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FOREWORD

Tidal rivers and estuaries are very important features of the Coastal Zone
because of their immense biological productivity and their proximity to centers of
commerce and population. Most of the shellfish and much of the local finfish con-
sumed by man are harvested from estuaries and tidal rivers. Many of the world’s
largest shipping ports are located within estuaries.

Many estuaries originate as river valleys drowned by rising sea level and are
geologically ephemeral features, destined eventually to fill with sediments. Nutrients,
heavy metals, and organic chemicals are often associated with the sediments trapped
in estuaries. Part of the trapped nutrients may be recycled to the water column, exacer-
bating nutrient-enrichment problems caused by local sewage treatment plants, and
promoting undesirable algae growth. The metals and organics may be concentrated
in the food chain, further upsetting the ecology and threatening the shell and finfish
harvests. Our knowledge of the processes governing these phenomena is limited and
the measurements needed to improve our understanding are scarce.

In response to an increasing awareness of the importance and delicate ecological
balance of tidal rivers and estuaries, the U.S. Geological Survey began a 5-year inter-
disciplinary study of the tidal Potomac River and Estuary in October of 1977. The
study encompassed elements of both the Water Resources Division’s ongoing Research
and River Quality Assessment Programs. The Division has been conducting research
on various elements of the hydrologic cycle since 1894 and began intense investiga-
tion of estuarine processes in San Francisco Bay in 1968. The River Quality Assess-
ment program began in 1973 at the suggestion of the Advisory Committee on Water
Data for Public Use which saw a special need to develop suitable information for
river-basin planning and water-quality management. The Potomac assessment was
the first to focus on a tidal river and estuary. In addition to conducting research into
the processes governing water-quality conditions in tidal rivers and estuaries, the
ultimate goals of the Potomac Estuary Study were to aid water-quality management
decision-making for the Potomac, and to provide other groups with a rational and
well-documented general approach for the study of tidal rivers and estuaries.

This interdisciplinary effort emphasized studies of the transport of the major
nutrient species and of suspended sediment. The movement of these substances
through five major reaches or control volumes of the tidal Potomac River and Estuary
was determined during 1980 and 1981. This effort provided a framework on which
to assemble a variety of investigations:

(1) The generation and deposition of sediments, nutrients, and trace metals
from the Holocene to the present was determined by sampling surficial bottom
sediments and analyzing their characteristics and distributions.

(2) Bottom-sediment geochemistry was studied and the effects of benthic
exchange processes on water-column nutrient concentrations ascertained.

(3) Current-velocity and water-surface-elevation data were collected to calibrate
and verify a series of one- and two-dimensional hydrodynamic flow and transport
models.

(4) Measurements from typical urban and rural watersheds were extrapolated
to provide estimates of the nonpoint sources of sediments, nutrients, and biochemical
oxygen demand during 1980 and 1981.

(5) Intensive summertime studies were conducted to determine the effects of local
sewage-treatment-plant effluents on dissolved-oxygen levels in the tidal Potomac River.
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(6) Species, numbers, and net productivity of phytoplankton were determined
to evaluate their effect on nutrients and dissolved oxygen.

(7) Wetland studies were conducted to determine the present-day distribution
and abundance of submersed aquatic vegetation, and to ascertain the important water-
quality and sediment parameters influencing this distribution.

(8) Repetitive samples were collected to document the distribution and
abundance of the macrobenthic infaunal species of the tidal river and estuary and
to determine the effects of changes in environmental conditions on this distribution
and abundance.

The reports in this Water-Supply Paper series document the technical aspects
of the above investigations. The series also contains an overall introduction to the
study, an integrated technical summary of the results, and an executive summary which
links the results with aspects of concern to water-quality managers.

Y .

Philip Cohen
Chief Hydrologist

James P. Bennett

Potomac Study Coordinator
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Shore Erosion as a Sediment Source to the Tidal
Potomac River, Maryland and Virginia

By Andrew J. Miller

Abstract

The shoreline of the tidal Potomac River attained its pres-
ent form as a result of the Holocene episode of sea-level rise;
the drowned margins of the system are modified by wave
activity in the shore zone and by slope processes on banks
steepened by basal-wave erosion. Shore erosion leaves residual
sand and gravel in shallow water and transports silt and clay
offshore to form a measurable component of the suspended-
sediment load of the tidal Potomac River.

Erosion rates were measured by comparing digitized
historical shoreline maps and modern maps, and by comparing
stereopairs of aerial photographs taken at different points in
time, with the aid of an interactive computer-graphics system
and a digitizing stereoplotter. Cartographic comparisons
encompassed 90 percent of the study reach and spanned
periods of 38 to 109 years, with most measurements spanning
at least 84 years. Photogrammetric comparisons encompassed
49 percent of the study reach and spanned 16 to 40 years. Field
monitoring of erosion rates and processes at two sites, Swan
Point Neck, Maryland, and Mason Neck, Virginia, spanned
periods of 10 to 18 months.

Estimated average recession rates of shoreline in the
estuary, based on cartographic and photogrammetric
measurements, were 0.42 to 0.52 meter per annum (Virginia
shore) and 0.31 to 0.41 meter per annum {(Maryland shore).
Average recession rates of shoreline in the tidal river and transi-
tion zone were close to 0.15 meter per annum. Estimated
average volume-erosion rates along the estuary were 1.20 to
1.87 cubic meters per meter of shoreline per annum (Virginia
shore) and 0.56 to 0.73 cubic meter per meter of shoreline per
annum (Maryland shore); estimated average volume-erosion
rates along the shores of the tidal river and transition zone were
0.55 to 0.74 cubic meter per meter of shoreline per annum.

Estimated total sediment contributed to the tidal Potomac
River by shore erosion was 0.375 X 106 to 0.565 X 10® metric
tons per annum; of this, the estimated amount of silt and clay
ranged from 0.153X10° to 0.226X10° metric tons per
annum. Between 49 and 60 percent of the sediment was
derived from the Virginia shore of the estuary; 14 to 18 per-
cent was derived from the Maryland shore of the estuary; and
23 to 36 percent was derived from the shores of the tidal river
and transition zone. The adjusted modern estimate of sediment
eroded from the shoreline of the estuary is about 55 percent
of the historical estimate.

Sediment eroded from the shoreline accounted for about
6 to 9 percent of the estimated total suspended load for the
tidal Potomac River during water years 1979 through 1981 and
for about 11 to 18 percent of the suspended load delivered
to the estuary during the same period. Annual suspended-
sediment loads derived from upland source areas fluctuated
by about an order of magnitude during the 3 years of record
(1979-81); shore erosion may have been a more important
component of the sediment budget during periods of low flow
than during periods of higher discharges. Prior to massive land
clearance during the historical period of intensive agriculture
in the 18th and 19th centuries, annual sediment loads from
upland sources probably were smaller than they are at present;
under these circumstances shore erosion would have been an
important component of the sediment budget.

At current rates of sediment supply, relative sea-level rise,
and shoreline recession, the landward parts of the tidal Potomac
River are rapidly being filled by sediment. If these rates were
to remain constant over time, and no sediment were to escape
into Chesapeake Bay, the tidal river and transition zone would
be filled within 600 years, and the total system would be filled
in less than 4,000 years. Given a slower rate of sediment sup-
ply, comparable to the measured rate during the low-flow 1981
water year, the volume of the tidal Potomac River might remain
relatively stable or even increase over time. Changes in rates
of shore erosion probably are less significant for the future of
the estuary than changes in rates of sediment supply from
upland sources.

INTRODUCTION

Coastal Plain estuaries provide vital resources for
major population centers along the Atlantic seaboard of
the United States; the Chesapeake Bay is the largest and
most productive of these estuarine systems. Estuaries are
natural sinks for sediments, nutrients, metals, and organic
pollutants, and the circulation of saltwater and freshwater
under the influence of tides, winds, and river discharges
creates a complex hydrodynamic, chemical, and biolog-
ical environment. Important environmental changes
throughout the Chesapeake Bay system in recent decades,
combined with the results of previous research efforts,
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have increased awareness that estuaries are fragile and,
on a geological time scale, ephemeral environments.

