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ABSTRACT

GEOMORPHOLOGY AND DYNAMICS OF A SAND WAVE
IN LOWER CHESAPEAKE BAY, VIRGINIA

Gerardo Miguel Eduardo Perillo

Old Dominion University, 1981
Director: Dr. John C. Ludwick

A single, more or less isolated, sand wave in a sand
wave field recently discovered in the lower Chesapeake Bay,
Virginia, was studied intensively for morphology, sedi-
mentology and in terms of dynamic processes. The
morphologic investigation consisted of bathymetric surveys
of the sand wave field and the specific sand wave. Twenty-
five grab samples and four box cores were obtained from
different segments of the feature studied. Textural para-
meters of the samples were determined, and a multivariate
technique was utilized to identify subenvironments on the
feature. The box cores provided information on the

internal structure of the sand wave.

Observations of near-surface currents, and turbulent
shear stresses at a level 5 cm above the bottom were made
at five stations distributed along the profile of the sand
wave. Simultaneously, vertical profiles of density were
measured. Time series analysis of the shear stress data

at 5 cm above the bed revealed three types of constituents:
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(a) long period trends, (b) wavé-associated events, and

(c) turbulence. The turbulent part of the record was
found to be highly reduced in comparison with the other
two components. Spectral analysis revealed that the
energy of the horizontal component of the flow was smaller
than the energy for the vertical component of the flow.
Suspended sediments and stable density stratification are
known to reduce turbulence, and doubtless have great
effect in the present instance; however, the most affected

was found to be u and not w as would have been

expected.

A decrease in main flow velocity due to the three-
dimensional shape of the feature is believed to result in
a strong reduction in the horizontal component of the flow,

as well as in the shear stress.

In the case of a more-or-less isolated feature, the
flow can follow, or partly follow, a path of avoidance
around the feature. The integrated results of the study
suggest that the sand wave is a "solitary" bedform,
originally formed by ebb currents, and presently is in

static equilibrium with the circulation pattern.
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I do not know what I may appear to the world,

but to myself I seem to have been only like a boy
playing on the sea-shore, and diverting myself

in now and then finding a smoother

pebble or a prettier shell than ordinary,

whilst the great ocean of truth lay all

undiscovered before me.

Issac Newton

If I have seen further it is by standing

on the shoulders of giants.

Isaac Newton

ii
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Chapter 1

INTRODUCTION

l.1 Statement of the Problem

When a fluid moves over a bed of cohesionless sedi-
ments with a velocity greater than the threshold velocity
of the constituent grains, the bed tends to deform by
random erosion and accretion. As a result of these modi-
fications of the bottom layer, bedforms appear which
generate further complexities in flow characteristics.
The most common bedforms are transverse to the flow and
are known generically as "ripples." Several classifica-
tions of these features have been devised, but there is
still no general consensus as to nomenclature (Allen,

1968).

The present study is concerned with large ripples
here designated "sand waves." The physical parameters
of sand waves are: (a) a height greater than 0.6 m; and
(b) a wavelength in excess of 6 m. In marine environments,
subtidal sand waves have been known since the 19th century
(Darwin, 1884; and Cornish, 190l1). But as Middleton and
Southard (1978) suggested, the observation and understand-

ing of the bed geometry has been limited by instrumentation
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and the unsteadiness of the flow. Only in recent years
with the development of more accurate navigational and
measuring devices, the possibilities of a detailed study
of the morphology and dynamics of subtidal bedforms have
increased. The purpose of this investigation was to study
a particular sand wave in the lower Chesapeake Bay from
morphologic, sedimentologic and dynamic points of view.

To avoid preconceptions, each method has been treated
independently and discussed in different chapters. The
conclusions (Chapter 5) summarize the results of these

methods.

1.2 The Study Area

The sand wave studied is part of a sand wave field
recently discovered in lower Chesapeake Bay, Virginia.
The Bay itself is a coastal plain estuary formed by the
drowning of the Susquehanna River and its tributaries
during the Holocene. The Bay is 314 km long and of
variable width averaging 24 km in the lower reaches. The
entrance between Fishermans Island and Cape Henry is

18 km wide.

A semidiurnal tidal wave is the dominant dynamic
feature of the flow in the estuary. The non-tidal current
calculated by Hilder (1980) was 3.1 cm/s directed 129°

true. The resultant circulation is that of a partially

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mixed, moderately stratified estuary. At the mouth the
net surface flow is directed toward the ocean, and on the

bottom there is a net inflow.

Figure 1 shows the entrance of the Bay and the study
area which is limited at the southeast corner by the
Chesapeake Bay Bridge Tunnel. The other limits are marked
by the parallels 37°01' N and 37°08' N and the meridians
76°04' W and 76°10' W. The total area is approximately
116 km?.
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Chapter 2

BOTTOM MORPHOLOGY

2.1 Objectives

Since man began to navigate, the knowledge of the
danger produced by shoals and banks have been an important
factor. Therefore, hydrographic surveys were carried out
in the vicinities of the coastal navigational routes.
Eventually the evolution of navigational and depth
recording equipment made possible the study of deeper
regions. As a result of these surveys, oceanographers
came to realize that the ocean bottom was not flat. As
regards sedimentary structures on the bed, descriptions
of subtidal sand waves have been common in the literature

since the early part of this century.

In the entrance to Chesapeake Bay, sand waves have
been described and studied by Ludwick since 1970. - A new
field was discovered recently in an area outside the
common navigational routes. It is the main objective of
this chapter to describe the morphologic characteristics

and possible evolution of not only this field, but also

of a specific sand wave within the field. The results
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of this analysis have been also utilized to select areas

for sediment sampling and flow measurement.

2.2 Methodology

2.2.1 Field Work

The bathymetric study was performed using the R/V
LINWOOD HOLTON, operated by the Department of Oceanography,
0ld Dominion University. The instrumentation on board
this 20-m diesel powered vessel included a depth recorder

and Loran-C receiver.

The echosounder was composed of a transducer, Raytheon
model 7245A, connected to a Survey Depth Recorder model
DE-719B of the same Brand. The output was a strip chart.
The survey was made on a scale of 0-15.24 m at a chart
speed of 5.08 cm/min, unless otherwise specified. The
vertical accuracy of the device is thought to be better
than 0.30 m. The transducer was calibrated before each
day of work using a Check Bar built by J. Keating, marine
technologist, Department of Oceanography, 0ld Dominion

University.

