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Within the study area, the general trend in sediment distribution is a decrease in grain size
with depth. Coarsest sediment (gravel and coarse sand) are found next to the shore and on
the shallowest part of Willoughby Bank as a result of wave action winnowing out finegrained material. Medium to fine sands are found around Trestle A of the Chesapeake Bay
Bridge Tunnel to about 3.5 km west of Trestle A. The sediment source for this area is probably from shore erosion, and material remnant from the construction ofTrestle A. Very finegrained sands and muds make up the major portion of the study area. These sediments are
located in a "flood sinus" south ofWilloughby Bank and throughout the center portion of the
study area. The principal sediment source for the fine-grained sediment is probably the
James River and a sewage outfall pipe north of Little Creek Jetty. Fine-grained sediments
seem to be concentrated by wave action keeping them in suspension in shallow areas, thus
causing them to move and accumulate in areas of deeper, less active water. Even though
tidal currents in the deep areas are competant to move sediments they are intermittent, and
thus wave action is a major determinant of the sediment distribution. General sediment
transport south of Crumps and Willoughby Banks is westerly due to a flood-dominant tidal
current. North of Crumps and Willoughby Banks the general direction of sediment
transport is easterly due to an ebb-dominant tidal current.
ADDITIONAL INDEX WORDS: Sediment transport; sediment texture, bottom tidal currents,
southem Chesapeake Bay.

INTRODUCTION
The Crumps Bank-Willoughby Bank area in the
southern part of Chesapeake Bay covers approximately 51 km 2 (Figure 1). This area is located between the southern bridge span of the Hampton
Roads Bridge-Thnnel and Trestle Aof the Chesapeake
Bay Bridge-Tunnel. The northern boundary of the
study area is the Thimble Shoal Channel. The
southern boundary of the study area is approximately 45 m seaward of the shoreline of the Ocean
View section of Norfolk, Virginia.
The Crumps Bank-Willoughby Bank study area,
although near the Chesapeake Bay entrance, is an
area of fine-grained sediment (RYAN, 1953) with a
low, but complex topographic relief (Figure 2). Due
184034 received 23 October 1984; accepted in revision 29 April
1985. "Currreni address: Marathon Oil Company, P. 0. Box 3128,
Houston, Texas 77253. bCurrent address: NORDA, Sea Floor Division, Code 361, Bay St. Louis, Mississippi 39520.

to high tidal current speeds sediment in the area
appear to be in a constant cycle of deposition, tranportation, and reworking. The Crumps Bank-Willoughby Bank study area is also subject to disturbance from man's activities. Heavy commercial and
military ship traffic in the Hampton Roads area is
one such effect. Thimble Shoal Channel is maintained by dredging at a depth of 25 m, which prevents the area from attaining its natural dynamic
equilibrium. Dredging may also put a large quantity
of sediment back into suspension. Another environmental disturbance on the areas has been the construction of the Chesapeake Bay and Hampton Roads
Bridge-Tunnels. During construction of these tunnels, sediments were put into suspension by dredging a furrow across Thimble Shoal Channel for the
placement of each tunnel segment. In addition, the
bridge abutments affect the sediment distribution
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Location map of study area, southern Chesapeake Bay.

by causing scour in the area around the abutments,
and by altering the direction and speed of tidal
currents in the area of the Hampton Roads and
Chesapeake Bay Bridge-Tunnels (U.S. ARMYCORPS
of ENGINEERS, 1975). A third periodic disturbance
is commercial fishing. Winter dredging for buried
blue crabs (Callinectus sapidus) puts bottom sediments into suspension. Large scale construction on
the beach front is the fourth and final disturbance to
affect the study area. The construction of buildings,