The Potomac River is the largest tributary to Chesa-
peake Bay; with respect to annual discharge of water and
sediment, the Potomac River is second only to the Sus-
quehanna River among the rivers that drain into the Bay.
The Potomac River has had a number of sediment and
water-quality problems in recent decades, including accel-
erated siltation in the vicinity of Washington, DC, pollu-
tion by municipal and industrial wastes, and noxious
phytoplankton blooms.

A Potomac Estuary Study was initiated by the U.S.
Geological Survey in October 1977. The study included
research efforts to understand: (1) Modern geological
processes and Holocene development of the system; (2)
geochemistry of bottom sediments and nutrient cycling;
(3) hydrodynamics of the tidal river and estuary; (4) pat-
terns of sediment transport and loads of sediments and
nutrients from various sources; (5) distribution and abun-
dance of submersed aquatic vegetation; and (6) benthic
ecology of the macro infauna of the tidal river and
estuary.

Purpose and Scope

The shoreline study was undertaken to investigate
the distribution of erosion rates along, and the load of
sediments from the shoreline source to the tidal Potomac
River. The contribution of shore erosion to the sediment
budget of the tidal Potomac River is important in model-
ing movement of sediments into and through the system,
in understanding rates of sediment accumulation on the
floor of the tidal river and estuary, and in determining
concentrations of nutrients and sediment-borne trace
metals. Shore erosion also is of interest to the public,
because the fate of most unprotected waterfront property
exposed to broad fetches of open water in the Potomac
Estuary and Chesapeake Bay is eventual destruction by
waves and tides.

Specific objectives of the study were:

1. Identify the major processes causing shore erosion
and monitor erosion rates at selected sites along the
shoreline,

2. Measure shoreline changes that have occurred in

recent decades and during the past century, and
characterize the distribution of shore-erosion rates
in terms of both the rate of lateral recession and
the rate of volume erosion per unit length of
shoreline.

3. Provide estimates of the amount of sediment con-
tributed annually to the tidal Potomac River by
shore erosion.

4, Evaluate the relative importance of shore erosion
compared with other sources providing suspended
sediment to the system.

E2 A Water-Quality Study of the Tidal Potomac River and Estuary

S. Estimate the rate of filling or volume expansion of
the estuary under present conditions and under
alternative assumptions.
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STUDY AREA

The study area includes the shoreline of the main
trunk of the tidal Potomac River (the Potomac Estuary and
all parts of the Potomac River that are under tidal influ-
ence) in the reach extending from Gunston Cove on the Vir-
ginia side and Marshall Hall on the Maryland side down to
the mouth at the confluence with Chesapeake Bay (fig. 1).
The study reach includes about 350 km of shoreline along
a midchannel length of about 145 km. Marginal embay-
ments and tidal creeks were not included in this study.

The Chesapeake Bay system, a classic example of the
drowned river-valley type of estuary (Pritchard, 1967),
attained its present form as a result of the Holocene episode
of sea-level rise that is still in progress. The Potomac River
is the largest of several major tributaries that flow
southeastward across the Coastal Plain of Maryland and
Virginia to enter the west side of Chesapeake Bay. The
Potomac River reaches the head of tide just below Little
Falls, Maryland, and the tidal Potomac River extends
another 182 km from the head of tide to the confluence
with Chesapeake Bay (Lippson and others, 1979).























































































Table 7. Average erosion rates for three major divisions of the Potomac shoreline

Average Calculated Average‘
Measured Measured area 2 volume~erosion
. . recession volume of
shoreline of erosion N rate
Type of data rate erosion c
length (square meters . (cubic meters
(meters per (cubic meters
(meters) per annum) per meter
annum) per annum)
per annum)
Virginia shore of the estuary
Averages based on total measurements
Cartographic 94,400 43,700 0.46 174,100 1.84
Photogrammetric 55,200 25,400 .46 79,600 1.44
Averages based on overlapping measurements
Cartographic 49,700 29,400 0.59 131,300 2.64
Photogrammetric 49,100 20,800 .42 68,400 1.39
Averages based on nonoverlapping measurements
Cartographic 44,700 14,300 0.32 42,800 0.96
Photogrammetric 6,200 4,600 .75 11,300 1.83
Averages based on weighting scheme!
Cartographic -= -- 0.52 - 1.87
Photogranmetric -~ -- .42 -- 1.20
Maryland shore of the estuary
Averages based on total measurements
Cartographic 72,300 29,000 0.40 50,700 0.70
Photogrammetric 49,800 18,100 .36 32,300 .65
Averages based on overlapping measurements
Cartographic 44,000 17,800 0.40 32,100 0.73
Photogrammetric 43,600 16,200 .37 28,700 .66
Averages based on nonoverlapping measurements
Cartographic 28,300 11,200 0.40 18,600 0.66
Photogrammetric 6,200 1,900 .31 3,600 .58
Averages based on weighting scheme!
Cartographic -- -- 0.41 -- 0.73
Photogrammetric -- -- .31 -- .56
Tidal river and tramsition zone
Averages based on total measurements
Cartographic 147,000 17,500 0.12 81,400 0.55
Photogrammetric 65,600 9,900 .15 48,700 .74
Averages based on overlapping measurements
Cartographic 62,100 6,800 0.11 43,000 0.69
Photogrammetric 61,600 8,800 .14 46,200 .75
Tidal river and transition zone--Continued
Averages based on nonoverlapping measurements
Cartographic 84,900 10,700 0.13 38,400 0.45
Phologrammetric 4,000 1,100 .28 2,500 .61
Averages based on weighting scheme!
Cartographic -- -- 0.12 -- 0.56
Photogrammetric -~ -- .13 -- .58

Itabulated values

are calculated using measured values shown above.

Method is described in text.
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the Maryland shore; average recession rates on both sides
of the estuary are much more rapid than average reces-
sion rates in the tidal river and transition zone (table 8).
Average volume-erosion rates on the Virginia shore of
the estuary are at least twice those on the Maryland shore;
average volume-erosion rates in the tidal river and transi-
tion zone are roughly comparable to those on the
Maryland shore of the estuary.

Comparision with Results from Regional Studies

Historical recession rates based on map com-
parisons by previous authors investigating shore erosion
in the Chesapeake Bay region are listed in table 9. Some
volume-erosion rates have been published and these also
are given in table 9. Average historical rates from the
Maryland part of Chesapeake Bay are more rapid than
average rates measured in the present study along either
shore of the Potomac Estuary. Historical rates from the
Virginia part of the Bay are comparable with those
measured along the Potomac shoreline if tributary as well
as outer bay shoreline in the Virgina part of the Bay are
included in the average; average rates for the outer bay
shoreline in Virginia are higher than those along the
Potomac (compare tables 8 and 9).

Average recession rates measured by Singewald and
Slaughter (1949) for the Maryland shore of the tidal

Potomac River were 0.11 m/a (Charles County) and
0.50 m/a (St. Marys County) (table 9). Charles County
includes most of the Maryland shore of the transition
zone and part of the tidal river and extends into the
estuary as far as the Wicomico River (fig. 1); the Charles
County value is comparable to average values measured
for the tidal river and transition zone in this study
(table 8). The shoreline of St. Marys County includes
reaches 9, 10, and 11 in this report; a weighted average
cartographic recession rate for these three reaches, based
on data given in the first part of table 6, is 0.5 m/a, about
the same as the average rate from Singewald and
Slaughter (1949).

Data from Byrne and Anderson (1977) for part of
the Virginia shore of the Potomac Estuary yield an
average recession rate, 0.44 m/a, and an average volume-
erosion rate, 1.66 (m?/m)/a, that are comparable to
average rates measured for the same shore in this study
(table 8); however, Byrne and Anderson (1977) include
rates measured in tributary embayments that erode more
slowly than the outer shoreline. Recession rates (Byrne
and Anderson, 1977) for measured areas on the outer
shoreline average 0.74 m/a and volume-erosion rates for
measured areas on the outer shoreline average
3.34 (m*/m)/a (table 9); these rates are much more
rapid than the rates calculated from cartographic or
photogrammetric measurements in the present study.