The navigational equipment utilized was a Micrologic
ML-1000 Loran C-receiver. Loran-C is a radio system based
.lL
o on 3 transmiting stations that send groups of pulses

(Group Repeating Invervals, GRI) repeating the same
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pattern at specific periods ranging from 40,000 to 99,990
microseconds. The GRI 9960 was the best receiving chain
in the study area. The receiver was a small computer that
provided approximate latitude and longitude, time differ-
ence (TD), range and bearing to a destination, and cross
and track. The estimated error in repetitiveness of
position location was less than 18.5m (0.0l nautical

“mile).

The first task was to define the limits of the sand
wave field. For this operation, 15 bathymetric profiles
were run along a magnetic North bearing (352° true). Each
profile was approximately 11 km in length (6 nautical
miles), and separation between them varied f£rom 200 to
1000 m. The general procedure for taking the profiles
described ?ere was also employed for the bathymetric

study.

With the calculated latitude and longitude of start
and end points of the profiles, the first step was to
drop a buoy to mark the location of the initial point.
Immediately the Loran-C receiver was switched to the TD
(time difference) function. 1In this mode the device
displayed X- and Y-TD coordinates with a precision
of 0.0l microseconds. The display is updated every 4
seconds, and the function has 21 seconds of recuperation.
Latitude, longitude and bearing in degrees true to the

end point were entered manually into the receiver.
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The profile began as the vessel passed beside the
starting buoy at a speed of aboﬁt 6 knots (1100 RPM)
heading due North magnetic. Simultaneously, TD values
were taken, and a fix was marked on the strip chart of
the depth recorder. After 15 seconds the receiver was
turned to the cross and track function, which indicated
the deviation of the vessel from the calculated path.
Correction for this deviation was imparted to the captain,
and the receiver was returned to the TD function. The
foregoing procedure was repeated every 2 minutes until

the end point of the profile was reached.

Once the sand wave field was delimited from the
reconnaissance records, three bathymetric studies were
planned. On May 23 and June 13, 1980 the general bathy-
metry of the field was investigated in two separate field
works with profiles ranging from 4.6 to 1l km in length
and separated by about 1000 m. The third study was an
intensive bathymetric survey made of a particular sand
wave on June 12, 1980. Here the profiles were 1500 m in
length and were separated by 250 m. Due to the short
span of the profiles, fixes were taken at 30 second inter-

vals. Track deviation was not controlled.

2.2.2 Data Reduction

A special chart for each of two scales was constructed

for plotting TD values. These charts consisted of two sets
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of lines of equal TD drawn on a latitude-longitude grid.
The Loran-C grid was adjusted with the recently released
Additional Secondary Factors (ASF, U.S. Defense Mapping

Agency, J. C. Ludwick, personal communication, 1979).

The water depth corresponding to each fix mark
associated with a TD value was read from the bathymetric
record. The depths were corrected to mean low water using
the observed tide record from the tidal gauge operated by
the National Oceanographic and Atmospheric Administration
(NOAA) at the first island of the Chesapeake Bay Bridge
Tunnel. The gauge was located about 13 km to the south of

the geometric center of the study area.

By assuming constant speed of the vessel between fix
marks, morphologic features such as the crest of sand
waves and prominent ripples were interpolated on the
chart, thus providing denser information to elaborate the
bathymetric map. The general bathymetric charts were
prepared at a contour interval of one meter. A contour
interval of 0.5 m was used on the bathymetric chart of

the specific sand wave.

2.3 Results

Understanding the characteristics of a single sand

wave entails a thorough knowledge of surrounding morphology.

In most cases, such a feature is directly related just to
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the'general bed configuration. This section was divided
into three descriptive levels. First, the Tail of the
Horseshoe Shoal and its relationship to the lower Bay is
introduced. As an intermediate step, the sand wave field
is delimited. Finally, a detailed description of the
selected sand wave and its immediate neighborhood is

presented.

2.3.1 Description of the Horseshoe

The following description of the general bathymetric
characteristic of the area over which the sand wave field
has developed was based on bathymetric charts prepared by
the National Oceanic Survey (NOS) -NOAA (1972) and
Goldsmith and Sutton (1977). Several references on the
southern part of the area were obtained from bathymetric

studies by Ludwick (1979, 1981).

The main morphologic features of the surrounding area
are two navigational channels. To the south, Thimble
Shoal Channel is the access route to Hampton Roads through
the narrows formed between Willoughby Spit and 0ld Point
Comfort. This natural channel has been dredged since 1910,
and the estimated £filling rate is 242,960 m3 per year

(Ludwick, 1979).

To the north and east, the study area is crossed by

the Chesapeake Channel, a wholly natural, wider and
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slightly shallower feature than the Thimble Shoal Channel.
This is the route followed by cargo vessels to the north-

ern ports of Chesapeake Bay (Annapolis, Baltimore, etc.).

The sand wave field is distributed over the north-
eastern flank of a large elevated region between the
intersection of the two channels at the Bay mouth and the
coastline of the City of Hampton. This shallow area known
as the Horseshoe (and the Tail of the Horseshoe) has a
minimum depth of three meters and deepens slowly toward
the northeast, that is, toward the Chesapeake Channel.

The inclination is relatively abrupt to the south and
southwest, particularly near the mouth of Hampton Roads.
One inlet-margin shoal (Ludwick, 1979), Thimble Shoal,

marks the southern limit of the shallow area.

Mutually exclusive ebb and flood dominated channels
have been described in the area of the northeast flank of
the Chesapeake Channel (Granat, 1976) and the northern
entrance of the Chesapeake Bay (Ludwick, 1973a). In the
Horseshoe area, ebb dominated channels are far more
developed. One of them, delimited by a 10 m isobath
(NOS-NOAA, 1972), can be traced well inside the study
area (Fig. 1). Flood dominated channels are minor and

not well defined.
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2.3.2 General Bathymetry

The bathymetric survey performed on June 13, 1980 is
described below. Some references will be made to the
data obtained on May 23, 1980 and previous bathymetric
profiles made from August 1979 to April 1980 to delimit
the sand wave field. The general gradient of the north
flank of the Horseshoe, specifically the sector denomi-_ .
nated the Tail of the Horseshoe, was toward the northeast.
The slope calculated between the shallowest and deepest
points on the bathymetric chart (Fig. 2) is B = 0.16°

- (0.28%).

The limits of the sand wave field may be defined by
the isobath of 10 m up to a latitude from 27°04'. North~
ward from this line, 12 m is the limiting isobath. West
of meridian 76°10' sand waves were not found, nor were
they evident south of the 37°0l1' parallel. An analysis
of the general tendency of the terrain indicated that the
flank of the Horseshoe shoal was not a smooth feature.
There are elongated mounds or ridges and depressions or

channels trending in a south southeast direction.