groins, and piers on the beach front may affect sediment input and transport to the Crumps BankWilloughby Bank study area.
Crumps Bank is for the most part flat and featureless (Figure 2). The development of Crumps Bank
can be attributed to its being a shoal formed by the
mutual evasion of ebb and flood currents, or an
erosional remnant of the Yorktown Formation, The
Yorktown Formation is of Pliocene Age (AKERS,
1972). Sediments from the Yorktown Formation
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Figure 2. Bathymetry of Crumps Bank and Willoughby Bank. Contour interval is two meters and referred to mean low water.
are introduced into the area by outcrops around
Crumps Bank. This would bring reworked sediments into the area, which may affect sediment
parameters. Willoughby Bank, on the other hand, is
more pronounced and can be described as a shoal
being formed by the mutual evasion of ebb and
flood currents (LUDWICK, 1973). The area between
Willoughby Bank and Ocean View can also be considered as a "flood sinus" (LUDWICK, 1970).
The major source of fine sediments in the study
area is probably the rivers of the western shore,
especially the James River (SCHUBEL, 1971). The
mouth of the James River is to the west of Fort
Wool. Crumps Bank and Willoughby Bank can be
considered part of the James River inlet estuary
mouth (Hampton Roads) as well as part of the much
larger Chesapeake Bay estuary according to
PRITCHARD's (1971) definition of an estuary within
an estuary. PRITCHARD (1971) also considers the
Chesapeake Bay and its major tributaries partially
mixed estuaries.
The Crumps Bank-Willoughby Bank tidal current
is flood dominant south of the bank (FLEISCHER et

-Iournal

al., 1976) and ebb dominant north of the bank
(LUDWICK, 1970). Tidal currents reverse for both
ebb and flood throughout the water column
(LUDWICK, 1970; GRANAT, 1976). Average maximum tidal currents in this area are from 26 to over
103 em/sec (PRITCHARD, 1971).

METHODS
Sediment Sampling and Analysis
One hundred forty-four surface sediment samples were collected by a Shipek bottom grab sampler to determine the sediment distribution over
Crumps Bank and Willoughby Bank. Sample locations were selected according to their relevance to
change in bottom topography (Figure 5). At the
time of sampling, the depth, location, and visual
characteristics of the sample were noted. Sample
locations were located with radar and horizontal
sextant angles.
In the laboratory, samples were desalinated for
twenty-four hours and decanted. To remove organic
matter and disperse the clays, the samples were
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treated with sodium hypochloride (JACKSON, 1969).
Samples were then desalinated again for 24 hours,
decanted, and a 5% sodium hexametaphosphate
solution was added to prepare the samples for wet
sieving at 4.0 ¢ (0.0625 mm). Phi (¢) transformation to millimeters is defined as ¢ = -10g2Dmm,
where Dmm is the grain diameter in millimeters. On
the less than 4.0 ¢ fraction, pipette analysis was
performed in 1.0 ¢ intervals for 4.0 ¢ to 10 ¢
(0.00098 mm) according to FOLK (1974). The
greater than 4.0 ¢ fraction was then sieved on a
Tyler Rotap for 15 minutes for gravel size particles
(greater then -1.0 ¢ [2.00 mm)) at 0.5 ¢ intervals
from -3.0 ¢ (8.00 mm) to -1.0 ¢. All material less
than -1.0 ¢ (sand-size sediment) was removed from
the pan and subjected to settling tube analysis. The
sand-size sediment analysis was performed using
the method described by GIBBS (1972, 1974). The
sediment did not contain a large percentage of carbonate fragments. Therefore, carbonates were not
removed from the samples but considered to be
part of the overall hydraulic regime.
The total sediment distribution of a sample was
determined by the percents of gravel, sand, silt,
clay, and mud (silt + clay) present in that sample.
The textural facies of the sediment was determined
from parameters using a graphical method devised
by FOLK (1974) (Figure 3).

