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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). 
 
 



 19

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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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. 
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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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RET2.2 - Subtidal Transport - Lower 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. 
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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. 




