9.3.  MatLab v. 2007 was 
used to process sediment transport data. 
 
Estuarine Transport Processes and Sediment Loads 
 
This section describes the methodology developed by Herman (2001) and improved upon 
in this study to calculate what proportion of sediment is contributed by each estuarine 
transport process.  The results then were combined to determine a total estuarine 
sediment load at each water quality monitoring station. 
 
Calculating suspended sediment transport and sediment loads in estuaries are problematic 
because of the complex nature of water movement in these systems.  Multiple estuarine 
transport processes, such as gravitational circulation, tidal pumping, and river flow all 
contribute a portion of the suspended sediment load.  In this text, for consistency, the 
processes are called gravitational transport*, tidal transport*, and river transport*, 
respectively. 
 
A sediment load is the amount of sediment per unit time (e.g. g/s or Mt/yr).  The basic 
concept is that concentration times velocity, integrated over the cross-sectional area 
equals the sediment load. 

Q = integration of (u * c * dA) 
where Q is load, u is velocity, c is concentration, A is cross-sectional area, and the 
expression dA represents the components of the total area over which the integration is 
summed. 
 
For this study, it was assumed that the tributaries have a typical two-layer circulation in a 
partially stratified estuary (Haas, 1977; Owen, 1969; Lin and Kuo, 2001).  In a tidal 
system with two-layer circulation, the load for the upper and lower layers must be 
integrated separately before combining into a total load.  It is assumed that in each of the 
two layers it is reasonable to represent the velocity and concentration via representative 
layer-averaged values. 
 
Qlayer = [(utidal transport * c) + (ugravitational transport * c) + (uriver transport * c)] * Alayer  
 
Qtotal = Qupper layer + Qlower layer 
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where u, in m/s, was calculated from Chesapeake Bay hydrodynamic model output 
(1985-2005);  
c, in mg/l (converted to g/m3), is total suspended solids (TSS) concentrations from 
Virginia and Maryland water quality monitoring stations; and 
A, in m2, was calculated using bathymetric data (see next section on Estuarine Sediment 
Accumulation for details on bathymetric data). 
 
In Virginia, approximately once per month at each CBP water quality monitoring station, 
TSS samples are collected 1m below the surface and between 1-2m above the bottom.  In 
Maryland, TSS samples are collected approximately twice per month at each CBP 
station, and samples are collected at several depths through the water column.  For 
consistency with Virginia, only the ‘surface’ and ‘bottom’ samples were used from the 
Maryland data.  Including data from other depths is not always possible because sample 
depths do not always correspond with model depths and not all sample depths have 
values for all sample dates.  Data distributed spatially throughout a layer’s cross section 
would yield more accurate results, but such data is rarely collected over long time periods 
and would not necessarily be representative of longer temporal scale conditions.  Some 
testing with short-term ADCP data would help determine how closely single samples 
characterize the layers.  For both states, the samples are collected independently of the 
tidal phase. 
 
The Chesapeake Bay hydrodynamic model output was acquired from ERDC in 
Vicksburg, MS (S-C. Kim and C. Cerco, pers. comm. 2008 and 2009).  The model output 
spans 1985-2005.  The monitoring stations for each river were chosen based on two 
criteria: 

• Location—stations were intended to be downstream of each estuarine turbidity 
maximum* (ETM).  The location of the main ETM in each river varies seasonally 
and annually, based on salinity (and therefore precipitation), and tends to ‘mark’ 
the transition from estuarine to tidal fresh water. 

• TSS data availability—most stations had a period of record encompassing the 
entire hydrodynamic model output.   

The TSS concentration data were separated into ‘surface’ and ‘bottom’ samples, 
representing the concentrations for the upper and lower layers of the cross-section, and 
were matched by date.  The sample dates and times of TSS data for each station were 
used to obtain the CBP model velocities.  The grid for the hydrodynamic model is 
comprised of numerous cells with varying numbers of layers, each 5 feet thick, 
depending upon the depth at the cell location.  For each station the geographically 
corresponding model cell was chosen, and the velocity outputs from the surface cell and 
the cell one up from the bottom (to compensate for the effects of bottom friction) were 
used.   
 
To estimate the tidal and subtidal velocity at times corresponding to each TSS sample, 
Chesapeake Bay model output at the location of the TSS collection was extracted for 25 
hours, centered around the time of TSS collection.  The average velocity over that 25 
hour period was defined as the subtidal velocity at the time of the TSS sample collection, 
and the deviation from that average was defined as the tidal velocity at the time of the 
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TSS sample collection.  To verify the accuracy of the output velocities, the cross-
sectional areas of the estuary using the model grid cells were compared to cross-sectional 
areas of the estuary using bathymetric data.  For some stations the cross-sectional areas 
based on the model and bathymetry differed by more than 10%, so the velocities were 
adjusted by the proportional difference.  For example, at station LE4.2 in the York River, 
the cross-sectional area calculated from the model grid was 33% larger than the area 
calculated using bathymetric data, which results in the tidal velocities from the model 
being too small.  Therefore the tidal velocities were increased by 33% to compensate, and 
verified by comparison with observed velocities (Wang and Johnson, 2000).  The 
velocities were processed using a MatLab program that decomposed the velocities into a 
tidal component and a subtidal component (a combination of the contributions from all 
other processes besides tidal—in this study the subtidal transport* was attributed to 
gravitational transport and river transport) and determined a tidal phase for each sample.  
Over the long-term, the average magnitude of all tidal velocities was defined here to be of 
equal strength on flood and ebb.  Thus once all the tidal observations had been distributed 
into flood and ebb phases, their speeds were weighted such that the average magnitude of 
all flood tide velocities equaled the magnitude of all ebb tide velocities. 
 
River discharges (m3/s) are collected by USGS from Fall Line stations of the Bay 
tributaries, and reported as mean daily values.  The discharges were matched to the 
sample dates, and weighted by land area to account for additional sources of discharge 
along the river from the Fall Line to each water quality monitoring station.  Previous 
calculations showed that correcting discharges based on land area or on total stream 
lengths were comparable (Herman, 2001).  For example, the Mattaponi and Pamunkey 
Rivers are tributaries of the York River.  The discharges at the two Fall Line stations 
were added together and increased by 53% for station LE4.2 in the York River.  The 
discharge was divided by the cross-sectional area of the estuary at the monitoring station 
to convert to velocity.   
 