Table 8. Comparison of average erosion rates for three divisions of the Potomac shoreline

Cartographic measurements

Photogrammetric measurements

Recession
rate
(meters

per annum)

Shoreline division

Volume-erosion

Volume-erosion

rate Recession rate
. rate .
(cubic meters (meters (cubic meters

per meter
per annum)

per meter

per annum) per annum)

Averages based on total measurements

Virginia shore of estuary-------- 0.46
Maryland shore of estuary-------- .40
Tidal river and transition zone-- .12

1.84 0.46 1.44
.70 .36 .65
.55 .15 .74

Averages based on overlapping measurements

Virginia shore of estuary--~------ 0.59
Maryland shore of estuary-------- .40
Tidal river and transition zone~~ .11

2.64 0.42 1.39
.73 .37 .66
.69 .14 .75

Averages based on nonoverlapping measurements

Virginia shore of estuary-------- 0.32
Maryland shore of estuary-------- .40
Tidal river and transition zone-- .13

0.96 0.75 1.83
.66 .31 .58
.45 .28 .61

Averages based on weighting scheme

Virginia shore of estuary-------- 0.52
Maryland shore of estuary-------- W41
Tidal river and transition zone-- .12

1.87 0.42 1.20
.73 .31 .56
.56 .13 .58
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Table 9. Comparative shore-erosion rates in the Chesapeake Bay region

[-- indicates no data]

Mean recession rate
(meters per annum)

Location

Mean volume-erosion rate
(cubic meters per
meter per annum)

Maryland section of Chesapeake Bay!

Mainland shores
(Data from Singewald and Slaughter, 1949)

Western shore---~====-~ 0.58 -
Eastern shore---~-----~ .70 -
Combined shores===~=-~~ .66 -

Virginia section of Chesapeake Bay

Combined bay and tributary shores
(Data from Byrne and Anderson, 1977)

Western shore---~-----~ 0.28 0.44
Eastern shore-===-===- .31 .32
Southern shore~-~=~~~~ .44 .62
Bay shores only
(Data from Rosen, 1980)
Western shore: beach- 0.91 -
marsh~ .64 --
Eastern shore: beach- .78 --
marsh- .45 --
Potomac Estuary
Maryland shore
(Data from Singewald and Slaughter, 1945)
Charles County-=--=---- 0.11 -
St. Marys County==---=- .50 -
Virginia shore
(Data from Byrne and Andersom, .1977)
Outer shoreline and
tributaries--------- 0.44 1.66
Outer shoreline only
(Northumberland
and Westmoreland
Counties)=-====w=u-u .74 3.34
Rhode River Estuary
(Data from Donoghue, 1981)
0.08 0.10

IMaximum recession rates are as much as 10 meters per annum for some
islands on the east side of the Bay; approximate mean volume-erosion rate for
mainland shore of mid-Bay (Chesapeake Bay Bridge to Potomac Estuary) is
2.5 cubic meters per meter per annum {based on data from Singewald and

Slaughter, 1949, and Biggs, 1970).

The average recession rate calculated by Donoghue
(1981) for the Rhode River Estuary, a small estuary north
of the Potomac River on the western shore of Chesapeake
Bay, is slightly slower than recession rates measured in
the tidal river and transition zone of the Potomac River
(table 9). Donoghue’s average volume-erosion rate of
0.10 (m3/m)/a is much slower than the average rate for
any of the major sections of the tidal Potomac River,
probably because of the very low average shoreline height,
1.35 m, along the Rhode River. Donoghue (1981) notes
that the average recession rate measured by Singewald

and Slaughter (1949) near the mouth of the Rhode River
Estuary yields a volume-erosion rate of 0.24 (m?*/m)/a.

SEDIMENT CONTRIBUTIONS FROM
SHORE EROSION

Shore erosion is episodic; frequency and magnitude
of erosive events at any site may vary from year to year.
Variations in frequency of these events may in turn cause
variations in the total mass of sediment contributed by
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shore erosion from year to year. Discharge and sediment-
load data are available for cross sections of the river as
a time series, and annual or seasonal variations can be
analyzed. Shore-erosion sediment-load data are not avail-
able in annual series, but shore-erosion rates averaged
over a long period of time are treated in this report as
annual rates for comparison with other components of
the sediment load. The year-to-year variation in sediment
contributions derived from shore erosion is unknown;
however, two independent sets of erosion-rate measure-
ments are available, as described earlier in this report,
and these have been used to provide a range of estimates.
These estimates are used hereafter to compare shore ero-
sion with other sources of sediment to the tidal Potomac
River.

Three alternative sediment-volume estimates are
presented here. The first estimate, based primarily on
erosion-rate data from cartographic measurements, is a
long-term rate of sediment supply with a time scale com-
parable to the time scale of data from earlier studies
(Singewald and Slaughter, 1949; Byrne and Anderson,
1977). This is termed the historical estimate. The second
estimate, termed the modern estimate, is based on a
combination of photogrammetric and cartographic
erosion-rate data; cartographic measurements provide
supplementary data in areas where photogrammetric
measurements are not available. This estimate represents
a supply rate applicable over a shorter time scale, from
the 1950’s to the 1970’s; sediment volumes probably are
more representative of contemporary rates than the
volumes presented in the historical estimate. The third
estimate is essentially the same as the second estimate;
in this instance, it is assumed that shoreline segments pro-
tected by extensive seawalls and bulkheads do not pro-
vide sediment to the system. This is not necessarily an
accurate assumption, as these structures can be breached
or undermined, and they also may cause accelerated ero-
sion in the downdrift direction. However, on a short time
scale this assumption may provide a more accurate
estimate of total erosion volume than a rate based on
measurements spanning a time period that began before
many of the structures were built. The third estimate,
termed the adjusted modern estimate, is probably the
most reasonable estimate of average annual sediment con-
tribution under present conditions.

Estimates were arrived at in the following manner.
The study area was broken into individual reaches and
volume-erosion rates were calculated within each reach.
Cartographic measurements generally included more of
the shoreline than photogrammetric measurements.
Where cartographic measurement of a reach was com-
plete, the historical estimate of annual sediment volume
for the reach, v, was calculated by summing the annual
cartographic erosion volumes, v_, from all individual
cells in the reach:

ci?
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v, =Lv, . (14)
Where cartographic measurement was incomplete,
measured volume was used as a guide to extrapolate total
volume from the reach. The sum of measured car-
tographic volumes, Lv_, was multiplied by the ratio of
total shoreline length, /, to measured length, L/;

v, =(v,) (L/TL) . (15)

The modern estimate relied on photogrammetric
measurements where such measurements were available.
For reaches where photogrammetric measurements
were available along part of the shoreline and carto-
graphic measurements were available along all or almost
all of the shoreline, the sample of photogrammetric
measurements was supplemented by cartographic
measurements from the nonoverlap area. The average
photogrammetric volume-erosion rate, e,, Wwas
calculated by using the weighting scheme described
earlier. The total annual photogrammetric erosion volume
for the reach then was calculated as the product

v,=e,l (16)

where /_is the total length of shoreline in the reach.

The adjusted modern estimate was determined by
calculating the total sediment contribution to the modern
estimate from shoreline locations where extensive, con-
tinuous bulkheads, seawalls, or riprap protect the shore-
line. This contribution was subtracted from the modern
estimate for each reach.