The first of these ridges was found immediately to
the west of the 10 m isobath and formed an angle of about
15° open to the south southeast. Over this ridge the

shallowest sand wave crests (up to 6.51 m) were found.
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The average depth of the area among sand waves, "flats"

(Fig. 5) was on the order of 9 m.

Another ridge was found at the extreme western
boundary of the area, parallel of the 76°1l0' meridian.
There, the crests were deeper than the previous ridge
(8.31 m), and flats averaged 10 m depth. These two ridges
are separated by a channel trending north-south, where
bedforms are much smaller. Crests reached 9.95 m in depth,

and flats were on the order of 11 m.

All three elongated features incline on a gentle
upward gradient to the south and culminate in an almost
circular shoal at the southern limit of the area, one of
the main features of the Tail of the Horseshoe. There
are several areas enclosed by hachure marks (Fig. 2) which
indicate depressions, some more than 12 m deep. They are
concentrated in the channel sector, and their main axes
are more or less parallel to the crest of the sand wave

and smaller bedforms.

The crests of the sand waves are disposed transverse
the ebb flow. According to the echosounding records (i.e.
orientation of the crests was east-west, and they normally
presented a linear shape. The crest lengths averaged
800 m, and the maximum length was 2100 m. Separation

between crests averaged about 200 m.
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Sand wave heights varied in relation to the general
features (ridges and channel) with which they were
associated. In the area of the ridges, heights averaged
1.7 m, a maximum of 2.1 m. In the channel area, heights
were less pronounced and in most cases did not surpass
one meter. On the echosounding records (Fig. 5) there
was no evidence of smaller bedforms, such as ripples
associated with the sand waves. In some situations the
sand wave exhibited "catback" features or alternatively,

rounded crests, but typical crests were peaked.

Granat (1976) found sand waves only in the south-
eastern part of the Inner Middle Ground-Nine Foot Shoal.
Other sand waves have been described to the north and
east toward the mouth of the Chesapeake Bay (Ludwick,
1972; and Wells, 1973). 1In those studies, in the
Chesapeake Channel and on the southwestern flank of
Middle Ground, sand waves were not detected. However,
ripples (Fig. 3) up to 0.60 m high and less than 10 m in
wavelength were observed limited by the 15 m isobath
(Fig. 2). In both bathymetric surveys and during the
previous bathymetric profiles, the ripples cited above
always faced the northwest, up the axis of the Chesapeake

Channel.
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2.,3.3 Sand Wave Bathymetry

Over the small sector within the study area depicted
in Figure 1, an intensive bathymetric study was carried
out on June 12, 1980. Figure 4 is the resulting chart.
The sand wave under investigation is at the center of
the chart and is deliminated by the isobath of 9 m. The
sand wave profile is exhibited in Figure 5. The elongated
crest of the sand wave oriented approximately east-west
was estimated to be 600 m in length, and the minor
axis reached a maximum of 100 m. Maximum relative relief
is 2.1 m at the east end of the bedform, and the calcu-
lated slopes of lee and stoss sides are 4°15' and 1°26°',

respectively.

Besides the sand wave, several morphologic features
could be observed in the chart. In the first place the
sand wave was separated from the minor bedforms, to the
north and south, by a relatively flat area circumscribed
by the 10 m isobath on the east and the 9 m isobath on
the other three boundaries. The topography of the areas
described previously as flats is gentle and cam clearly
be distinguished from the sand waves. Two of these
features may be observed on both sides of the main sand

wave in Figure 5.

To the east and west, deeper areas approximately

normal to the direction of the crest of the sand wave
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are observed. The sector to the west was part of the
channel described in the previous section. The eastern
deeper area was not so well developed in a longitudinal

form and was not distinguishable in the general bathymetry.

The two sand waves on either side of the main
feature are smaller in height and less well-defined.
Their crests are more sinuous. The three bedforms are
distributed relative to one another over the area in a
peculiar form. They are not situated along the same line,
but rather they are displayed, particularly the northern-
most one. Since the northern sand wave, defined by the
isobath of 9 m, is smaller than the main sand wave, the
western flank of the main sand wave may be more exposed

to ebb flows.

2.4 Discussion and Conclusions

Analysis of the morphologic characteristics depicted
from bathymetric charts revealed that at least the northern
flank of the Horseshoe area is mainly influenced by ebb
currents. This was further estimated by the orientation
of the sand waves that were found since their lee faces
were directed toward the South. Ludwick (1981) has
observed a slow laterial migration to the south of the
Tail of the Horseshoe which might contribute significantly

to the filling of the Thimble Shoal Channel.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The sand wave field has developed on the flank of a
shoal, a relationship which is not an uncommon finding.
Sand waves positioned in this way have been found
associated with linear shoals in the North Sea (Houbolt,
1968) and on several continental shelves around the
western Atlantic (Swift et al., 1978; and Parker et al.,
1978). The sand waves in those areas were considered as
part of a genetic process for those shoals through the

mechanism of hellicoidal flow cells.

On the other hand, several elements in the present
study have suggested that the sand wave field might not
be active presently. The first element is the position
of the main sand wave. From August 1979 to August 1981
at least 18 times the sand wave was located using the
same coordinate and TD values. The only exception was
during the collection of two sediment samples (see
Chapter 3). About 23 weeks separated the bathymetric an
sampling operations. The difference in position was
registered for the western side of the sand wave, which
is exposed to the ebb currents being unshielded by

another bedform nearby.

One of the results of bedload transport is ripples;
they are associated with flows that exceed the critical
shear stress of the bed material. During the field work

in the present study different tidal conditions (i.e.

16

d

maximum ebb and flood, etc.) were encountered, within the
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sensitivity of the depth recorder (less than 0.30 m):
however, no ripples were observed. The only exception
were the ripples in the Chesapeake Channel which are not
associated with sand waves. Net flood dominance at the
bottom of the channel is suggested, since the steep face
of the ripples was directed northward in all the bathy-

metric profiles of the channel area (Fig. 3).

The last qualitative consideration is the distribu-
tion of channel and flat areas within the field of sand
waves. The concept of "solitary" sand waves has been
introduced here to describe the state of a sand wave in
which further evolution of the sedimentary structure is
mostly independent of adjacent bedforms. This concept
might be applied to several bedforms in the area which
are isolated from the other sand waves by flats. 1In
particular, the subject sand wave may be considered in

this category.