For each station and layer, the sample TSS concentrations and the tidal, subtidal, and 
river velocities and transport were plotted vs. the tidal phase.  The tidal cycle was divided 
into 4 phases: slack before ebb; ebb; slack before flood; and flood.  Thus each graph 
contains the sampling data from 1985-2005 plotted over a single tidal phase.  An 
arbitrary assignment was made of a negative sign to ebb-directed tidal phases and a 
positive sign to flood-directed tidal phases.  Means and standard errors (SEs) for the ebb 
and flood phases and total means and SEs were calculated for each graph.  In these 
calculations the slack phases were incorporated in the ebb and flood phases in order to 
include all data points, and because concentrations and velocities tend to be lower during 
slack. 
 
The tidal transport was determined by multiplying the TSS concentration by the tidal 
velocity for each sample.  The same was done for the subtidal and river transport using 
TSS concentration and subtidal and river velocity, respectively.  Gravitational transport 
was calculated afterwards by subtracting the total river transport from the total subtidal 
transport for each layer (to avoid getting anomalous gravitational velocities). 
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The tidal, gravitational, and river transport means and SEs for the upper and lower layers 
were added together, multiplied by the cross-sectional area of the layer and a conversion 
factor (g/s to Mt/yr) to get sediment loads.  Cross-sectional areas for the channel at each 
monitoring station were calculated using bathymetric data and ArcGIS.  Only the cross-
sectional area of the channel >2 m deep was used in the calculations, since the effects of 
the shoals are minimal.  For example, at station LE4.2, the area of the shoals is only 13% 
of the estuary and the load in the shoals is two orders of magnitude smaller than the 
channel (Herman, 2001).  The cross-sectional area was divided into upper and lower 
areas by mathematically estimating the level of no motion using the gravitational 
velocities and conservation of water mass for the upper and lower layers.  The upper and 
lower loads were then added together to get a total sediment load.   
 
Estuarine Sediment Accumulation 
 
Sediment accumulation in estuaries was calculated using bathymetric data from two 
distinct time periods that differ for each river, because of bathymetric data availability.  
For the York River, the dates were 1857 and 1945; the Patuxent River was 1944 and 
1985; the Potomac River was 1862 and 1955.  The hydrographic surveys were conducted 
by the NOAA National Ocean Service and are available in digital format online 
(http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html).  Many of the older surveys 
(unavailable in digital format) were digitized previously by the Comprehensive Coastal 
Inventory (a division of CCRM at VIMS). 
 
Multiple adjacent surveys were combined to maximize the areal extent covered.  Most 
combined surveys had collection dates that only differed by a year or two.  For each 
estuary or portion of estuary, the surveys from two time periods were clipped to the 
overlapping areal extent.  The soundings for the older dataset were adjusted for the 
difference in relative sea level rise with the newer dataset.  Sea level rise rates were used 
for the closest station available in the CO-OPS network 
(http://tidesandcurrents.noaa.gov/sltrends/sltrends.shtml).  Discussions with NOAA 
experts (C. Zervas and S. Gill, pers. comm., 2009) confirmed that sea level rise rates 
calculated for the last 50 to 100 years could be used reliably on data from about 1850 
until the present (Jevrejeva and others, 2008; Kearney, 1996). 
 
After these adjustments, the two sets of surveys were each converted into a bathymetric 
surface with ArcGIS using an interpolation method that creates triangulated irregular 
networks (TINs).  A study by the Corps (Byrnes and others, 2002) comparing different 
interpolation techniques to create bathymetric surfaces recommended using TINs.  The 
two TINs were subtracted using a ‘cut/fill’ option in ArcGIS that identifies regions where 
sediment was eroded or deposited and calculates the volume change (m3).  The volume 
was then converted to a load (Mt/yr) using a bulk density conversion factor.  Maryland 
uses a bulk density of 1.33 g/cm3 (J. Halka, pers. comm., 2009).  Another option is to use 
a water content of 60% and a specific gravity for quartz of 2.65 g/cm3, which is 
equivalent to a bulk density of 1.06 g/cm3. 
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To compare the results from the bathymetric survey method, the volume of accumulated 
material was divided by the area of an estuary to generate a vertical accumulation rate.  
This rate was compared to accumulation rates in the literature calculated from core data 
taken in that estuary (Cronin and others, 2003b; Karlsen and others, 2000) as well as to 
rates of relative sea level rise (using the assumption that the estuaries are filling at the 
local rate of rise). 
 
Shoreline Erosion 
 
Shoreline erosion (commonly called bank erosion or shore erosion) consists of two parts: 

• fastland erosion – the subaerial portion of the bank 
• nearshore erosion – the subaqueous portion of the bank. 

Only fastland erosion was considered in this study because nearshore erosion often is a 
much smaller proportion of shoreline erosion (Hardaway and others, 2009).  In addition, 
nearshore erosion is captured in part by the estuarine sediment accumulation term, and 
separating eroding sediment from resuspended sediment in the nearshore is problematic. 
 
In order to improve bank erosion inputs for their modeling efforts, CBP collected datasets 
from Maryland and Virginia and distributed the bank erosion rates, bank heights, and 
reach lengths to shorelines for both states using GIS.  The CBP results (K. Hopkins and J. 
Halka, pers. comm., 2009) were used to calculate initial loadings for both states.  Where 
available for each state, new elevation data and erosion rates were incorporated using GIS  
to generate new loadings, and the results were compared to the CBP loadings. 
 
Maryland 
LIDAR (light detection and ranging) data, which are high resolution elevation data, are 
available for Maryland.  A portion of the south shore of the Patuxent River was processed 
using LIDAR data for bank heights.  Using ArcGIS, a buffer strip was created along the 
shoreline that encompassed a region 20-30m inland of the shoreline.  This strip was 
meant to target the maximum elevations along the shoreline while excluding the lowlying 
beaches adjacent to cliffs.  All portions of hardened shoreline were removed and the 
buffer strip, representing unprotected shoreline, was then divided into reach lengths based 
on where gaps occurred due to hardening.  The average bank height for each reach was 
calculated using elevations from the LIDAR data.  A volume (m3) of eroded sediment 
was calculated using the resultant average bank heights, reach lengths, and bank erosion 
rates.  The volume was converted to a load (Mt/yr) using a bulk density of 1.38 g/cm3 (J. 
Halka, pers. comm., 2009). 
 