Volume and mass estimates for individual reaches
are presented in table 10. Sediment volumes were con-
verted to mass estimates, using a conversion factor of
1.67 g/cm’, equivalent to metric tons per cubic meter.
The value of dry bulk density used in this study was based
on examination of test results on samples taken from
foundation test borings at two proposed powerplant sites
located in the Maryland Coastal Plain (Potomac Elec-
tric Power Co., 1974; Baltimore Gas and Electric Co.,
undated). The first site was located at Douglas Point, on
the Maryland shore of the Potomac River; the second site
was the Perryman site, located in Harford County at the
northern end of Chesapeake Bay. The conversion factor
of 1.67 g/cm?® used in this study is smaller than the
values used by Schubel (1968), 2.65 g/cm’; Biggs (1970),
2.5 g/cm?; and Donoghue (1981), 2.5 g/cm?; but it is
comparable to values used by Kerhin and others (1982),
1.67 to 2.08 g/cm?, and Byrne and others (1982), 1.43
to 1.99 g/cm’.

To calculate the silt-clay component of the mass of
sediment eroded from the shoreline, the mass percentage
of silt and clay in the banks along each reach of the
shoreline (fig. 18) was multiplied by the total mass
calculated for that reach for each of the three estimates.



Table 10. Annual contributions to sediment budget from shore
erosion, tabulated by reach in the tidal Potomac River and Estuary
[Parentheses indicate net accretion]

Volume Mass of Mass of
Reach Length (cubic meters total sediment sﬂg-clay
(meters) (metric toms (metric tons
per annum)
per annum) per annum)
Historical estimates
Virginia shore of estuary
1 22,000 39,900 66,700 25,700
2 12,500 7,400 12,300 4,800
3 16,100 26,400 44,200 21,200
4 14,300 13,200 22,100 10,600
Sa 7,500 5,800 9,700 3,600
Sb 4,200 3,200 5,400 2,000
Sc 900 100 200 4
6 9,200 76,000 126,900 47,200
7 8,600 17,900 29,900 11,100
8 13,500 9,200 15,300 5,700
Maryland shore of estuary
9 25,800 25,500 42,600 16,700
10 23,100 18,000 30,100 10,800
11 10,800 4,500 7,500 3,700
12 10,800 6,800 11,300 5,500
13 7,900 2,400 4,000 2,000
Tidal river and transition zonel
14 20,300 15,200 25,400 7,900
15 19,600 11,100 18,500 9,100
16 29,000 9,500 15,800 7,700
17 34,600 20,100 33,600 11,560
18 26,000 15,600 26,100 11,900
19 30,000 10,100 16,800 6,900
Modern estimates
Virginia shore of estuary
1 22,000 39,600 66,100 25,500
2 12,500 7,300 12,200 4,700
3 16,100 15,800 26,500 12,700
4 14,300 7,300 12,200 5,900
Sa 7,500 5,800 9,700 3,600
5b 4,200 3,200 5,400 2,000
5¢ 1,200 (1,300) (2,200) 0
6 9,200 29,300 49,000 18,200
7 8,600 13,400 22,300 8,300
8 13,500 5,700 9,600 2,600
Maryland shere of estuary
9 25,800 14,100 23,600 9,200
10 23,100 12,500 20,800 7,500
11 10,800 3,600 6,000 2,900
12 10,800 8,400 14,000 6,800
13 7,900 8,200 13,700 6,600
Tidal river and tramsition zome!
14 20,300 15,100 25,200 10,000
15 19,600 12,500 20,900 10,100
16 29,000 15,700 26,200 11,000
17 34,600 21,200 35,400 12,700
18 26,000 12,900 21,500 9,600
19 30,000 9,500 15,900 7,500
Adjusted modern estimates?
Virginia shore of estuary
1 22,000 33,700 56,400 21,800
2 12,500 4,600 7,700 3,000
3 16,100 11,300 18,800 9,100
4 14,300 4,700 7,800 3,800
Sa 7,500 5,800 9,700 3,600
5b 4,200 3,200 5,400 2,000
5S¢ 1,200 (1,300) (2,200) [
9,200 29,300 49,000 18,200
7 8,600 12,800 21,300 7,900
8 13,500 4,900 8,200 3,000
Maryland shore of estuary
9 25,800 9,600 16,100 6,300
10 23,100 10,600 17,700 6,400
1 10,800 3,600 6,000 2,900
12 10,800 1,400 2,300 1,100
13 7.900 6,600 10,900 5,300
Tidal river and transition zone!
14 20,300 15,100 25,200 10,000
15 19,600 12,000 20,100 9,600
16 29,000 15,700 26,200 11,000
17 34,600 19,300 32,200 11,400
18 26,000 12,900 21,500 9,600
19 30,000 8,900 14,800 7,000

lReach 14 extends below the Route 301 Bridge to Lower Cedar Point; reach
15 extends below the Route 301 Bridge to Upper Machodoc Creek. The Potomac
Estuary Study has established the Route 301 Bridge as the official boundary
between the transition zone and the estuary; therefore, all sediment derived
from the shoreline below the bridge is allocated to the estuary im table 11.
The volume of sediment from reach 14 that is allocated to the estuary is
800 cubic meters per annum; the volume of sediment from reach 15 that is
allocated to the estuary is 2,000 cubic meters per annum.

2Assuming no sediment contributed by shoreline with extensive, continuous
erosion control structures.

The component of the sediment contribution consisting
of silt- and clay-size particles is listed for each reach in
table 10.

Estimates of average annual sediment contributions
from shore erosion for the entire study area are (1)
0.565 X 10¢ metric tons (historical); (2) 0.434 X 10° metric
tons (modern); and (3) 0.375 X 10° metric tons (adjusted
modern) (table 11). In the tidal river and transition zone,
the adjusted modern estimate actually is slightly larger
than the historical estimate; however, in the estuary, the
adjusted modern estimate is only about S5 percent of the
historical estimate. The sediment loads in the silt-clay size
range are (1) 0.226 X 10° metric tons per annum (his-
torical estimate); (2) 0.179 X 10° metric tons per annum
(modern estimate); and (3) 0.153 X 10% metric tons per
annum (adjusted modern estimate). The rate during any
given year does not necessarily fall between the large and
small values from the set of estimates presented here;
however, these estimates do provide a useful range of
values for the sediment load averaged over a period of
years.

The relative order of importance of contributions
from each of the three main shoreline divisions follows
a consistent pattern among historical, modern, and
adjusted modern estimates, although the actual percen-
tages vary somewhat (table 12). The Virginia shore of the
estuary contributes 49 to 60 percent of the sediment
derived from shore erosion, the Maryland shore of the
estuary contributes 15 to 18 percent, and the tidal river
and transition zone contributes 23 to 36 percent. The silt-
clay component varies only slightly among the three
estimates and among the three main shoreline divisions
of the study area, ranging between 40 and 42 percent of
the total sediment contribution. Estimates of the silt-clay
component of shoreline sediment contributions in dif-
ferent parts of Chesapeake Bay include a broader range
of values. Schubel (1968) estimated that 36 percent of the
sediment eroded from the shoreline in the northern part
of Chesapeake Bay was silt and clay. Biggs (1970)
estimated that the mass of silt and clay eroded from the
banks of the middle part of the Bay was only 21 percent
of the total eroded mass. Kerhin and others (1982), using
a different computation method, estimated that 64 per-
cent of the eroded shoreline sediment from the Maryland
part of the Bay was silt and clay; Byrne and others (1982)
estimated that only 6 percent of the mass contribution
from the Virginia shoreline of the Bay was silt and clay.