Excepting the case of the two sediment samples
explained previously, the fact that the sand wave main-
tained the same position throughout the study period may
indicate that migration was not occurring. Another possi-
bility is that the rate of migration was so small as to
be less than the error in the navigational instrument

(18.5 m).
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As seen from the bathymetric study, the sand wave
field may be in static equilibrium with the ambient flow.
The original formation of the field of sand waves may be
due to ebb dominated currents, but at this moment most of
the flow may be diverted towards the master channels of
the area, thereby reducing the current strength over the
sand wave. In most studies, sand waves are treated as two
dimensional features, that is, the flow is normal to the
bedform as is confined to pass over the crest. Since in
the present case the crestlength cannot be assumed "infi-
nite," the sand wave must be considered as three
dimensional. This would introduce further complications
in the analysis of the flow characteristics over the sand
wave, since the cross-stream component of the flow has to

be taken into account.

During storms, where waves and currents transfer
maximum power to the bed, the sand wave field may suffer
most of its modifications. Comparison of extremely
detailed bathymetric charts from surveys made before and
after certain events may indicate the magnitude of the
changes produced on the bed morphology, and permit a
firmer conclusion as to whether effective activity on the
bed configuration is episodic or not. The selection of
the events such as tidal currents at the times of equi-

noctial tides, wind generated currents, high run-off or
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waves may define which dynamic elements are the most

effective driving force on the area.
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Chapter 3

SEDIMENTOLOGY

3.1 Objectives

Sediment texture is a record of the conditions that
exist in a sedimentary basin and is the result of the time
averaged action of the dynamic components acting on the
basin. If the threshold of the material is exceeded by
the transporting agent, the grains will be displaced from
one point to another. If the agent is strong enough, it
may carry the grains outside the area of study. In a
unidirectional stream, if the discharge is constant, steady
state conditions may hold. Then, sampling at different
times may produce similar results. However, when tides
and waves are involved, conditions are more complex.
Sediment is transported back and forth and interchanged
with the surrounding areas. Therefore, when a sand wave
in a subtidal environment is sampled, the researcher must
bear in mind that the texture will reflect those different

conditions and that his work is to separate them.

In the preceding pages, the morphologic description
of the northeast side of the Horseshoe area and specifi-

cally the sand wave located there have been described.

20
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In the present chapter, the textural characteristics of
that sand wave will be presented. Samples were obtained
with a Shipek sampler and a Box Corer. Textural parameters
for these data were analyzed, and a multivariate technique,
factor analysis, was utilized to define subenvironments

on the sand wave. Box cores provided information on the

internal structure of the sand wave.

3.2 Previous Studies

Comparatively little is known about the distribution
of sediments in underwater bedforms. Even less is known
about the effect of multidirectional currents and waves
on those sediments and the internal structures generated
by them. Most of the work to date has considered unidirec-
tional flows, mainly in laboratory experiments. The
papers of Simons et al. (1965) and Jopling (1965) are
examples from a very large list. No studies have been
done in flumes that represent an environment dominated
by tides; therefore, our knowledge has been based on

field data.

The pioneer study of Houbolt (1968) resulted in a
detailed description of the sand banks of the North Sea
and the first indications of the sand distribution along
the profile of a submerged sand wave. Terwindt (1971)

found, as did Houbolt, that there was a graded difference
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in grain size from trough to crest. On shallower sand
waves coarser grains were observed at the crest while sand
waves formed in deeper waters not affected by wave action,

displayed a reverse distribution.

In the entrance to the Chesapeake Bay, Wells (1973)
and Ludwick and Wells (1974) made a detailed study of the
sediment characteristics of sand waves along five profiles
sampled by divers. They found that migrating sand waves
consisted of coarser sediments on the crest. The nearly
symmetric (i.e. non-migrating) bedforms exhibited coarser
grains in the troughs. Analysis of variance of the data
showed that small scale bedforms were not sufficient to
obscure the distribution of the statistical parameters in
the main structure. Monahan (1979) used an anchored vessel
to sample a sand wave in the St. Lawrence estuary, but he

was not able to identify a trend in the grain size.

Several authors have addressed the problem of the
internal structure of subtidal bedforms. Allen (1980)
provided a clear review of some of the prevalent models
and compared them with a theoretical scheme that he
developed. The most reliable data were obtained by
Houbolt (1968) off the Dutch coast; he described foreset
bedding that might have been disturbed by sea urchins.
Based on the description by Houbolt (1968), McCave (1971)
modelled an asymmetric sand wave with two levels; the

lower portion was dominated by structures formed by ripples
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and burrowing organisms without definitive orientation
of the cross bedding. The upper level was formed by

foreset bedding and megaripples on the stoss side.

Hine (1977) proposed a model for internal structure
for sand waves in an oolite shoal in the Bahamas. The
model was based on a previous model of bedform stratifica-
tion by Harms et al. (1975). Hine described stages of
initiation, growth and final equilibrium with specific
current, wave and depth conditions. The resulting
structure bears a typical lamination known as herringbone

cross-bedding.

Shallow subtidal sand waves have been illustrated by
Oertel (1973) and Hubbard et al. (1979). These authors
observed sand waves in the main channel of tidal inlets
with complex planartangential trough cross strata produced
by the migration of smaller bedforms across the stoss of
the sand wave. The observations attained by Hubbard et al.
(1979) clearly showed that complex internal structures

are not exclusive of intertidal structures.

Sediments from the entrance of the Chesapeake Bay
were studied by Meisburger (1972). His profile along the
bridge-tunnel route showed that fine, well-sorted gray
sand is the dominant surficial sediment between Fishermans
Island and the Thimble Shoals Channel and overlies a gray

sandy silt unit. He suggested that the origin of this
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sand layer, approximately 36 m thick near Fishermans
Island, is from sources Qutside the Bay area. However,
Shideler (1975) proposed a double origin. He suggested
that the sand might be a well-winnowed lag sediment

derived from erosion of a Pleistocene substrate and an
influx of adjacent shelf and littoral sands. Analysis of
variance and factor analysis of heavy mineral data obtained
from the same samples used by Shideler seemed to support

his thesis (Firek et al., 1977).

3.3 Methodology

3.3.1 Field Work

From the bathymetric study described in Chapter 2
several stations were selected as representative of the
main morphologic features of the sand wave shown in
Figure 6. Samples were taken from-the R/V LINWOOD HOLTON
with a Shipek sampler and a Box Corer. The Shipek sampler
takes a sample of the upper 10 cm of the bed sediments
over an area of 412 cmz. The corer extracts a core of
rectangular section (17 by 9 cm) of undisturbed material
up to 45 cm long. The following procedure was adopted
for the sampling operation. With the geographic coordi-
nates, the captain was able to position the vessel in the

general area. He then maneuvered according with the -:

TD values until the desired location was obtained.
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Simultaneously, continuous echosounding records were

monitored.

From determination of currents, wind direction and
strength, one of two methods of sampling was selected:

(a) anchored method or (b) moving method.