For improved erosion rates, a Maryland Geological Survey (MGS) study 
(http://www.mgs.md.gov) using various historical shoreline locations was combined with 
information from Maryland shoreline surveys conducted by CCI 
(http://ccrm.vims.edu/gis_data_maps/shoreline_inventories/index.html).   
 
Virginia 
The Virginia Base Mapping Program 
(http://www.vita.virginia.gov/isp/default.aspx?id=8412) produced digital terrain models 
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(DTMs) from high resolution aerial photography.  The data for the York River bank 
heights were processed similarly to Maryland, except that a buffer strip that encompassed 
a region 50-100m inland of the shoreline was used, due to scarcity of elevation data in 
some areas.  Bank erosion rates were based on work done by Hardaway and others 
(1992). 
 
Biogenic Production 
 
Biogenic sediments are generated in the estuary by organisms, and include materials such 
as diatom tests (silica), foraminifera shells (calcium carbonate), dinoflagellates, sponge 
spicules, fish scales and bones, etc.  Literature values were used to estimate the 
contribution from biogenic production (Anderson, 1982). 
 
Sediment Budgets 
 
The components for the sediment budget of an estuary, described above, were combined 
in a mass balance equation (sediment sources – sediment sinks ± error = 0).  An arbitrary 
assignment was made in the equation of a positive sign to represent a sediment source 
(erosion) and a negative sign to represent a sediment sink (deposition or movement out of 
the estuary, either upstream or downstream of the system). 
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Results and Discussion 
 
Estuarine Transport Processes and Sediment Loads 
 
Transport Processes 
Sediment transport processes and sediment loads were calculated for the 14 stations in 
three tributaries—the York, Patuxent, and Potomac Rivers (Fig. 2).  As an example, 
graphs of estuarine transport processes for York River station LE4.2 are shown in Figures 
4-8.  Individual graphs of all estuarine transport processes, including TSS concentrations, 
tidal velocities and transport, subtidal velocities and transport, and river velocities and 
transport vs. tidal phase for all monitoring stations and layers are included in Appendix 1. 
 
Results show that, in general, TSS concentrations are higher in the lower layer, indicative 
of resuspended sediment (Fig. 4).  Within the lower layer, higher concentrations near 
peak ebb and flood, and lower concentrations near slack are consistent with higher 
velocity water and more turbulence during peak stages.  TSS concentrations multiplied 
by the tidal velocities (Fig. 5) yield tidal transport (Fig. 6).  Likewise, concentrations 
times subtidal velocities yield subtidal transport (Fig. 7) and concentrations times river 
velocities yield river transport (Fig. 8).  Summary graphs of velocities, transport, and 
loads for each river are shown in Appendix 2. 
 
The net direction of tidal transport varies between stations in all the rivers, due to factors 
such as the cross-sectional area of the river and location in the Bay (closer or farther from 
the Bay mouth).  For most stations, as expected, gravitational transport is ebb-directed in 
the upper layers and flood-directed in the lower layers.  River transport is small for all 
stations because their contribution is spread over the larger cross-sectional areas of the 
estuaries.   
 
The Patuxent River stations tend to show the most variability and deviation from 
expected transport directions.  One factor may be the intermittent three-layer circulation 
that exists at certain times at the mouth of the Patuxent (Owen, 1969).  This idea was 
tested by extracting the velocities at a mid-depth layer for station LE1.4 and calculating 
transport values for this depth.  The results were inconclusive.  Since the three-layer 
circulation only occurs intermittently, usually in April, the long-term dataset might mask 
this phenomenon.  In addition, the correct combination of TSS data and velocity data for 
the proper depth to illustrate the three-layer circulation may be unavailable. 
 
Sediment Loads 
The three rivers show very different magnitudes and transport directions of sediment 
loads (Figures 9-10 and Tables 1-3).  The channel cross-sections, used to calculate 
sediment loads, were determined using bathymetric data and are shown in Figures 11-13.  
Literature values for sediment loads in the Bay tributaries are rare (e.g. Schubel and 
Carter, 1976), and the results presented here represent the most comprehensive 
calculations of sediment loads for Bay tributaries.   
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All loads in the York River are directed upstream, except for the load at the mouth, 
(station LE4.3).  These results generally support the traditional thinking that tributaries 
are sinks of sediment from the Bay.  The large difference in loads between LE4.3 and 
LE4.2 in the York suggests a tendency for erosion between these two stations.  However, 
there is not enough shoreline erosion, the most plausible long-term source of sediment, to 
account for the difference.  The York River, in particular, is highly energetic, with high 
levels of resuspended sediment (Dellapenna and others, 1998) that may account for a 
substantial portion of the calculated load.  Thus bed sediment may be exported from 
between these two stations during the non-storm conditions captured by monitoring. 
 
The uppermost station (RET4.3) for the York River was only three cells deep.  To 
confirm the results, a load was calculated using the deepest cell and compared to the load 
from the cell one up from the bottom.  The results from the bottom cell were oriented in 
the same direction as the cell one up from the bottom but smaller in magnitude.  For 
consistency, the value from one cell up from the bottom was used. 
 
The direction of loads in the Patuxent River fluctuated between stations.  It is possible 
that this phenomenon was due, in part, to a sampling bias.  For several of the monitoring 
stations in the Patuxent, most samples were collected on the ebb phase of the tide, unlike 
the other rivers where samples were more evenly distributed between the ebb and flood 
phases.  The impact of a sampling bias was lessened by correcting tidal velocities so that 
average ebb and flood magnitudes were equal. 
 
Loads in the Potomac varied in direction, as well, although there is no noticeable 
sampling bias.  Overall, the total load along the Potomac generally decreases with 
distance upstream.  From the salinity distribution (Fig. 3) and the location of the ETM 
(Fig. 14) it is arguable whether stations RET2.1 and RET2.2 should be included in the 
sediment budget for the Potomac River estuary.   
 
Interestingly, averaging all the loads for each river (Fig. 15) shows a net input of 
sediment into each estuary.  In addition, the absolute value of the total average load for 
each river decreases from south to north in the Bay especially when normalized by river 
cross-sectional area.  Total average loads from the James and Rappahannock Rivers are 
needed to confirm or challenge this pattern.  This tendency for decreasing absolute load 
to the north is consistent with decreasing tidal range along this portion of the Bay 
mainstem, and thus, decreasing magnitude of tidal resuspension. 
 