Bottom Tidal Currents
To determine bottom tidal currents on Crumps

Bank and Willoughby Bank, six tidal stations were
taken. Three of these stations (FLEISCHER et al.,
1976) were taken south of Willoughby Bank in the
late fall and early winter of 1974 (Figure 4). The
other three stations were taken north of Willoughby
Bank and Crumps Bank on locations determined
after bottom topographic profiles and bottom
sediments were examined to pick representative
locations to show bottom tidal currents. These
stations were also taken in late fall and early winter
in 1977.
Current measurements were taken over a 15hour period to determine bottom tidal dominance.
An Endeco Type 110 Remote Reading Current
Meter was used to determine current speed and
direction. The accuracy of this instrument was
believed to be ±7 em/sec in the range from a to 257
em/sec. The position of each station was determined by the Loran C, radar, and horizontal sextant
angles.
Bottom tidal current information was obtained
by suspending the Endeco Current Meter from the
anchored R/V LINWOOD HOLTON. Readings
were taken every 30 minutes at two levels with level
one approximately 0.5 meters above the bed, and
level two approximately 1.0 meter above the bed.
The readings were taken over a period of one minute
with the minimum and maximum velocities being
recorded. Then the second level was recorded in
the same manner. This procedure was done three
times at each level every 30 minutes.
Bottom tidal dominance was calculated by using
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Figure 4. Tidalstationlocation and component meanspeeds (ern/sec) and directions ofebb andflood currentsat the lowest two levels,
within one meterof the bottom corrected for mean range.

mean current speed and mean current direction at
the bottom (FLEISCHER et al., 1976). Mean current
speed at the bottom was calculated by the
equation:

s =~r"L (E-W components) I nl + II: (N-S components) I nV
2

and mean current direction at the bottom calculated by:
I:·(N-S components) In
()= tan' - - - - - - -

I: (E-W components) In

I

where n is the number of observations. The mean
current speed at the bottom was calculated by taking the average of the two levels above the bed.
These levels were then corrected to mean tidal range
to obtain an average condition. This was accomplished by multiplying the observed velocity by the
ratio of the annual mean range at Hampton Roads
(Sewells Point) to a forecasted range.

In order to determine the eroding and transporting ability of sediment, Hjulstrom's diagram
(KRUMBEIN and SLOSS, 1963) was used with some
slight modifications by ALLEN (1965) and STERNBERG
(1967,1971) for sediment in an estuarine and marine
environment. Hjulstrom's diagram uses the threshold of grain movement in terms of the mean speed
one meter above the bed. When using the mean
velocity it must be remembered that it is not equally
applicable in all conditions and must be redefined
for each condition of flow (INMAN, 1963).
From the above information mean current speed
at the bottom, mean current direction, and duration
of sediment movement at the sea bottom was plotted for both ebb and flood tidal currents.

RESULTS
Sediment Textural Facies
The gross sediment textural facies (Figure 6)
range from a clayey sand (cS) to a sandy gravel (sG).
The shore areas show a combination of gravelly
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sand (gS), and sandy gravels (sG). Around the
Chesapeake Bay Bridge Trestle A is an area of sand
(S) with some gravelly sand (gS) and one isolated
area of clayey sand (cS) next to the bridge. The middle of the study area is predominantly muddy sand
(mS). Fort Wool and Willoughby Bank show the
largest variation of sediment textures. The major
portion of Willoughby Bank is sand (S) and slightly
gravely sand ((g) S). Areas of bathymetric depressions relate very closely to areas of finer grained
sediments, whereas shoal areas show a coarser textural facies. The shoal areas are shallow enough so
that wave action keeps finer-grained sediments in
suspension until they reach deeper water and
settle out.
The only station with evidence of reworked
sediments was sample location X (see Figure 5).
This sample apparently contains fragments from
the Yorktown Formation. The fragments of widegrooved pectins , a "guide fossil," and yellowish
coquina (OAKS and CacH, 1973; OAKSand DuBAR,
1974) are characteristic of this Pliocene formation,