The anchored method (a) required that currents and/or
wind direction form a small angle with the meridian pass-
ing over the sand wave since the sand wave crest was
oriented approximately east-west. The choice of which
side of the bedform (stoss or lee) to be utilized for
anchoring was decided at that moment with the available
information. Once the anchor was set, the chain was payed
out until the vessel was above the opposite flank. As
anchor chain was slowly taken in, the feature of interest
could be selected with reference to the echosounding
information. After selection of the site, the ship
stopped and stabilized itself, and the samples were
obtained. The instant the sampler struck the bottom, TD
values were obtained from the Loran-C receiver, and a

fix was marked on the strip chart of the depth recorder.

The moving method (b) was used when current and wind
conditions were too rough to proceed as above. This
method required accurate positioning on the crest of the
sand wave where a buoy was dropped. Immediately after-

wards, a bathymetric profile was taken due South, and
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buoys were dropped at selected locations. A second pro-
file was taken to insure the proper position of the buoys.
The sampling procedure was followed by stopping the ship
beside each buoy. Other operations were similar to those
described for the previous method. Box cores were obtained

by the moving method (b).

Once the sample was on board, visual descriptions of
color, grain size, general composition, and biogenic
material were made. On many occasions the Shipek sample
was relatively undisturbed, and the depth of the top of
the reduction zone could be obtained. About 600 g of
material were stored in a carton for later study in the
laboratory. The cans containing the cores were identified,
and descriptions of the surface and bottom characteristics

were recorded on board.

3.3.2 Laboratory Work

The size analysis of 28 Shipek samples was made by
sieving. Descriptions of the procedures can be obtained
from Wells (1973) and Granat (1976). The weights obtained
from this analysis were processed with the program
GSIZE.FOR (Appendix A), which gives moment and inclusive
graphic statistical parameters (Folk, 1974). Several
percentages and a plot of the cumulative curve in arith-

metic scales were also produced by this program.
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The box cores were brought to the laboratory and
stored in a refrigerator for two days to reduce thie bio-
logical activity. After this period, the material was
extruded from the cans and transferred to X-ray trays.

Each core was photographed, measured and described.

To obtain an X-ray of the internal structure of the
material, the core was slabbed down to a longitudinal
section 2.54 cm thick. During this procedure, descrip-
tions of significant changes in composition, color, or
biogenic material were recorded. With the X-rays for
reference, a more detailed sampling of the material was

performed.

3.4 Results

Twenty-five of the 28 samples obtained in the sand
wave area were studied. Three samples were diséarded,
bécause problems with the Loran-C receiver prevented
accurate positioning of the vessel. Figure 7 shows the
location of the 25 sampling sites. The samples were
identified by a letter and number. The letter indicated
one of the four morphologic features defined in Figure 5

(C = crest; S = stoss; L = lee; and F = flat).

Two samples that were classified as stoss (S4 and S5)
appeared to be on the crest or lee side of the sand wave.

This might be due to a possible migration of the sand wave
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that might have occurred during the 23 weeks that elapsed
between the bathymetric study and sampling. Samples L13
and L29 were classified as lee sediments, because they
were obtained in that segment of the éand wave, though
very close to the toe. As will be seen below} their
characteristics suggested that they could be considered

as flat samples.

During the sampling it was clear that sediments
obtained from different segments of the sand wave were
distinct. Crest samples were pale yellow in color, the
coarser material and lack of a reduction zone were also
distinctive features. Stoss and lee samples were of
finer sediment and pale olive in color. The reduction
zone was encountered about 1 to 2 cm from the sémple
surface. Samples from the flat areas had larger percent-
ages of silt material. The sand size sediment was finer,
dark colors were observed (olive), and the oxidation zone
was almost nonexistent. In these samples some worms and

worm-tubes were observed.

The sand sized material of all samples was mainly
composed of clear quartz grains, angular to subangular,
subspheric to elongated. Very few shells, in most cases
broken fragments of bivalve shells, were present in this
size, but they formed more than 80% of the gravel size.
Less than 10% of the material was rock fragments, mainly

metamorphic.
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A standard sieve analysis was performed on all samples
including the fragments of shell with a 1/4 ¢ separation
between sieves (¢ = - log, grain diameter in mm).

Figures 8 and 9 show the histogram representation of the
samples. The dominant size was medium sand. Except in
one case, all contained less than 10% of the silt-clay

fraction (herein called mud). Gravel and very fine sand

fractions were almost nonexistent.

Figure 10 displays four cumulative curves, each
representing a type of sediment. Assuming that Visher's
(1969) division of the cumulative curves is a valid
approach, the crest samples could be considered as part
of the saltation population. The other three types
supplied a larger percentage to the suspension zone. In
the suspension population a subdivision is indicated which
has never been seen before for the lower Chesapeake Bay.
There was very little sediment in the samples between
2,75¢ and 3.5¢,. in the range of very fine sand. This
produced the break observed in the curve, which was marked

as the boundary between subpopulations B' and B.

3.4.1 Textural Parameters

Many researchers have tried with varying success to
identify environments by using textural paraméters. Mason

and Folk (1958) and Moiola and Weiser (1968) utilized the
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inclusive graphic measures (Folk and Ward, 1957), while
Friedman (1961) made use of the statistical moment equa-
tions. To date no clear attempt has been made to
differentiate subenvironments, specifically, the faces of
a sand wave. Except sampling along profiles done by
Houbolt (1968), Wells (1973), Ludwick and Wells (1974)
and Monahan (1979), no systematic study of a subtidal

sand wave has been accomplished.

Inclusive graphic parameters were preferred over the
moment type, because the verbal classification introduced
by Folk (1974) has been well established. Excluding
Kurtosis, which was always greater in the moment method,
both systems gave similar results. The analysis of the
statistical parameters in the present study was based
mainly on maps of the distributions of the parameters and
on diagrams which show the relationship between two

parameters.

Mean. The phi mean ranged between 1.12¢ and 2.21¢,
and averaged 1.61¢ T 0.24. 1In all but two samples, the
mean values occurred in the medium sand size (1-2¢).

Table I introduces the average mean value for each of the
subenvironments into which the sand wave was divided.
Crest samples were the coarsest; and flat the finest,
separated by about 0.55¢ % 0.16. Stoss and lee samples

possessed approximately the same mean which was similar
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to the crest value. This seemed to indicate that the
material that constitutes the sand wave was the same, but

slightly reworked by the currents and waves.