Another possible issue is with the loads at three stations: RET4.3 in the York, and LE1.4 
and LE1.2 in the Patuxent.  The cross-sectional areas for the upper and lower layers were 
not calculated based on a level of no motion because the gravitational velocities were not 
directed in the typical manner (Fig. 10).  Instead, the cross-sectional area of the channel 
was divided in half for these three stations.  The results using the level of no motion for 
cross-sectional areas are substantially different from just dividing the areas in half (Fig. 
16). 
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Estuarine Sediment Accumulation 
 
An example of the soundings and TINs for two surveys in the York River is shown in 
Figure 17.  The resultant volume differences created by subtracting the two TIN surfaces 
for each estuary are shown in Figures 18-20.  Based on the area of overlap for two 
bathymetric datasets for each river, the results indicate sediment accumulation in all three 
estuaries.   
 
Sediment accumulation in an estuary calculated using bathymetric data is highly 
dependent upon the factor used to convert sediment volume to sediment mass.  The 
values of 1.33 g/cm3 and 1.06 g/cm3 were used to produce two values for comparison.  In 
addition, a comparison of vertical accumulation rates (calculated from the volumes) to 
rates from core data and sea level rise showed the results were reasonably close. 
 
The areal extent of overlap for the Patuxent datasets was small.  An older set of 
hydrographic surveys (circa 1908) was not available in digital form, but covers a wider 
extent and may improve the accumulation load. 
 
Shoreline Erosion 
 
Bank heights, hardened shoreline reaches, and erosion rates for the York River are shown 
in Figures 21-22.  A comparison of the loads in the York using the CBP data and the 
VBMP elevation data shows that the VBMP data produced a load ~ 37% higher.  In 
addition, a project to recalculate shoreline erosion rates in Virginia using newer 
techniques and multiple datasets of historic shorelines is underway for some Virginia 
counties (Shoreline Studies Program, VIMS) and would greatly improve any studies 
using shoreline erosion rates. 
 
Bank heights, hardened shoreline reaches, and erosion rates for the Patuxent River are 
shown in Figures 23-24.  A comparison of loads in the Patuxent using CBP data vs. 
LIDAR elevation data, shows that the LIDAR data produced a load ~15% higher.  The 
average erosion rates used by CBP seem low in some areas (≤ 0.16 m/yr).  For example, 
the combined erosion rate shoreline created by work from the Maryland Geological 
Survey and CCRM 
(http://ccrm.vims.edu/gis_data_maps/interactive_maps/erosion_vulnerability/index.html) 
has average rates up to 0.9 m/yr in a few areas on the Patuxent and many reaches with 
rates of 0.3 m/yr.  Using these rates would increase the contribution from shoreline 
erosion. 
 
The time spans of estuarine sediment accumulation discussed in the previous section do 
not necessarily coincide with the time span of shoreline hardening.  Presumably, most 
shorelines in the Bay, especially along residential stretches, were hardened after World 
War II.  To roughly gauge how the difference in time spans might affect shoreline erosion 
loads, shoreline erosion loads were estimated assuming no shoreline hardening.  These 
estimates were calculated only for the portions of each river that were used in this study.  
For the York River 21% of the shoreline is hardened.  The shoreline erosion load 
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assuming no hardening increases the current load by 32%.  For the Patuxent River 37% 
of the shoreline is hardened.  The shoreline erosion load assuming no hardening increases 
the current load by 34%.  These values reduce the error of the sediment budget by 5% 
and 7% respectively, so the difference in time spans does not appear to be a problem. 
 
Biogenic Production 
 
Currently, it is thought that biogenic production may be a substantial portion of sediment 
sources in mid-Bay estuaries (Cronin and others, 2003a).  The literature reports on 
concentrations of biogenic material in the sediment (e.g. Colman and Bratton, 2003), but 
the concentration of biogenic material in the water column is needed.  Using the fixed 
portion of TSS is not adequate, because it would be necessary to distinguish biogenic 
material (which does not separate during ignition) from organic material. 
 
Biogenic silica values were collected from numerous samples in the Rappahannock River 
(Anderson, 1982).  Concentrations for all stations in the estuary for all seasons were 
averaged to obtain a mean concentration of 0.15 mg/l.  The contribution from biogenic 
production using this mean concentration is quite small (in the Patuxent, it is less than 1% 
of the smallest source).  Another important consideration is that the use of TSS data 
already incorporates most or all of the biogenic production, so that a separate term in the 
sediment budget was deemed unnecessary. 
 
Sediment Budgets 
 
The sediment budgets were constructed using the best estimates for each component (Fig. 
25 and Table 4).  The proportions for the two budgets differ noticeably.  The budgets for 
the York and Patuxent Rivers both show a sediment loss that is unaccounted for, i.e. to 
balance the budget so the error term is zero, more sediment is needed from sources, or the 
sinks are too large and need to be reduced.   
 
Calculating sediment loads for stations within the estuary, as well as at the head and 
mouth of the estuary has highlighted one problem with using a traditional budget for the 
estuary.  A better way to illustrate these dynamic systems is to include all the estuarine 
stations (Figs. 26-28).  For example, in the York River the intermediate loads show that 
large amounts of sediment are being redistributed in system.  This phenomenon would 
not be evident if the loads from only the head and mouth of the estuary were used. 
 
Constructing sediment budgets presents several important challenges when using pre-
existing datasets.  Differences in spatial scales, temporal scales, and sediment types (e.g. 
TSS vs. fixed suspended solids) may introduce errors.  All efforts were made to recognize 
these differences and the effects they may have on the results.  One way to help separate 
out the inconsistencies is to generate a value for each component of the sediment budget, 
so that no components were calculated by subtraction.  This puts the errors from all the 
components into one term, which then can be analyzed and apportioned to possible 
causes.  For example, as discussed previously, improving shoreline erosion rates would 
probably increase the load and reduce the error.  The loads accumulating in the estuary 
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are very large—it is possible that the % water content is too low.  A higher percentage 
would reduce the size of this sink. 
 