DIRECTION OF BOTTOM TIDAL

CURRENTS AND SEDIMENT TRANSPORT
Location, mean component speed, and direction
at the bottom for the six current meter stations are
shown in Figure 4. Stations 1, 2, and 4 are flood
dominant. Tidal dominance is determined by
calculating the difference between ebb and flood
(ebb minus flood) flows; positive values indicate
ebb dominance and negative values indicate flood
dominance. The strongest mean component speed
near the bottom at flood is found at station 4 with a
speed of 25.37 em/sec. Stations 5 and 6 are ebb
dominant. Station 5 has the strongest mean component speed near the bottom at ebb, with a speed of
29.51 em/sec. At station 3 the mean component
speeds for both ebb and flood are almost equal.
Because the mean component speed at flood is
greater than the ebb, station 3 is considered very
slightly flood dominant. The mean direction of ebb
and flood currents in the study area conforms to the
surrounding bathymetry (Figure 4).
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When correcting the velocities to mean range an
overall increase in speed is observed during low
range and a decrease in speed is observed during
high range.
To determine the threshold velocity necessary to
erode and transport bottom sediments in the study
area, mean grain diameter versus velocity one meter
above the bed at each tidal station was determined.
The mean grain diameter for all stations is between
medium sand and medium silt (0.350 mm to 0.016
mm). According to the Hjulstrom diagram (KRUMBEIN
and SLOSS, 1963) the velocity necessary to transport
sediments in this range is 19.84 to 36.84 ern/sec.
However, Hjulstrom calculated these velocities for
river sediments and they may not be valid in a
marine or estuarine environment. Work with mean
grain diameter versus flow velocity one meter above
ilie bed has been done by ALLEN (1965) and
STERNBERG (1967,1971) for marine environment.
These workers indicated a sediment transport range
of 28.95 to 39.12 ern/sec. In this study a threshold
velocityof24.38 ern/sec is used to determine if tidal
currents are competent to move sediment. It is felt

that this velocity indicates a maximum sediment
transport under average conditions. The direction
of transport is determined by the mean of all the
bottom flow directions competent to move
sediment.
The average maximum near-bottom velocity per
flood cycle varies from a low of 12.43 ern/sec, at station 6, to a high of 35.36 at station 1 (Figure 7).
Stations 1 through 5 had velocities in excess of
24.38 ern/sec (threshold velocity). The average
duration of sediment transport per flood cycle varied
from a low of 0.5 hours (station 2) to a high of 3.7
hours (station 4) (Figure 7). Because station 6 velocity
was below the sediment transport threshold the
duration of transport is zero (Figure 7).
Average maximum near-bottom velocity per ebb
cycle varies from a low of22.56 cm!sec (station 3) to
a high of 37.47 cm!sec (station 6) (Figure 7). Stations
1, 2, 4, 5, and 6 had sufficient velocity to transport
sediments (Figure 7). Sediment transport at station
3 was zero because the average maximum nearbottom velocity was below the threshold necessary
to transport sediments. The average duration of
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Figure 7. Duration of sediment transport, maximum near-bottom velocities, and directions of sediment transport during ebb and flood
cycles, for threshold velocities of 24.38 em/sec.

sediment transport per ebb cycle varied from 0.1
hours (station 2) to 4.6 hours (station 5).

DISCUSSION
Sediment Textural Facies
There have been many studies demonstrating
that the sediment grain-size distribution is environmentally sensitive. It has been successfully used to
differentiate depositional environments and transport mechanisms. Studies dealing specifically with
textural trends in an estuary have been done by
VISHER (1969), WILDE and YANCY (1970), and
ALLEN (1971). These studies show that the textural
distribution is a function of the shoal morphology
and tidal and wave currents.
The sediment grain-size distribution in the study
area seems to be influenced by waves, tidal currents,
and morpology. All sediment parameters examined
seem to reflect a general trend in the sediment distribution; coarse sediments on the highs, fines in
the lows. Shoals and near-shore areas have a slightly