Comparison With Other Components of the
Sediment Budget

Other sources of suspended sediment to the tidal
Potomac River have been evaluated for water years 1979,
1980, and 1981 by members of the Potomac Estuary
Study group (table 13). Bennett (1983) used sediment and
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Table 11. Summary of sediment-contribution estimates

Historical estimate

Modern estimate Adjusted modern estimate

Mass of
total
sediment
{metric tonmns
per annum)

Mass of
silt-clay
{metric tons
per annum)

Volume
(cubic meters
per annum)

Reach Volume

(cubic meters
per annum)

Mass of
total
sediment
{metric tons
per annum)

Mass of
total
sediment
{metric tons
per annum)

Mass of
silt-clay
{metric tons
per annum}

Mass of
silt-clay
(metric tons
per annum)

Volume
{cubic meters
per annum)

Gunston Cove

to Quantico1 ———————
Quantico to Route

301 Bridge---------
Subtotal, tidal

25,700 42,900 18,800 22,400

53,100 88,700 34,300 61,700

37,400 17,100 21,800 36,300 16,500

103,100 41,900 59,300 99,100 40,100

river and

transition zone---- 78,800 131,600 53,100 84,100
Maryland shore,

Route 301 Bridge

to Piney Point-----
Piney Point to

Point Lookout------

Subtotal,

32,500 54,300 22,600 33,500

25,500 42,600 16,700 14,100

140,500 59,000 81,100 135,400 56,600

55,900 24,600 23,000 38,300 16,300

23,600 9,200 9,600 16,100 6,300

Maryland shore

of estuary--------- 58,000 96,900 39,300 47,600
Virginia shore,

Route 301 Bridge

to Ragged Point----
Ragged Point to

Smith Point--------

Subtotal,

127,400 212,800 81,500 65,400

73,700 123,200 51,700 62,700

79,500 33,800 32,600 54,400 22,600

109,200 42,700 61,400 102,500 39,800

104,800 43,000 49,600 82,900 33,800

Virginia shore

of estuary-----==-- 201,100 336,000 133,200 128,100

Total for estuary---- 259,100 432,900 172,500 175,700

Grand total for

study area----=---- 337,900 564,500 225,600 259,800

214,000 85,700 111,000 185,400 73,600

293,500 119,500 143,600 239,800 96,200

434,000 178,500 224,700 375,200 152,800

Landmarks are in Virginia, but the reaches measured include both the Maryland shore and the Virginia shore.

nutrient concentration data, water-discharge data, and data
on sediment inputs from various sources to calibrate a com-
puter model for the tidal Potomac River. The model pro-
duces estimates of the discharge of water, suspended sedi-
ment, and nutrients past several cross sections in the tidal
Potomac River. Shore-erosion contributions used as input
to the model were based on the silt-clay fraction of the ad-
justed modern estimates as reported in this study (table 11).

Suspended-sediment concentrations were monitored
at Chain Bridge (fig. 1) during the 3 water years of the
study (D. C. Hahl, U.S. Geological Survey, written com-
mun., 1982); the average annual suspended-sediment

discharge at this site (table 13) is very close to the estimated
average annual suspended-sediment discharge of 1.34x10¢
metric tons past Great Falls for the period 1964 through
1976 (Feltz and Herb, 1978). Hickman (1984) used
sediment-concentration data and other information from
tributary watersheds to calculate the annual mass of sedi-
ment delivered to all tidewater tributaries of the Potomac
during water years 1979 through 1981. These data are listed
in table 13 as tributary contributions to the tidal river, tran-
sition zone, and estuary. Estimates of suspended-sediment
input to the estuary from Chesapeake Bay and of
suspended sediment carried from the transition zone into

Table 12. Percentage of shore-erosion sediment mass contributed by the three divisions of the shoreline to the tidal Potomac River

Historical estimate

Modern estimate Adjusted modern estimate

Mass of

Mass of Mass of

Shoreline division total qass of total gass of total vass of
. silt-clay . silt-clay . silt-clay
sediment (percent) sediment (percent) sediment (percent)
(percent) percen (percent) P (percent) P
Virginia shore of
estuary------=-==-==- 59.5 59.1 49.3 48.0 49 .4 48.1
Maryland shore of
estuary------=------ 17.2 17.4 18.3 18.9 14.5 14.9
Tidal river and
transition zone----- 23.3 23.5 32.4 33.1 36.1 37.0
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Table 13. Components of sediment budget for the tidal Potomac River

Shore-erosion sediment contribution

(metric tons per annum)
Source Historical Modern Adjusted modern
estimate estimate estimate
Tidal river and
transition zone:
Total=========== 0.13x108 0.14x106 0.14x108
Silt-clay-~--~~~ .05x108 .06x108 .06x108
Estuary:

Total----=-=-=--- 0.43x106 0.29x108 0.24x108
Silt=-clay=~=-=~=== .17x108 .12x108 .10x108
Other suspended-sediment contributions

(metric tons per annum)
Water year Water year Water year
Source 1979 1980 1981 Average

Potomac River

at Chain Bridgel-- 2.40x108 1.29x108 0.36x108 1.35x10€
Tributary inputs

to tidal river2--- .92x108 .19x10€ .04x108 .38x10°
Tributary inputs

to transition

zone2-~===-seomann .43x10° .07x108 .01x10€ .17x108
Tributary inputs

to estuary?------- .83x106 .13x105 .03x108 .33x108
Input from

Chesapeake Bay3--~ (&) .19x108 5 .01x108
Sediment carried

past Route 301

Bridge3-====meeeu- .72x108 .47x108 .15x108 .44x108

1p. C. Hahl, U.S. Geological Survey, written commun., 1982.
2R. E. Hickman, U.S. Geological Survey, written commun., 1982.

3Bennett (1983).

4Net transportation of 0.09 X 10% metric tons from the tidal Potomac

River into Chesapeake Bay.

5Net transportation of 0.06 X 10® metric tons from the tidal Potomac

River into Chesapeake Bay.

the estuary at the Route 301 Bridge are based on results
produced by Bennett’s model (1983) and also are listed
in table 13.

The relative importance of each sediment source is
indicated in table 14. Data are presented for the tidal
Potomac River as a whole and for the estuary, indicating
that shore erosion is more important as a sediment source
to the estuary than as a sediment source to the rest of the
system. Two alternative sets of budgets, based on alter-
native estimates of the shore-erosion contribution, are
shown in table 14. Both lead to similar conclusions. Most
of the suspended sediment in the tidal Potomac River
comes from part of the watershed located upstream from
Chain Bridge, and most of the remaining sediment comes
from tidewater tributaries. Depending on which shore-
erosion estimate is used, shore erosion contributes either
6.3 percent (adjusted modern estimate) or 9.3 percent (his-
torical estimate) of the total input of suspended sediment.

If sediment inputs to the estuary are considered separately,
shore erosion contributes either 11.3 percent (adjusted
modern estimate) or 17.9 percent (historical estimate) of
the total input of suspended sediment.

Several qualifying statements need to be made in
considering these results. First, the estimated average
annual suspended-sediment input from tributaries be-
tween Route 301 Bridge and Chesapeake Bay is an
extrapolation based on measurements from a single water-
shed and probably was influenced by anomalously large
sediment concentrations (R. E. Hickman, U.S. Geological
Survey, written commun., 1982). Thus, the relative impor-
tance of tributary inputs to the estuary (table 14) may be
exaggerated. Second, the estimate of sediment carried past
the Route 301 Bridge includes components derived from
all upstream sources, including the Potomac River above
tidewater, tidewater tributaries, shore erosion, plankton
populations, and resuspension of bottom material. Relative
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Table 14.

Suspended-sediment budgets for the tidal Potomac River

Budget calculated using
adjusted modern estimate

Budget calculated using
historical estimate

of shore erosion of shore erosion
Source Suspended Suspended
sediment Total sediment Total
(metric tomns (percent) (metric tons (percent)
per annum) per annum)
Average annual load for the entire study area, 1979-81
Potomac River
at Chain Bridge----- 1.35x10° 56.4 1.35x10° 54.6
Tributary inputsl----- .88x10° 36.8 .88x10° 35.6
Input from
Chesapeake Bay------ .01x10€ .5 .01x10° .5
Shore erosion2==---=== .15x10® 6.3 .23x108 9.3
Total-=-m===mmomomoaan 2.39x108 100.0 2.47x108 100.0
Average annual load for the estuary, 1979-81
Sediment carried
past Route 301
Bridge-----=---==--- 0.44x108 50.0 0.44x108 46.3
Tributary inputs
to estuary==—==--=-=- .33x10° 37.5 .33x10° 34,7
Input from
Chesapeake Bay-===-- .01x10° 1.2 .01x108 1.1
Shore erosion
along estuary------- .10x108 11.3 .17x10° 17.9
Total====-===m=o=manman 0.88x10° 100.0 0.95x108 100.0
1Subtotals for tidal river, transition zome, and estuary are shown in
table 13.
2Subtotals for tidal river and transition zone and for estuary are shown
in table 13.

importance of these components has not been determined,
and the output of the computer model that produced this
estimate does not distinguish among these sources. Any
uncertainty in the amount of sediment contributed by
these sources may contribute to the uncertainty of the
estimate. Third, sediment may move across the mouth of
the Potomac Estuary in either direction. Model results
indicate a small net inflow of sediment from Chesapeake
Bay (tables 13 and 14), but the long-term trend of sus-
pended-sediment exchange with Chesapeake Bay is
unknown; no data are available to document rates of sedi-
ment transportation in and out of the mouth of the
Potomac Estuary.