Figure 11 presents the areal distribution of the mean
over the sand wave. Coarser sediments were present along
the crestal axis, the sediments became finer on both sides
and reached the lowest values on the flats. The sediments
from the flats were different depending on the side of the
sand wave. Typically, the sediments on the north side

were coarser. This may indicate a higher energy activity

ebb dominated environment on the lee side.

Standard deviation. The standard deviation of the

sand wave samples ranged from 0.419¢ to 0.68¢. Sixty
percent of the samples were in the well sorted category,
and the other 40% were moderately well sorted. The overall
average standard deviation was 0.5¢ t 0.06. The average

for each segment is presented in Table I.

The areal distribution of the standard deviation
(Fig. 12) shows the two categories separated by the 0.50¢
isoline. Moderately well sorted samples were concentrated
along the west and south sides of the sand wave, mainly
associated with lee and flat areas. Again the shielding

produced by the crest showed that sediment downstream of
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the ebb current was less reworked and might receive finer
particles from erosion of the crest and stoss as well as

from settling of suspended material.

Skewness. Skewness measures the deviation of the
grain size distribution from the ideal log-normal distribu-
tion. The sand wave samples represented almost all the
range of skewnesses from strongly fine skewed (4%) to
coarse skewed (60%). Only six samples, four of them

crest samples, were nearly symmetric.

Generally, lee and stoss sediments tended to be coarse
skewed, and flat sediments to be fine skewed. The overall
average was =0.079 * 0.17. Figure 13 exhibits the plan
view distribution over the sand wave. Coarsely skewed and
nearly symmetrical sediments were observed on the central
portions; those finely skewed were dominant on the south
side. Specifically, one must note the difference between
the flat samples from the northwest of the sand wave and

those from the south and northeast parts.

Kurtosis. According to Folk (1974), kurtosis measures
the ratio between the degree of sorting of the central
portion of the curve and the tails. In other words, it
provides the "degree of peakedness" of the curve. In case

of a log-normal distribution, kurtosis equals one for the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

inclusive graphic measures. For the sand wave, all but
one sample (KG = 0.97) had kurtosis larger than one,

the maximum was 2.07. This indicated that there was
little spread, i.e. the central portion of the curves were

better sorted than the tails.

All crest and some stoss and lee samples were meso-
kurtic. Some flat samples were leptokirtic, but most were
very leptokurtic. Again differences between the north and
south side were observed (Fig. 14). The very leptokurtic
flat samples were taken from the south and northeast
portions of the sand wave. The mesokurtic stoss samples
were more similar to the crest samples and formed a

continuous band which included the sand wave axis.

3.4.2 Correlation of Textural Parameters

The popular method of correlating two textural para-
meters has been only partially effective in discriminating
among sands taken from several environments such as beaches,
coastal and desert dunes, and rivers (Friedman, 1961, 1967;
and Moiola and Weiser, 1968). 1In the present study, this
method was intended as a first approximation to distinguish
the sand wave subenvironments. Surprisingly, it has given
relatively good separation into three fields. In most of
the cases, two fields defined by the crest and flat

samples were situated at both extremes of the graphics
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(Figs. 15, 16 and 17). At the center of the distributions,

stoss and lee samples were found forming a cluster.

Mean versus standard deviation (Fig. 15). Mean

particle diameter (M¢) versus phi standard deviation

(0¢) was probably the relationship that best separated

the three fields described. Basically, the spreading of
the samples was due to the mean. Flat samples were concen-
trated on the fine side of the plot, including samples

L13 and L29. Crest samples tended to aggregate on the
coarser side. 1In the center, lee and stoss samples fdrmed

a cluster with small dispersion.

Mean versus skewness (Fig. 16). A very similar

pattern was observed when mean was related to skewness;
however, the crest samples were more mixed with the
central cluster. Together they formed the coarse skewed
group. Five out of six samples with a mean finer than
1.8¢ were fine skewed and spread over a larger range.

Again the mean is more important in separating the groups.

Mean versus Kurtosis (Fig. 17). This relationship is

rarely seen in the literature, probably due to the complex-
ity in the interrelation between both parameters. It also

gives the poorest results for identification of environments.
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When plotted for the sand wave, the pattern was similar

to the one shown in Figure 16. The finest sediments tended
to be leptokurtic and very leptokurtic, while all the
samples coarser than 1.8¢ concentrated in the mesokurtic

range.

3.4.3 Factor Analysis

The standard statistical analysis presented in the
previous section was successful in separating the three
subenvironments on the sand wave. Little can be said
about the general characteristics of each of them, other
than the statistical abstract of each sample given by the
inclusive graphic measures and the group averages provided

in Table I.

Sediment composition in a presently active environment
is a response to several parameters: the source of the
original material, the energy of the transporting agent,
and the composition and reactivity of the material. Factor
analysis has been used to determine and characterize end
points in complex conditions (Imbrie and van Andel, 1964;
Klovan, 1966; Allen et al., 1972; and Miesch, 1976). This
method has been used successfully to differentiate sedi-
mentary environments in lagoon-inlet-beach systems (Klovan,
1966), continental shelves (Drapeau, 1973) and suspended

matter distributions (Nelsen, 1981).
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The technique is based on the calculation of eigen-
values and corresponding eigenvectors from either a
correlation or a covariance matrix (Davis, 1973). The
idea is to obtain the smallest possible number of linear
independent terms which are combinations of the original
variables. Thus, the final result may be interpreted as

a function of the initial geological parameters.

Only the Q-mode option was used in the present study.
The objective of Q-mode analysis is to interpret the rela-
tionship among the samples. The data consisted of the
weight percentage of the sediment subdivided into 1¢
intervals (Table II). All material coarser than -1l¢ was
defined as gravel and considered as one class. The same
scheme was followed for sizes finer than 4¢. The programs
and subroutines utilized in the present research were

adapted from Davis (1973).

Q-mode results. The eigenvalues are the representé—
tion of the factors in this multivariate technique. 1In
this case, the first seven eigenvalues, the percent of
variance and the cumulative percent of variance are shown
in Table III. The first two factors accounted for more
than 99.1% of the grain size variance. The meaning of the
original factors may be difficult to extract. Therefore,
a rotation technique (Kaiser's varimax) was applied so

that the projection of each variable onto the factor axes
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are either near the extremities or near the origin. By
this mean, the end members of the sediments may be deduced.
Once the factors are rotated, the factor scores give an
idea of which variables are more important in the composi-

tion of the factors. This is observed in Table IV.

Factor I was the most important since it occqpied the
largest share in the total grain size variation: 95.07%.
It represented medium sand (1-2¢). This was not surpris-
ing since medium sand was by far the dominant size in all
the samples. Fine and coarse sand were the secondary

components in this factor.