gravelly sand ((g)S) to gravelly sand (gS), indicating
a high energy environment. These areas are all in
relatively shallow water where wave action could
remove finer material by winnowing it out of the
coarser sediment and transporting it elsewhere.
The small depression south of Willoughby Bank
has a depth of approximately 5.3 m and contains
sediments that are clayey sand (cS) to silty sand
(zS). This area of fine material is located in the head
of the previously described flood sinus. The source
of these muds is unknown and will be considered an
anomalous patch of sediment.
The center portion of the study has sediments
that are a muddy sand (mS). The James River is
probably the major source for fine-grained sediments.
Another possible source is a sewage outfall pipe
420 m north of Little Creek Jetty (BATES, 1976).
Fine-grained sediments are probably concentrated
in these deep areas due to wave action keeping the
grains suspended over shallow areas and allowing
them to drop out in deeper, calmer water. Even
though tidal currents (which are intermittent) in
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these deep areas are sufficient to move sediments,
it seems that wave action is one of the major causes
of sediment distribution in the area. Wave action in
shallow water causes fine-grained sediments to be
resuspended. Wave heights of approximately 0.33
m off Ocean View are sufficient to move fine sand in
6 to 8 m of water (FLEISCHER et al., 1976). The
resuspended grains are then transported in a westerly direction by tidal currents. Tidal currents
below the required threshold velocity can cause
sand transport when combined with wave action.
The sediments in the vicinity of the Chesapeake
Bay Bridge Tunnel are predominantly sand. This
tongue of sand extends west for about 3.5 km past
Trestle A. The source of medium and fine sand is
probably the Chesapeake Bay entrance. Coarsergrained material (gravel and medium sand) probably derives from shore erosion.
There is some evidence of reworked sediments in
the study area at sample location X (see Figure 5).
Fragments of the Yorktown Formation (Pliocene
Series) were found in this sample. This indicates
the possibility of an outcrop of Pliocene sediments.
Sample location X is approximately 3.6 km from
Trestle A and 3.0 km from Thimble Shoal Channel.
An outcrop of the Yorktown Formation in the area is
possible because the buried erosional surface
continuously underlies the entire study area
(MEISBURGER, 1972). Sub-bottom structure under
Crumps Bank and Willoughby Bank is characterized by a deep channel, probably of fluvial origin,
trending east-west along the southern margin of the
area (MEISBURGER, 1972). This channel is considered by HARRISON etal. (1965) a possible ancestral channel of the James River. The subsurface
outcrop of the Yorktown Formation in. the study
area is probably the north bank of the ancestral
James River. It may also be that the bathymetric
relief of Crumps Bank is related more to this
underlying erosional surface than to tidal currents.
However, seismic profiles are needed to confirm
this.

Bottom Tidal Currents
When examining the gross circulation of Chesapeake Bay averaged over time it must be noted that
this is a partially mixed, moderately stratified, estuary
(PRITCHARD, 1971). This would indicate that there
is a net inflow of water near the bottom and a net
outflow near the surface. This is an oversimplification, and for any specific area in the bay entance the
current pattern may be modified into ebb dominant