There is some evidence to indicate that, in the
tributaries of the estuary and of the transition zone, most
of the sediment probably settles out before reaching the
main trunk of the tidal Potomac River. DeFries (1980),
using an exotic pollen type as a natural tracer of sediment
from the Port Tobacco River (fig. 1), suggested that most
of the sediment that reached the head of tide in the Port
Tobacco River during the last 100 years was deposited
before reaching the Potomac River. If this result is
applicable to other tributary embayments, then input from
shore erosion is a more important component of the
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suspended-sediment budget of the tidal Potomac River,
and particularly of the estuary, than the numbers in tables
13 and 14 might indicate. The shore-erosion contribution
of silt and clay to the estuary is roughly 11 percent
(adjusted modern estimate) or 18 percent (historical
estimate) of the estimated suspended-sediment input for
1979 through 1981. If none of the sediment input from
tributaries of the estuary actually reaches the estuary, the
shore-erosion contribution of silt and clay is about 18 per-
cent (adjusted modern estimate) or about 28 percent
(historical estimate) of the suspended-sediment input to
the estuary. The combined shore-erosion sediment con-
tribution, including sand, silt, and clay, represents 23 per-
cent (adjusted modern estimate) or 36 percent (historical
estimate) of the total sediment input to the estuary if
tributaries are included, and 34 or 49 percent if tributaries
are excluded.

The relative importance of shore erosion varies from
year to year, although changes in the absolute amount of
sediment contributed by shore erosion cannot be
demonstrated without a time series of erosion-rate
measurements. During the three water years for which
data are available, the suspended-sediment discharge of
the Potomac River at Chain Bridge varied by a factor of



almost 7, and estimated tributary suspended-sediment
inputs varied by a factor of more than 20 (table 13). Most
of the suspended sediment delivered to tidal waters from
upland drainage arrives during high-flow events, which
typically occur in late winter and early spring; at other
times of the year, shore erosion is relatively more impor-
tant as a source of sediment. The 1981 water year was a year
without any major high-flow events, and estimated sus-
pended-sediment input to the tidal Potomac River from
uvpland drainage was only 0.45X10% metric tons. The
shore-erosion contribution during the same year may have
been smaller than any of the estimates in table 11; however,
shore erosion is affected by winds and tides as well as by
precipitation and water discharge, and the sediment load
derived from shore erosion did not necessarily depart
dramatically from the average, as did other components
of suspended-sediment load in the tidal Potomac River.
If the adjusted modern estimate is applicable, shore ero-
sion could have been responsible for 25 percent of the total
suspended-sediment load of the tidal Potomac River dur-
ing the 1981 water year, and as much as 35 percent of the
suspended-sediment load in the estuary during that year.
If sand is included as a component, shore erosion may have
accounted for as much as 46 percent of the total sediment
load of the tidal Potomac River and 58 percent of the sedi-
ment load in the estuary during the 1981 water year.

Previous authors (Gottschalk, 1945; DeFries, 1980;
Froomer, 1980; Donoghue, 1981; Yarbro and others, 1981)
have suggested, on the basis of historical or stratigraphic
evidence, that the supply of sediment to rivers and streams
in the Chesapeake Bay area from upland sources increased
rapidly during the post-settlement period. Most strati-
graphic evidence comes from small tributaries of the
Potomac River or of Chesapeake Bay and does not
necessarily apply to sediment load of major rivers like the
Potomac River and the Susquehanna River; indeed, a short
core (less than 1 m) taken from near the mouth of the
Potomac River (G. S. Brush, Johns Hopkins University,
written commun., 1982) contradicts or, at best, fails to sup-
port this hypothesis. Longer cores obtained from the tidal
Potomac River and tributaries have been dated (Glenn and
Martin, 1983); results indicate that historical rates of sedi-
ment accumulation are 3 to 15 times larger than prehistoric
rates of sediment accumulation, but the authors do not
attribute these changes to any one cause. DeFries (1980)
states that changes in land use have caused accelerated
sedimentation in localized areas, primarily in tributaries,
and have not affected rates of sediment accumulation in
the Potomac Estuary.

Evidence acquired to date is not conclusive, but it
is possible that the suspended-sediment load carried by the
Potomac River today is substantially larger than it was prior
to widespread land clearance during the 18th and 19th cen-
turies by European settlers, and the amount of sediment
entering the estuary from the transition zone also may be
larger now than it was then. If a historical trend toward

increasing sediment load from upland sources has occurred,
sediment derived from shore erosion formerly may have
been a more important component of the sediment budget
than it is today.

Projected Effect of Sediment Input on Changes
in Water Volume

Historical increases in sedimentation rates in the
main channel of the tidal Potomac River have not been
proven. However, calculations described below indicate that
the average annual sediment input for water years 1979
through 1981 is large enough that the entire volume of the
tidal Potomac River could be filled with sediment within
a few thousand years if this rate of input were maintained,
even if sea level continued to rise with respect to the land
surface. The present rate of sea-level rise is attributable to
a combination of eustatic sea-level rise and local subsidence
along the Atlantic Coastal Plain (Hicks, 1978; Holdahl and
Morrison, 1974).

The changing volume of the tidal Potomac River can
be described as follows. At time, £, the tidal Potomac
River has a known volume, V. Changes in the volume of
the basin over time are caused by relative sea-level rise,
lateral retreat of the margins of the basin because of either
erosion or transgression by rising sea level, and deposition
of sediment on the basin floor. Volume of the tidal Poto-
mac River as a function of time, V(f), can be expressed
as follows:

t
V(t)=Vo+ft (kBy+kA,—s)dy a7
where °
k is the rate of relative sea-level rise, in meters per
annum;

B is the rate of increase in water surface area, in

square meters per annuim;

is a dummy variable of integration;

is the initial surface area at time, /), in square

meters; and

s is the rate of sediment supply, in cubic meters
per annum.

W<

B, k, and s vary over time in complex ways, and these
variations have no known particular functional form; k
must eventually decline to 0, when maximum sea level for
the current transgression is attained, which has not hap-
pened yet. For the foreseeable future, continued sea-level
rise is to be expected. B is a function of the rate of sea-
level rise, the relief' of the land surface, and the rate of shore
erosion, but no explicit statement about B as a function
of time can be derived from information presently
available. The rate of sediment supply, s, probably will
change over time, but cannot be predicted from past trends;
and the nature of past and present trends in sediment
delivery is still under discussion (Meade, 1982). It is
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assumed here that no sediment leaves the Potomac
Estuary to enter Chesapeake Bay. Estimates of sediment
transport across the mouth of the Potomac indicate that
there was a small net inflow of sediment from Chesapeake
Bay in water years 1979 and 1981 and a small net export
from the Potomac to Chesapeake Bay in water year 1980
(table 13). There is no basis for assuming long-term net
export of sediment from the Potomac to the Bay.