Factor II accounted for about 4% of the information
contained in the grain size data table (Table II). This
factor was formed by the ratio between fine sands and muds

to coarse and medium sands.

Table V presents the loading of each factor in each
sample. In a model where the number of factors is equal
to the number of variables, the communalities of normalized
variables equal 1.0. When the number of factors is less
than the number of variables, the closer the communalities
are to 1.0, the better those factors describe the samples.
In the present case all the samples had communalities

largexr than 0.94.

As the input data matrix is transposed, the relation-

ship among the vectors which define each sample can be
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determined by applying the correlation method introduced
by Imbrie and Purdy (1962). They found that the cosine

of the angle between two vectors (cos @) is a measure of
the similarity between both samples. The maximum possible
value is 1.0 and is obtained from the correlation of the
sample with itself or of two samples alike. A zero cos 8
value indicates that there is no correlation between the

observations.

The similarity matrix determined for the 25 samples
obtained over the sand wave showed high correlations
between all samples. The lowest was found between F3 and
C46 (0.58). Several samples had the maximum possible or

very nearly.

The angle determined in the similarity matrix was in
seven dimensions. Since factors I and II had more than
99% of the total information, a plot between them should
give an overview of the distribution in a seven-dimensional
space. Figure 18 is such a plot. The extreme samples
were those with the lower correlation as pointed out
before. The maximum similarity was observed in samples
L1 and S4 which had a cos 6 equal to 1.0. Also a high
correlation was noticed between S38 and L40 (0.9998). The
lowest overall similarities were seen in the crest and

flat samples, values ranging from 0.70 to 0.90.
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Factor I represented a more energetic area with
coarser material within the small range that character-
izes the sediments of the sand wave. As expected, the
contrast given by factor II represented the lower energy

~environment.

The plane view distribution of the factors is
given in Figure 12. The relationship between factors I
and IT was considered. Samples with more than 61% of
either factor were assumed to be dominated by such a
factor. Samples with 41 to 60% of each of the factors
were- considered to be mixes of both. The crestal area
and the upper part of the stoss and lee side were domi-
nated by factor I, thus defining a relatively high
energy 2zone. Sediments dominated by factor II were
mainly distributed on the lower lee and flat areas.
Only one sample (F3) on the north side was dominated
by factor II. Samples from the stoss and the nothern
flat segments of the snad wave were mixed of both

factors.

3.4.4 Cores

Four box cores from a profile across the sand wave
were obtained. The positions of cores 4, 5, 6, and 7
coincided with the positions of samples S31, S12, Cl19 and

L29, respectively (Fig. 7). Even with the maximum weight
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load, penetration of the box cores averaged only 19 cm in
the typical medium sand. This size fraction was dominant

and uniformly distributed throughout every core.

All four cores exhibited two main layers which were
defined principally by color. The upper was olive in
color and was normally 5 to 7 cm thick. This layer was
dominated by subspheric and subangular to angular clear
quartz. About 15% was composed of rock fragments. The
bottom layer was dark grey in color indicating a strong
reduction zone. The sand was medium to fine-grained,
quartz was the dominant mineral and was covered with
dark organic matter. A dark brown layer of clayey
silt, 0.5 cm thick, was noted on the surface of core

6.

Biological activity was evidently significant in the
area, since on the core surfaces concentrations of worm-
tubes, small Mytilus, and bryozoans were observed. A
larger worm tube extruded 5 cm above the surface of
core 6. Mud pellets (Oertel, 1973) of ellipsoidal shape
with the major axis 1 to 3 cm were observed at different
places within the cores. The pellets were formed by dark
gray, very fine sand with a large percentage of silt and
clay material. All cores displayed a high level of
reworking by locomotion of benthic infauna that unfortu-

nately masked most of the primary structure.
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Radiographs showed primary structures in two places
in core 7 and in one place in core 6. Core 7 which was
extracted from the lee side of the sand wave exhibited two
different layers containing an apparent foreset bedding.
The upper one started 4 cm from the top of the core and
was completely within the oxidation zone. The second
layer was separated from the former by a 2 mm thick layer
of heavy minerals. Core 6 possessed a thin heavy mineral
layer with a rippled shape. Two horizontal laminations
were also differentiated by X-ray in the upper 4 cm of the
core. The described remains of the primary structure did
not indicate which process was predominant when the upper
layers of the sand wave were formed. In the cores, the

bedding was not visually or microscopically apparent.

3.5 Discussion

Meisburger (1972) described a fine gray sand unit
in the area where the Chesapeake Bay Bridge-Tunnel is
placed. The cumulative curves of three representative
samples of that unit are reproduced in Figure 20. Distinct
differences between the samples representing the four
segments of the sand wave and Meisburger's unit were

observed, suggesting no relation between both materials.

According to Shideler, the medium sand composing the

northeast flank of the Tail of the Horseshoe may be a
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residual deposit from the Pleistocene or early Holocene
channel sands of the ancestral York River tributary.
After swift et al. (1971), he classified the sediments

as "Palimpset," that is, the sediments are relic deposits
partially reworked during the Holocene transgression and
are intermediate between modern depostis and unreworked
relic ones. Palimpset sediments are not in equilibrium
with the modern hydraulic regime. When the information
provided by Shideler (1975) was compared to the data
obtained in the present study, the results indicate that
the sand wave investigated is composed of the same sedi-
ment. In the isopleth map of standard deviation presented
by sShideler (1975, Fig. 4), only the sand fraction was
considered. The material studied here was better sorted,
even though the values included the mud and gravel frac-

tions.

The sediments found on the sand wave are presented by
their cumulative curves (Fig. 10). In all the curves, a
"terrace" between 2.75¢ and 3.5¢ can be detected.
Middleton (1976) proposed three mechanisms to account for
the break in a cumulative curve drawn on log-probability
paper. They were (1) source of material, (2) mechanical
breakage, and (3) hydraulic sorting. In the present case,
mechanical breakage did not explain the absence of fine
sand material found in the sand wave. Shideler (1975) did

not mention a similar break in the cumulative curves for
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the sediment of the area; therefore, the apparent source
sediment for the sand wave under study probably contains

fine to very fine sand.

Therefore, the dynamic explanation emerges as the most
appropriate interpretation. Two forms for selection of
the sediment size to be transported are suggested. The
simpler one is to consider the shielding of very fine
material by the medium sand. Shielding is always more
effective when the difference in size of the involved

particles is maximum.