Sediment from upland erosion in the Coastal Plain usually is input through streams.  It is 
thought that the significance of upland erosion in this type of sediment budget is minimal 
because of the low relief (Gellis and others, 2007).  The relative contribution of the 
erosion of sediment from the land surface rather than from stream corridors is not well 
understood in the Chesapeake Bay basin (Gellis and others, 2007).  These factors were 
not included in this study.  However, future work to estimate the cumulative input of the 
numerous small tributaries of an estuary may yield additional information.  For example, 
in the Potomac River, a load calculated at station SMT.07 (at the mouth of the St. Mary’s 
River) would give a general idea of the contribution from estuary tributaries as well as 
add to the understanding of sediment transport in the Potomac River. 
 
Errors and Uncertainty 
Many factors contribute to the error term in the sediment budget mass balance equation.  
The main causes are due to spatial scales, temporal scales, and missing data. 
 
Spatial Scales 
Extrapolating data to different spatial scales is one source of error.  For example, using a 
single monitoring station to represent the entire cross-sectional area was required in order 
to benefit from the valuable long-term record of TSS concentrations.  Another example is 
extrapolating sediment accumulation from one portion of the estuary to the entire estuary. 
 
Temporal Scales 
Using long-term datasets and calculating them to an average annual value affects the 
magnitudes of rates.  Shorter time periods tend to produce higher rates than if the same 
processes were studied over a longer time period.  An example would be sediment 
accumulation rates in the estuaries. 
 
Using datasets from different time periods also may introduce error.  The bathymetric 
surveys were collected between the mid 1800’s to mid 1900’s.  The monitoring station 
data is from the late 1900’s to early 2000’s. 
 
Missing or Dissimilar Data 
The use of TSS for the sediment concentrations introduces some discrepancies.  Due to 
laboratory processing, TSS samples are skewed towards finer sediments, compared to 
SCC (suspended sediment concentrations).  While they are not precisely comparable, and 
there is no easy conversion factor (Gray and others, 2000; Glysson and others, 2000), 
TSS are measured Bay-wide, and many stations have a long period of record (10’s of 
years).  So, due to data availability and for consistency, TSS were used everywhere.   In 
addition, TSS contains inorganic sediment (e.g. sand, silt, and clay), organic material 
from runoff (e.g. leaves, peat) and in situ biogenic production (e.g. diatoms, 
foraminifera).  Fixed suspended solids (FSS) are the remains when TSS samples are 
heated to remove the volatile organic material.  Although the volatile material is burned 
off, the organic tests of the microorganisms remain.  Material eroded from river banks, 
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because of its age, is probably mostly FSS, whereas, material depositing in estuaries is 
probably a mixture of TSS and FSS, depending on depth of accumulation. 
 
The more accurate shoreline erosion rates that are currently being developed for Virginia 
using newer technology would help reduce error in shoreline erosion loading estimates.  
In addition, including nearshore erosion as part of shoreline erosion may somewhat 
increase the sediment input calculated from shoreline erosion.   
 
The contribution from estuary tributaries may be more than current thinking, which 
would be an additional source of sediment to reduce the budget error. 
 
Uncertainty 
 
All measurements have limitations in accuracy and contain a certain amount of error.  In 
addition, formulation of a sediment budget usually requires estimation of quantities that 
are not well known.  See Kraus and Rosati (1998) for a discussion of uncertainty in 
sediment budgets.  The values reported in the present study were calculated from the raw 
data and were not rounded.  The accuracies range from one to three significant figures 
depending upon the source of the data.  When applying the results of this study, it is 
recommended that all values be rounded to two significant figures. 
 
Despite these issues, the results in this study are based on the best data currently 
available.  As new data become available, iterations of the budgets will improve. 
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Summary 
 
Conclusions 
 
The results of this study represent the most comprehensive calculations to date of 
sediment transport processes and loads for Bay tributaries.  The three rivers exhibit 
different magnitudes and transport directions of sediment loads at individual CBP water 
quality monitoring statons.  Average sediment loads for the rivers as a whole show the 
York, Patuxent, and Potomac all importing sediment, with an overall decrease in loads 
from south to north in the Bay. 
 
Sediment budgets for the estuaries are complex.  Loads at the head and mouth of the 
estuary do not represent the complete picture—intermediate stations provide additional 
information about the amount and direction of sediment movement.  The York River is 
highly energetic, moving large amounts of sediment within the estuary even during non-
storm conditions captured by monitoring.  The Patuxent River is less energetic but more 
variable at individual stations in terms of the local direction of redistributing sediment.  
Sediment budgets for the York and Patuxent show a sediment loss that is unaccounted 
for; i.e. more sediment is needed from sources, or sinks are too large.  Sediment input 
from tributaries of the estuaries is another source that may improve budget calculations.  
The sediment budget for the Potomac River needs the shoreline erosion component for 
completion. 
 
If the necessary data are available, the methods developed and used in this study are 
transferable to other areas. 
 
Future Work 
 
There are many areas of study that would add significant contributions.  In particular, 
finishing the sediment budget for the Potomac River and continuing to calculate transport 
processes, loads, and budgets for the rest of the Bay tributaries, especially the James and 
Rapphannock Rivers in Virginia. 
 
With a more complete picture of sediment transport in the Bay tributaries, the results 
could be incorporated into an existing Chesapeake Bay sediment budget (e.g. Hobbs and 
others, 1992). 
 
The role of storms is integral to sediment transport.  Storm conditions are rarely captured 
by the existing monitoring protocol, due in part, to safety issues during data collection. 
 
The tidal freshwater regions of the Bay tributaries are extensive.  Little is known about 
these systems in terms of sediment processes and the quantification of sediment sources 
and sinks. 
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Glossary 
 
Estuaries are the portions of drowned river mouths with tidal influence that contain 
regions with fresh water, and with a mixture of fresh and salt water (brackish water).  The 
fresh water portions with tidal influence are called tidal rivers or tidal fresh estuaries.  In 
this report, ‘estuary’ is the portion with brackish water and occurs below the estuarine 
turbidity maximum. 
 
Estuarine turbidity maximum (ETM) is a region of elevated suspended solids 
concentrations that occurs near the landward limit of salt intrusion in estuaries. 
 
Gravitational circulation is the pattern of water movement in estuaries due to the density 
differences between fresh and salt water. 
 
Gravitational transport is gravitational circulation expressed as mass/area/time.  In this 
study it was calculated from subtidal transport minus river transport. 
 