In the absence of detailed predictions of the
behavior of these variables, the following analysis assumes
that B, k, and s are constant. Different scenarios for the
change in volume of the tidal river and estuary over time
are based on alternative values for the constants. The
volume formula is expressed below as a simple quadratic
function of time:

VO =kD (LY +(KA,~s) (t—L)+V, . (8)

Sediment load is usually expressed in units of mass, but
s can be expressed as a volume of bottom sediment by
using a bulking factor to account for water content. For
estuarine muds on the floor of the Potomac Estuary,
Knebel and others (1981) used a value of 0.50 t/m? of
sediment, based on a particle density of 2.65 g/cm? and
an average water content of 62 percent. The same value
is used here with reference to bottom muds throughout
the tidal river and estuary. This assumed value is
equivalent to the average measured density for a set of
1-m-long cores described by Knebel and others (1981);
potential volume reductions by sediment compaction are
not considered in the analysis. For sands deposited near
the margins as the residuum of shore erosion, a regres-
sion equation relating water content with mud content of
bottom samples from Chesapeake Bay (Byrne and others,
1982) was used to estimate a water content of 18.6 per-
cent. The calculated mass of sediment per cubic meter
of wet sand is 1.65 t/m?. To convert the rate of sediment
supply from metric tons to volume of wet sediment, V,,
the following formula was used:

vV, =(n/0.50+P/1.65) m* , 19

where
n is the mass of wet mud, in metric tons; and
P is the mass of wet sand, in metric tons.

Future sediment loads will depend, in part, on
changes in land use and on the rate of delivery of sedi-
ment presently in storage as bottomland alluvium.
Historical trends during this century indicate eventual
reductions in the rate of sediment supply, because of soil-
conservation practices and reductions in the area of land
under cultivation; however, sediment loads in major rivers
of the Atlantic drainage have not decreased to an extent
commensurate with these historical trends (Meade and
Trimble, 1974). Urban development has caused rapid
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increases in soil erosion and sediment yield from road and
building construction sites, but the increased yield is short-
lived and generally declines again following paving and
landscaping (Wolman, 1967). Presumably most of the
eroded sediment is still in storage in upland valleys; Meade
(1982) suggests that centuries may pass before this sedi-
ment is removed from storage. Given this scenario, alter-
native values of s may be based on: (1) Constant sediment
supply at the current annual rate; or (2) constant sedi-
ment supply at a slower annual rate.

Average Potomac River suspended-sediment dis-
charge for 1979 through 1981 at Chain Bridge (fig. 1) is
comparable to the average a short distance upstream at
Great Falls, Maryland, for 1964 through 1976 (Feltz and
Herb, 1978). In the absence of a longer record, this rate
of sediment supply (table 13) is used as the basis for
calculating a current annual value of s. Suspended-
sediment load for the 1981 water year was much smaller
than the 3-year average, and this average annual rate of
sediment supply is used as the basis for calculating a lower
annual value of s. Values of s, expressed as volume of bot-
tom sediment per year, were calculated from mass
estimates of sediment contributions from all sources in
table 13, using formula (19). The estimated average annual
volume of bottom sediment trapped in the tidal river and
transition zone during water years 1979 through 1981,
including shore-erosion contributions of sand as well as
silt and clay, amounted to 3.08 xX10° m3 of wet bottom
sediment. The estimated average annual volume of bot-
tom sediment carried into the estuary during the same
period was 1.84 xX10° m3. Similar estimates for the 1981
water year amounted to 0.70X10% m? for the tidal river
and transition zone and 0.63X10° m?® for the estuary.

Estimates of B, the rate of increase of surface area
of the tidal Potomac River, are based on shoreline-
recession rates from photogrammetric measurements; they
were calculated by the same procedure used to produce
the modern estimate of shore-erosion sediment load from
volume-erosion rates. The value of B used in the tidal river
and transition zone (extrapolated to include the entire
length of the tidal river) is 2.8 X10* m?/a, and the value
used in the estuary is 6.8 X10 m* m?/a. Estimates based
on alternative values of B are not presented here, but
several projections were made using cartographic data to
derive a value of B, and using the historical estimate of
shore-erosion sediment load as a component of s. These
projections differed only slightly from the projections
described hereafter.

Three alternative estimates of k, the rate of sea-level
rise, are used in the projections. The rate k<=0 mm/a is
used to demonstrate the maximum rate of filling of the
present volume of the tidal Potomac River; the rate
k=1.25 mm/a is based on an estimate by Belknap and
Kraft (1977) for the average rate of relative sea-level rise
in the mid-Atlantic region during the past 2,000 years; the
rate k=2.74 mm/a is based on an estimate by Froomer



(1980) for the past three centuries and is roughly com-
parable with rates based on increasing tide levels in the
Chesapeake Bay area during recent decades (Hicks, 1972,
1978). Total water volume in the tidal river and transi-
tion zone is 1.33Xx10° m?; total water volume in the
estuary is 5.73 X 10° m® (table 1).

Curves representing changes in V(f)/V, over time
are shown in figure 22. As volume, V(¢), decreases over
time, the ratio V(#)/V, decreases from a value of 1.0 at
t=t (present) to approach 0. If volume increases over
time, the curve rises above the line V(#)/V, =1.0. Six
alternative projections of volume change over time are
based on three different values of the rate of sea-level
rise, k, and on two values of the rate of sediment sup-
ply, s; separate curves on each plot depict changes in
volume of the tidal river and transition zone and changes
in volume of the estuary. The curves, which are based
on calculations that do not correct for compaction of bot-
tom sediment over time, are presented to illustrate trends
rather than to predict actual events.

These curves indicate that the tidal river and transi-
tion zone are filling much more rapidly than the estuary;
this conclusion is supported by measured sedimentation
rates based on pollen and lead-210 dating (Brush and
others, 1982). If present rates of sediment supply and sea-
level rise remain constant (fig. 22C), the tidal river and
transition zone will be filled with sediment in less than
600 years. However, as the tidal river and transition zone
gradually fill with sediment, an increasing fraction of the
total sediment load must reach the estuary without being

deposited in the tidal river or the transition zone. Pro-
jected changes in volume assume no such increase and
are based on present rates of sediment discharge past the
Route 301 Bridge; changes in transport rate, as the transi-
tion zone fills under conditions of constant sediment
load, have not been modeled. Instead, a third curve,
projecting changes in total volume of the tidal Poto-
mac River, is shown on each plot without allocating sedi-
ment separately to different hydrologic divisions of the
system.

Changes in volume under different assumed rates
of sea-level rise, using an average sediment load based
on data from water years 1979 through 1981, are shown
in figure 224, B, and C. If sea-level rise stops, the tidal
river and transition zone could be completely filled in less
than 500 years, and the entire tidal Potomac River could
be filled in less than 1,500 years. Presumably, some of
the sediment would leave the Potomac River to enter
Chesapeake Bay as the Potomac River filled, but these
projections assume that all sediment is trapped in the tidal
Potomac River. If the rate of relative sea-level rise were
1.25 mm/a, the tidal river and transition zone would be
filled in about 500 years, and the entire Potomac River
would be filled in less than 2,000 years. A rate of
2.74 mm/a would not substantially affect the rate of fill-
ing in the tidal river and transition zone, allowing this
part of the system to be filled in less than 600 years;
however, filling the entire system under these projected
conditions would require nearly 4,000 years. If none of
the sediment presently being trapped in the transition
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zone were to reach the estuary, the volume of the estuary
would increase over time with this rate of sea-level rise.

Comparable projections of volume change over time
are shown in figure 22D, E, and F, based on a smaller
long-term average sediment load, similar to the load for
the 1981 water year. With no change in sea level, the tidal
river and transition zone would be filled in slightly less
than 1,900 years, and the entire system would be filled
in about 5,300 years. However, even a relatively slow rate
of sea-level rise would extend the life of the tidal river and
transition zone to more than 4,800 years; total volume of
the system would remain almost constant for about 3,000
years and then would gradually increase., After 3,000 years,
average depth of the system would have decreased by 33
percent, and the tidal Potomac River would be broader
and flatter than at present, with sea level 3.75 m above
its present elevation. With a rate of sea-level rise of 2.74
mm/a, the rate of sediment supply assumed in figure 22F
would be insufficient to compensate for increasing volume
of the tidal river and transition zone or of the estuary,
and the volume would increase at an accelerating rate.