397

or flood dominant zones of tidal inequalities or
asymmetries (LUDWICK, 1973).
The average maximum near-bottom velocity
per cycle indicates that stations 1, 2, and 4 are
flood dominant (see Figure 4). Stations 5 and 6
are ebb-flow dominant. Flood or ebb dominance
is apparent not only for the maximum velocities
but also for the duration of flow in that direction.
Station 3 shows a slight flood dominance but the
two cycles are nearly equal (FLEISCHER et al.,
1976).
Stations 1, 2, 4, and 5 erode and transport sediment (Figure 7). Sediment moves in both flood and
ebb directions at stations 1,2, and 4, although flood
tidal dominance predominates. This was expected
as stations 1, 2, and 4 are located in the "flood
sinus" or trough between Willoughby Bank and
Ocean View (Figure 7). The increased flow probably results from the funnelling of water past the
construction created by Willoughby Spit and Old
Point Comfort (FLEISCHER et al., 1976). As the
water spreads out after flowing past this constriction, on the ebb cycle, it loses some of its speed and
scouring ability. This is borne out as the average
maximum near-bottom velocities on the ebb cycle
decrease eastward (Figure 7). The configuration of
Willoughby Bank and Crumps Bank suggests the
shoal is formed by the mutual evasion of ebb and
flood currents (LUDWICK, 1970), with the Hampton
Roads Gorge forming the ebb channel (FLEISCHER,
etal., 1976).
The overall pattern of near bed flow and sediment transport on Crumps Bank and Willoughby
Bank show similarities in their bathymetry (Figure
7). Stations 1, 2,3, and 4 located south of Crumps
Bank and Willoughby Bank are flood dominant.
Stations 5 and 6 located north of the banks are ebb
dominant. The near- bottom flow direction appears
to follow the contours of bathymetry. The nearsurface flows in this area would be expected to more
closely follow the natural (geographical and meteorological) or free flow conditions (GRANAT, 1976).
This seems logical as the near-bottom flow directions are more easily influenced by the bathymetry.
The observation of bathymetric influence on nearbottom flows may be a mechanism by which helical
flow cells or spiral currents can be initiated
(GRANAT, 1976).
It should be noted that these results are based on
average currents over the mean range of the tide.
During periods of higher and lower tidal ranges
current velocities and the amount of sediment
movement will vary accordingly.
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Textural analysis of samples from the 51 km 2
area of Crumps Bank and Willoughby Bank reflects
a general trend in the sediment distribution; as
depth increases, the proportion of fine- grained
material in the sediment increases. North of Crumps
Bank and Willougby Bank the bottom tidal current
is ebb dominant with the major direction and duration of sediment transport in the ebb direction.
South of Crumps and Willoughby Banks the bottom tidal current is flood dominant. The area between the two banks and shore is a flood sinus, with
the major direction and duration of sediment transport occurring in the flood direction.
The following conclusions can be made about the
Crumps Bank - Willoughby Bank study area:
(1)..The coarsest sediments (gravel and coarse
sand) are found next to shore and on the shallowest
part of Willoughby bank. The occurrance of only
coarse material in these areas is due to wave action
winnowing out fine- grained material and putting it
back into suspension. Wave-action enhances tidal
currents allowing sand transport. The sediment
source for this area is probably shore erosion along
Ocean View.
(2). Medium to fine sands are found around Trestle A of the Chesapeake Bay Bridge-Tunnel to about
3.5 km west. The major controlling factor of sediment transport to the area is flood dominant bottom tidal currents. The sediment source for this
area is probably the Chesapeake Bay entrance.
(3). Fine-grained sand and muds make up the
major portion of the study area. These fine- grained
sediments are located in bathymetric depressions
south of Willoughby Bank and through the center
portion of the study area. The major source for
these fine-grained sediments is probably the James
River and a sewage outfall pipe north of Little Creek
Jetty. Fine-grained sediments are concentrated in
deep areas because wave action keeps the fines in
suspension over shallow areas, allowing the grains
to move along to deeper, calmer water before settling out.
(4). Willoughby Bank can be considered a shoal,
formed by the mutual evasion of ebb and flood
curents. The low bathymetric relief associated with
Crumps Bank may actually be the result of it being
an erosional remnant of the north bank of the ancestral James River. The occurrance of an outcrop of
the Yorktown Formation (Pliocene Age) just east of
Crumps Bank indicates that an erosional surface
underlies the Crumps Bank area. Thus, bottom

tidal currents in the Crumps Bank area may be
following the bathymetric contours of the bank
instead of Crumps Bank developing by the mutual
evasion of ebb and flood currents.
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