River flow is the input of fresh water from the river into the estuary, usually reported as 
discharge.  Discharge is converted to velocity by dividing by the cross-sectional area of 
the channel. 
 
River transport is river flow expressed as mass/area/time.   
 
Sediment load is the amount of sediment per time (e.g. g/s or Mt/yr). 
 
Subtidal transport is the combination of contributions from all other processes besides 
tidal transport.  In this study the subtidal component was attributed to gravitational 
circulation and river flow. 
 
Tidal pumping is used here to mean the net movement of sediment due to a correlation 
between tidal velocity and concentration.  If concentration is higher during flood than 
ebb, then tidal pumping moves sediment landward. Conversely, if concentration is higher 
during ebb, tidal pumping moves sediment seaward. 
 
Tidal transport is tidal pumping expressed as mass/area/time. 
 
Units 
 
Area is length squared (e.g. m2). 
 
Concentration is mass/unit volume (e.g. mg/L or g/cm3).  In this study it was converted to 
Mt/m3. 
 
Discharge is volume/time (e.g. m3/s). 
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Load is mass/time (e.g. g/s).  This study used Mt/yr.  It is the result of transport divided 
by area. 
 
Transport is velocity times concentration (e.g. g/m2/s). 
 
Velocity is length/time (e.g. m/s). 
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Figures and Tables 

 
Figure 1: From Hobbs and others, 1990.  A 100-year Sediment Budget for Chesapeake 
Bay. 
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Figure 2: Estuaries and monitoring stations.  Locations for Phase 1 of project.  LE denotes 
lower estuary and RET denotes river-estuary transition.
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Figure 3.  Salinity profiles from downstream to upstream. 



 32

LE4.2 - TSS Concentrations - Upper Layer
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Figure 4.  TSS concentrations for LE 4.2.  When applying the results of this study, it is 
recommended that all values be rounded to two significant figures. 
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LE4.2 - Tidal Velocity - Upper Layer
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Figure 5.  Tidal velocities for LE4.2.  When applying the results of this study, it is 
recommended that all values be rounded to two significant figures. 
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LE4.2 - Tidal Transport - Upper Layer
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Figure 6.  Tidal transport for LE4.2.  When applying the results of this study, it is 
recommended that all values be rounded to two significant figures. 
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LE4.2 - Subtidal Transport - Upper Layer
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Figure 7.  Subtidal velocities and transport for LE4.2.  When applying the results of this 
study, it is recommended that all values be rounded to two significant figures. 
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LE4.2 - River Transport - Upper Layer
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Figure 8.  River transport for LE4.2.  When applying the results of this study, it is 
recommended that all values be rounded to two significant figures. 
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York River Loads by Estuarine Transport Process
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Figure 9.  Sediment loads by estuarine transport process for each station from 
downstream to upstream.  Positive numbers are flood-directed; negative numbers are 
ebb-directed. 
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York River Loads
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Figure 10.  Estuarine sediment loads for each station—magnitude and direction (flood is 
positive, ebb is negative). 
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Distances are in meters.
For depths in meters, divide by 10.

 
Figure 11.  York River bathymetry and cross sections.  Profiles are drawn from south shore 
to north shore (view looks upstream).  Distances are in meters.  For depths in meters, divide 
by 10.  Tic marks on cross sections correspond to divisions on x-axis of profiles and are 
spaced 1000m apart. 
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Distances are in meters.
For depths in meters, divide by 10.

 
Figure 12.  Patuxent River bathymetry and cross sections.  Profiles are drawn from south 
shore to north shore (view looks upstream).  Distances are in meters.  For depths in meters, 
divide by 10.  Tic marks on cross sections correspond to divisions on x-axis of profiles and 
are spaced 1000m apart. 
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Distances are in meters.
For depths in meters, divide by 10.

 
Figure 13.  Potomac River bathymetry and cross sections.  Profiles are drawn from south 
shore to north shore (view looks upstream).  Distances are in meters.  For depths in meters, 
divide by 10.  Tic marks on cross sections correspond to divisions on x-axis of profiles and 
are spaced 5000m apart. 
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Figure 14:  Location of estuarine turbidity maximum (ETM) for Chesapeake Bay 
tributaries.  The Green dots on figure are locations of ‘head of estuary’ stations used in this 
study.  The ETM migrates seasonally and annually, based on precipitation and its effect on 
salinity. 
 
This is Figure 4-3 SAV growing season ETM locations from Currey and others, 2007.  The 
source of the figure is David Jasinski, UMCES, 2006.   
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Total Average Loads
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Figure 15.  Total average estuarine sediment loads for each river—magnitude and direction 
(flood is positive, ebb is negative).   
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River Station 

Total 
cross-
sectional 
area 
(m2) 

Upper 
layer 
cross-
sectional 
area 
(m2) 

Lower 
layer 
cross-
sectional 
area 
(m2)   

Percent 
ratio of 
upper 
area: 
lower 
area 

York            
  LE4.3 -26531 -22251 -4279   84:16 
  LE4.2 -13683 -6274 -7409   46:54 
  LE4.1 -6464 -4845 -1618   75:25 
  RET4.3 -5073 -2537 -2537   50:50 
Patuxent            
  LE1.4 -18993 -9496 -9496   50:50 
  LE1.3 -18244 -7581 -10663   42:58 
  LE1.2 -13190 -6595 -6595   50:50 
  LE1.1 -11031 -2845 -8185   26:74 
  RET1.1 -5150 -2771 -2379   54:46 
Potomac            
  LE2.3 -110083 -49365 -60718   45:55 
  LE2.2 -53390 -20100 -33291   38:62 
  RET2.4 -19103 -3867 -15237   20:80 
  RET2.2 -13789 -11882 -1908   86:14 
  RET2.1 -18514 -11893 -6621   64:36 

 
Figure 16.  Cross-sectional areas of estuaries at water quality monitoring stations.  The 
percent ratio of upper area:lower area shows that the proportion of cross-sectional area 
of the layers based on the ‘level of no motion’ varies widely from being half the total.  
Cross-sectional areas for stations RET4.3 in the York and LE1.4 and LE1.2 in the 
Patuxent were half the total because of gravitational transport anomalies.  When 
applying the results of this study, it is recommended that all values be rounded to two 
significant figures. 
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Soundings from NOS bathymetric surveys.