The assumed sediment loads cannot be verified;
therefore, the long-term validity of the projections in
figure 22 cannot be tested. Differences between projected
and actual values of shore-erosion sediment load probably
would have less effect on the result than changes in the
supply of upland sediment over time. At current rates of
supply, with current or historically slower rates of sea-level
rise, filling of most of the tidal river and transition zone
could occur over a period of time measured in centuries
rather than millennia, and filling of most of the Potomac
Estuary appears possible within a time span of 2,000 to
4,000 years, considerably less than the present age of the
estuary. Should the global rate of sea-level rise accelerate
as a result of climatic change induced by increased
atmospheric concentrations of carbon dioxide, the rate
of volume increase of the tidal Potomac River probably
will outweigh the rate of filling.

SUMMARY AND CONCLUSIONS

Major findings of the present study concern shore-
erosion processes and rates measured in the field, distribu-
tion of recession rates and volume-erosion rates along the
shoreline of the study area, amount and relative impor-
tance of shore-erosion sediment contribution to the sedi-
ment budget of the tidal Potomac River system, and possi-
ble implications of contemporary estimated rates of
sediment supply and sea-level rise for future volume
changes in the tidal Potomac River.

Wind-driven waves break down and remove
accumulated debris in the shore zone and abrade and
undercut the base of the bank. Slope processes, including
surficial erosion and mass movement, play an important
role in mobilizing and delivering debris to the base of the
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bank. These processes are most active at sites with high
bank relief and at sites marked by seepage or zones of
concentrated ground-water flow from the face of the bank.
Seasonal patterns of temperature and precipitation
influence the level of activity of slope processes, and local
patterns of sediment transport and beach elevations affect
the frequency of wave attack and the amount of under-
cutting at the base of the bank. The cycle of slope ero-
sion has a variable time scale, and the time period for
completion of a cycle initiated by basal erosion increases
with height and complexity of the slope.

Field measurements at monitoring sites at Swan
Point Neck, Maryland, and Mason Neck, Virginia,
indicate that short-term (10- to 18-month) recession and
volume-erosion rates along a rapidly eroding reach of
shoreline less than 1,000 m long may vary greatly [0 to
4.6 m/a and 0 to 13.2 (m?/m)/a], and that local factors,
such as the capacity of the beach to buffer wave impact,
presence or absence of obstructions that modify patterns
of sediment transport, and trees at the top of the bank,
may be primarily responsible for these variations. At
Mason Neck, two bank profiles only 10 m apart had reces-
sion rates of 0.1 and 0.9 m/a and volume-erosion rates
of 1.2 and 8.9 (m?/m)/a. Although such variations are
not likely to persist over a period of decades, they illustrate
the importance of longer term measurements and synop-
tic measurement for estimating average erosion rates and
sediment loads.

Weighted average recession rates along the Virginia
shore of the estuary were 0.52 m/a (cartographic) and 0.42
m/a (photogrammetric); comparable rates for the
Maryland shore of the estuary were 0.41 m/a (car-
tographic) and 0.31 m/a (photogrammetric); average rates
for the tidal river and transition zone were 0.12 m/a (car-
tographic) and 0.13 m/a (photogrammetric). Maximum
average rates for an individual reach, 1.2 m/a
(cartographic) and 1.0 m/a (photogrammetric), were meas-
ured along the Virginia shore near the mouth of the river,
facing northeast across Chesapeake Bay.

Weighted average volume-erosion rates along the
Virginia shore of the estuary were 1.87 (m?/m)/a (car-
tographic) and 1.20 (m?*/m)/a (photogrammetric); com-
parable volume-erosion rates along the Maryland shore
of the estuary were 0.73 (m3/m)/a (cartographic) and
0.56 (m*/m)/a (photogrammetric); average rates along
the tidal river and transition zone were 0.56 (m3/m)/a
(cartographic) and 0.58 (m’/m)/a (photogrammetric).
Maximum average volume-erosion rates for an individual
reach, 8.3 (m?/m)/a (cartographic) and 3.2 (m?/m)/a
(photogrammetric), were measured along the Nomini
Cliffs, where maximum elevations were 45 m. The Virginia
shore of the estuary had locally slower recession rates and,
in several areas, had much higher shoreline relief than the
Maryland shore of the estuary, thus accounting for the
difference in volume-erosion rates. Although relief along
the tidal river and transition zone was higher than along



the Maryland shore of the estuary, recession rates were
much slower; therefore, volume-erosion rates in the two
areas were roughly comparable.

Three estimates of shoreline sediment contribution
were prepared. The historical estimate, based on car-
tographic measurements, amounted to 0.565 X 10% metric
tons per annum, of which 0.226X10% metric tons were
silt and clay. The modern estimate, based on photogram-
metric measurements supplemented by cartographic
measurements, amounted to 0.43410% metric tons per
annum; 0.179X10° metric tons of this amount were silt
and clay. The adjusted modern estimate, based on the
modern estimate but assuming that shoreline areas pro-
tected by extensive bulkheads and seawalls provided no
sediment to the system, amounted to 0.375X10¢ metric
tons per annum, including 0.153 X10° metric tons of silt
and clay. Between 49 and 60 percent of the shore-erosion
sediment load was derived from the Virginia shore of the
estuary; 14 to 18 percent was derived from the Maryland
shore of the estuary. The tidal river and transition zone
accounted for 23 to 36 percent of the total.

Silt and clay derived from shore erosion accounts
for 6 to 9 percent of the average annual suspended-
sediment input to the tidal Potomac River for water years
1979 through 1981. Annual suspended-sediment contribu-
tions from upland discharge fluctuated by about an order
of magnitude during the 3 years of record. Shore erosion
probably represents a more important component of the
suspended-sediment load of the tidal Potomac River dur-
ing some years than a comparison of the average loads
might indicate. If the rate of sediment delivery from
upland drainage has increased since European settlement
as a result of land-use practices, silt and clay derived from
shore erosion may have been a more important compo-
nent of the suspended-sediment load in the past than it
is today.

Future changes in the volume of the tidal Potomac
River can be projected from assumptions of constant sedi-
ment supply, constant rate of increase of surface area, and
constant rate of relative sea-level rise. Although these
parameters will not remain constant over thousands of
years and probably are related in complex ways, a range
of scenarios can be projected by using a range of values
for the constants. At present rates of sediment supply, sea-
level rise, and increase in surface area, the tidal river and
transition zone could be filled with sediment in less than
600 years, and the entire volume of the tidal Potomac
River could be filled in less than 4,000 years. If relative
sea-level rise continued at a slower rate more typical of
the past 2,000 years, the system would fill even more
rapidly. With smaller sediment loads, volume of the tidal
Potomac River might remain relatively stable or even
increase over time. Changes in rate of sediment supply
from upland sources probably will have a more profound
effect on the future of the tidal Potomac River than
changes in rates of shore erosion.
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Conversion Factors

Multiply SI units By To obtain inch-pound units
cubic meter (m?) 35.31 cubic foot
cubic meter per meter (m?/m) 10.76 cubic foot per foot
cubic meter per meter per annum [(m?/m)/a] 10.76 cubic foot per foot per year
gram per cubic centimeter (g/cm?) 62.43 pound per cubic foot
kilometer (km) 0.6214 mile
meter (m) 3.281 foot
meter per second (m/s) 2.237 miles per hour
meter per annum (m/a) 3.281 foot per year
metric ton (t) 1.1023 ton
metric ton per cubic meter (t/m?) 0.0312 ton per cubic foot
metric ton per annum (t/a) 1.1023 ton per year
micrometer (um) 3.281x107¢ foot
millimeter per annum (mm/a) 0.0394 inch per year
square meter (m?) 10.76 square foot
square meter per annum (m?/a) 10.76 square foot per year
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