TINs (triangulated irregular networks) created from soundings.

 
 
Figure 17.  Bathymetric soundings and TINs for 2 surveys in the York River. 
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Figure 18.  Estuarine sediment accumulation in the York River using TINs created with 
bathymetry from 1857 and 1945. 
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Figure 19.  Estuarine sediment accumulation in the Patuxent River using TINs created with 
bathymetry from 1944 and 1985. 
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Figure 20.  Estuarine sediment accumulation in the Potomac River using TINs created with 
bathymetry from 1862 and 1955. 
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Figure 21.  York River bank heights (meters) for reaches accessible to erosion (i.e. shoreline 
that is not hardened) using VBMP (2006-2007) data.  Only mainstem reaches were used. 
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Figure 22.  York River shoreline erosion rates (meters/year) using CBP analysis of 
Hardaway and others (1992).  Only mainstem reaches were used. 
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Figure 23.  Patuxent River bank heights (meters) for reaches accessible to erosion (i.e. 
shoreline that is not hardened) using CBP analysis of Maryland Geological Survey data, and 
CCI shoreline inventory data.  Only mainstem reaches were used.
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Figure 24.  Patuxent River shoreline erosion rates (meters/year) using VIMS analysis of 
Maryland Geological Survey data and CCI shoreline inventories.  Only mainstem reaches 
were used. 
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Patuxent River Sediment Budget
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Figure 25.  Sediment budgets for York and Patuxent Rivers—pie diagrams.  Loads are 
in Mt/yr. 
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Figure 26.  Sediment loads and budget for York River.  Loads are in Mt/yr. 
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Figure 27.  Sediment loads and budget for Patuxent River.  Loads are in Mt/yr. 
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Figure 28.  Sediment loads and partial budget for Potomac River.  Loads are in Mt/yr. 
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Table 1.  Estuarine transport processes and sediment loads for the York River.  For upper layers and totals, see next page.  When 
applying the results of this study, it is recommended that all values be rounded to two significant figures. 
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Table 1—continued.  Estuarine transport processes and sediment loads for the York River.  When applying the results of this study, 
it is recommended that all values be rounded to two significant figures. 
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Table 2.  Estuarine transport processes and sediment loads for the Patuxent River.  For upper layers and totals, see next page.  
When applying the results of this study, it is recommended that all values be rounded to two significant figures.
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Table 2—continued.  Estuarine transport processes and sediment loads for the Patuxent River.  When applying the results of this 
study, it is recommended that all values be rounded to two significant figures. 
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Table 3.  Estuarine transport processes and sediment loads for the Potomac River.  For upper layers and totals, see next page.  
When applying the results of this study, it is recommended that all values be rounded to two significant figures. 
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Table 3—continued.  Estuarine transport processes and sediment loads for the Potomac River.  When applying the results of this 
study, it is recommended that all values be rounded to two significant figures. 
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Sediment Loads in Mt/yr  
load at 
head 

shoreline 
erosion 

estuarine 
accumulation

in situ 
biogenic 
production 

load at 
mouth 

York River           
This study -239,538     0 -7,207
CBP   97,894       
VBMP   154,478       
Bulk density (1.33) - 
Halka, pers. comm.     

-689,126
    

Specific gravity (2.65) 
and 60% water content     

-549,228
    

            
            
Patuxent River           
This study -8,702     0 28,009
CBP/MGS   29,322       
Lidar   34,694       
MGS/VIMS   46,467       
Bulk density (1.33) - 
Halka, pers. comm.     

-120,398
    

Specific gravity (2.65) 
and 60% water content     

-95,957
    

Anderson, 1982       200   
            
            
Potomac River           
This study -43,236     0 422,038
Bulk density (1.33) - 
Halka, pers. comm.     

-6,920,948
    

Specific gravity (2.65) 
and 60% water content     

-5,515,943
    

Cronin and others, 
2003b 

    -2,574,161     
Cronin and others, 
2003b 

    -657,891
    

      
      
positive = source      
negative = sink      

 
 
Table 4.  Sediment loads in Mt/yr.  Where possible, more than one load was calculated for 
each component for comparison.  When applying the results of this study, it is 
recommended that all values be rounded to two significant figures. 
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Appendix 1 
 
Graphs of TSS concentrations, tidal velocities and transport, subtidal velocities and 
transport, and river velocities and transport for upper and lower layers for all water 
quality monitoring stations.  Each graph contains the sampling data from 1985-2005 
plotted over a single tidal phase.  n = number of samples.  Values in black below the ebb 
and flood phases are means and standard errors for that phase.  Values in blue at the 
bottom of each graph are the total means and standard errors for that layer.  An arbitrary 
assignment was made of a negative sign to ebb-directed tidal phases and a positive sign 
to flood-directed tidal phases.  When applying the results of this study, it is recommended 
that all values be rounded to two significant figures. 
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LE4.2 - TSS Concentrations - Upper Layer
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LE4.2 - Subtidal Transport - Upper Layer

-20.00

-18.00

-16.00

-14.00

-12.00

-10.00

-8.00

-6.00

-4.00

-2.00

0.00
0.0000 0.2500 0.5000 0.7500 1.0000

Tidal Phase

u*
c 

(g
/m

2/
s)

slack                                 ebb                                    slack                                   f lood                                slack

157 93n= n=

-1.238 ± 0.137 -1.256 ± 0.120
-1.247± 0.091

LE4.2 - River Velocity - Upper Layer

-0.08

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0
0.0000 0.2500 0.5000 0.7500 1.0000

Tidal Phase

u 
(m

/s
)

slack                                 ebb                                    slack                                   f lood                                slack

157 93n= n=

-0.004 ± 0.001 -0.006 ± 0.001-0.005± 0.001

LE4.2 - River Transport - Upper Layer

-9

-8

-7

-6

-5

-4

-3

-2

-1

0
0.0000 0.2500 0.5000 0.7500 1.0000

Tidal Phase

u*
c 

(g
/m

2/
s)

slack                                 ebb                                    slack                                   f lood                                slack

157 93n= n=

-0.105 ± 0.049 -0.129 ± 0.034
-0.117 ± 0.030



York 9

LE4.1 - TSS Concentrations - Lower Layer
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LE4.1 - Subtidal Transport - Lower Layer
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LE4.1 - TSS Concentrations - Upper Layer
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LE4.1 - Subtidal Transport - Upper Layer
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RET4.3 - TSS Concentrations - Lower Layer
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RET4.3 - Subtidal Transport - Lower Layer

-2.00

0.00

2.00

4.00

6.00

8.00

10.00

0 0.25 0.5 0.75 1

Tidal Phase

u*
c 

(g
/m

2/
s)

slack                                 ebb                                    slack                                   f lood                                slack

121 98n= n=

1.503 ± 0.115 1.948 ± 0.163
1.725 ± 0.100

RET4.3 - River Velocity - Lower Layer

-0.18

-0.16

-0.14

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

0
0 0.25 0.5 0.75 1

Tidal Phase

u 
(m

/s
)

slack                                 ebb                                    slack                                   f lood                                slack

121 98n= n=

-0.010 ± 0.002 -0.012 ± 0.002-0.011± 0.001

RET4.3 - River Transport - Lower Layer

-16

-14

-12

-10

-8

-6

-4

-2

0
0 0.25 0.5 0.75 1

Tidal Phase

u*
c 

(g
/m

2/
s)

slack                                 ebb                                    slack                                   f lood                                slack

121 98n= n=

-0.688 ± 0.139 -0.960± 0.188-0.824± 0.117



York 15

RET4.3 - TSS Concentrations - Upper Layer
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RET4.3 - Subtidal Transport - Upper Layer
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LE1.4 - TSS Concentrations - Lower Layer
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LE1.4 - Subtidal Transport - Lower Layer
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LE1.4 - TSS Concentrations - Upper Layer
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LE1.4 - Subtidal Transport - Upper Layer
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LE1.3 - TSS Concentrations - Lower Layer
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LE1.3 - Subtidal Transport - Lower Layer

-2.50

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0 0.25 0.5 0.75 1

Tidal Phase

u*
c 

(g
/m

2/
s)

slack                                 ebb                                    slack                                   f lood                                slack

335 79n= n=

0.135 ± 0.020 0.070 ± 0.050
0.102 ± 0.027

LE1.3 - River Velocity - Lower Layer

-0.018

-0.016

-0.014

-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0
0 0.25 0.5 0.75 1

Tidal Phase

u 
(m

/s
)

slack                                 ebb                                    slack                                   f lood                                slack

335 79n= n=

-0.001 ± 0.000 -0.002 ± 0.000-0.002± 0.000

LE1.3 - River Transport - Lower Layer

-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0
0 0.25 0.5 0.75 1

Tidal Phase

u*
c 

(g
/m

2/
s)

slack                                 ebb                                    slack                                   f lood                                slack

335 79n= n=

-0.015 ± 0.002 -0.017± 0.002-0.016± 0.001



Patuxent 7

LE1.3 - TSS Concentrations - Upper Layer
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LE1.3 - Subtidal Transport - Upper Layer
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LE1.2 - TSS Concentrations - Lower Layer
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LE1.2 - Subtidal Transport - Lower Layer
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LE1.2 - TSS Concentrations - Upper Layer
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LE1.2 - Subtidal Transport - Upper Layer
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LE1.1 - TSS Concentrations - Lower Layer
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LE1.1 - Subtidal Transport - Lower Layer
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LE1.1 - TSS Concentrations - Upper Layer
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LE1.1 - Subtidal Transport - Upper Layer
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RET1.1 - TSS Concentrations - Lower Layer
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RET1.1 - Subtidal Transport - Lower Layer
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RET1.1 - TSS Concentrations - Upper Layer
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RET1.1 - Subtidal Transport - Upper Layer
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LE2.3 - TSS Concentrations - Lower Layer
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LE2.3 - Subtidal Transport - Lower Layer
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LE2.3 - TSS Concentrations - Upper Layer
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LE2.3 - Subtidal Transport - Upper Layer
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LE2.2 - TSS Concentrations - Lower Layer
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LE2.2 - Subtidal Transport - Lower Layer
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LE2.2 - TSS Concentrations - Upper Layer
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LE2.2 - Subtidal Transport - Upper Layer
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RET2.4 - TSS Concentrations - Lower Layer
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RET2.4 - Subtidal Transport - Lower Layer
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RET2.4 - TSS Concentrations - Upper Layer
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RET2.4 - Subtidal Transport - Upper Layer
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RET2.2 - TSS Concentrations - Lower Layer
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RET2.2 - Subtidal Transport - Lower Layer
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RET2.2 - TSS Concentrations - Upper Layer
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RET2.2 - Subtidal Transport - Upper Layer
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RET2.1 - TSS Concentrations - Lower Layer
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RET2.1 - Subtidal Transport - Lower Layer
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RET2.1 - TSS Concentrations - Upper Layer
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RET2.1 - Subtidal Transport - Upper Layer
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Appendix 2 
 
Summary graphs of concentration (mg/l), velocities (m/s), transport processes (g/m2/s) 
and loads (g/s) for upper and lower layers for each river.  Positive values are flood-
directed and negative values are ebb-directed.  On all graphs, stations are in order from 
downstream to upstream. 
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York River TSS Concentrations
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Figure A1.  Mean TSS concentrations for each station from downstream to upstream.  
Positive numbers are flood-directed; negative numbers are ebb-directed. 
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York River Gravitational Velocities
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Figure A2.  Gravitational velocities for each station from downstream to upstream.  
Positive numbers are flood-directed; negative numbers are ebb-directed. 
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York River River Velocities
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Figure A3.  River velocities for each station from downstream to upstream.  Positive 
numbers are flood-directed; negative numbers are ebb-directed. 
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Potomac River  Net Transport
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Figure A4.  Net transport for each river. 
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York River Tidal Transport
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Figure A5.  Tidal transport for each river. 
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York River Gravitational Transport
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Figure A6.  Gravitational transport for each river. 
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York River River Transport
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Figure A7.  River transport for each river. 



 129

York River Loads by Estuarine Transport Process
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Figure A8.  Sediment loads for each station.  (These are the same graphs as Figure 9 in the 
report.  They are included here for consistency with other graphs.) 
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York River Tidal Loads
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Figure A9.  Tidal loads for each river. 
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York River Gravitational Loads
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Figure A10.  Gravitational loads for each river. 
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York River River Loads
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Figure A11.  River loads for each river. 
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