A second process relates the size of the particles
to the energy required to start motion and transport
them effectively. Based on the concept developed by
Visher (1969), the aforementioned breaks in the cumulative
curves were considered as category limits related to
transport mechanism. Visher described three populations:
traction or surface creep (C), saltation subdivided into
subpopulations A and A', and suspension (B). Passega
(1957) defined the term graded suspension as the material
transported in suspension just above the bed such that its
concentration, as well as maximum and median grain size,
decreases with height above the bottom. This term was
later related to the subpopulation A' of Visher (Allen
et al., 1972.). The presence of the terrace on the
cumulative curves (Fig. 10) called for a subdivision of

the suspension population into two subpopulations B
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and B'. Subpopulation B' indicates the material which

is in less than the expected proportion in the sample.

The average grain size in millimeters was calculated
for each break in the cumulative curves in Figure 10
(Table VI). The Shields' (1936) parameters for initia-
tion of motion are also shown. Bagnold's (1966)
modification of the Shields' parameters permitted the
éstimation of the shear stress values to transport the
material as bedload or suspension load. If not otherwise
indicated, all values corresponded to the lower limit
for each class. When the grain threshold was exceeded,
Bagnold's criterion for suspension indicated that subpopu-
lations B and B' were transported as suspension load
without bedload stage. Material from subpopulation B'
could be transported as suspension by a velocity lower
than that required by subpopulation B. The difference
in velocity for these two subpopulations may be explained

for an increase in the cohesion for finer materials.

The lower limit of the saltation population was well
inside the fine sand class, and the shear stress necessary
to move it could be as low as 1.6 dynes/cmz. To transport
larger particles, the shear stress must become large and
is rarely achieved except during extreme storm conditicis.
In such situations the waves might enhance the bed shear

stress generated by the tidal currents by a factor of
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five (Heathershaw, 198l1). The conditions needed to trans-

port subpopulation B' occurred normally in this area.

Neither mechanism proposed here acts independently;
a combination may be the appropriate solution. That is,
the action of relatively weak currents washes out the
original fine sand. Then shielding becomes more important
as the medium sand percentage increases in proportion to

the decrease in fine material.

From this analysis, one might define the sand wave as
part of a lag deposit, since the main mechanism for its
formation is based on bedload transport of material. The
sediment not trapped among grains was carried out of the
area as suspension load. Within the sand range, lag
deposits tend to be well sorted, since the agent acting
over the sediment has enough strength to carry the larger
particles. The resulting deposit tends to a larger mean

size and becomes coarse skewed.

Based on the sediment itself and the evidence from
the cores, the energy required to transport the sediment
might be present only during storm conditions. The high
degree of bioturbation, delicate worm tubes on the surface
of the cores and strong reduction zone seemed to indicate
a low energy environment. If large movement of material
are present, the reduction zone, also known as the Sulfide
System (Fenchel and Riedl, 1970), must be deeper or non-

existent in the upper 20 cm. Reineck and Singh (1980)
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indicated that anaerobic conditions are associated with the
" . . absence of turbulence or current activities, low

rate of deposition and almost no reworking."

Fenchel and Riedl (1970) defined the sharp boundary
between the oxidized layer and the reduce zone underneath
as the redox-potential discontinuity (RPD), where an abrupt
change in conditions occurs. There, reduction processes
displace oxidizing processes due to the surplus of organic
matter. In still waters, several elements take part in
defining the depth of the RPD. Both the amount of organic
matter present and the sediment characteristics (Fenchel
and Riedl, 1970) are important. Coarse materials if asso-
ciated with poor sorting tend to deepen the RPD due to the
larger pore spaces and permeability of the sediments, allow-

wing maximum communication with the oxygenated waters above.

With the present knowledge, the question remains
unanswered as to how fast the depletion of oxygen occurs
from interstitial waters, the phosphates and finally the
sulphates in the oxidization of organic matter. The dark
color in the sediment appears when the sulfate is reduced
to sulfide. This is the last stage of the process. All
the stages require stable conditions, otherwise new oxygen
is introduced and prolongs the reaction. Not until all
the processes can be reproduced under controlled condi-
tions will this system be understood in its entirety

(Wong, personal communication, 1981).
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The required stability for the development of a strong
reduction zone can be further indicated for the sand wave.
Biological activity of the proportion observed in the sedi-
ment, and the presence of closely spaced dwelling tubes on
the surface illustrate that the sand wave was in a low
energy environment for an undeterminated period of time
previous to the sampling. The depth at which the primary
sediment structure occurred was smaller than the depth for
the RPD (5.7 cm); this may indicate that the oxidation

zone was increased downward by the biological activity.

The results from the textural parameters and Q-mode
indicated that three main areas were present in the sand
wave. Two extreme areas were represented by samples from
the crest and flat, respectively. An intermediate

consisted of the combination of stoss and lee samples.

In an environment dominated by tides, the grouping
of the samples of the sand wave was expected, especially
for the stoss-lee case. The flanks of the bedform were
exposed to flood and ebb currents for about the same
amount of time. However, a more detailed asaiys=is
revealed subtle differences that could be defined as a
function of the relative energy represented by the sedi-
ment. For instance, if flat sediments were considered
alone, the samples to the north side of the sand wave
indicated higher energy conditions than those from the

south side. A similar comparison could be made between
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lee and stoss samples. Inside the range of mean values,
stoss material may be more affected by larger dynamic

movements than is the lee sediment (Fig. 1l1l).

These examples may indicate that the ebb currents are,
on the average, stronger than the flood currents in the
lower Chesapeake Bay. This fact has been confirmed by
numerous measurements of current profiles (Ludwick, 1973a,
b) and by Lagrangian analysis of surface currents (Hilder,

1980).

3.6 Conclusions

From analysis of the sediments, it is concluded that
the sand wave might be considered to be in static equili-
brium with the currents. Possibly storm conditions can
originate enough turbulence to modify the bedform. The
fact that the sand wave behaves as a three dimensional
body, as described in Chapter 2 and contrary to the
results of most studies, suggests that the currents move
around this bedform and the mean flow across the crest
has values less than the estimated from surface values
(Chapter 4). Several factors such as the bioturbated
cores, delicate worm tubes and a reduction zone near the
surface confirm the concept that at least during the
sampling period the environment represented by the sedi-

ments was of low energy.
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Chapter 4

FLOW DYNAMICS

4.1 Objectives

In most studies of flow dynamics involving sediment
transport, the flow is considered steady. This assumption
introduces a simplification and gives reasonable results
when the flow is studied in a flume or, under certain
circumstances, in alluvial streams. However, it cannot
be applied strictly in marine cases, where waves and tides
are in continuous change. If the wave activity is averaged
out and only the tidal currents are retained, Ludwick
(1972) observed that the value of the shear stress at one

station changes as a function of time.

When the shear stress is calculated by the profile
method, only mean velocities at each level are considered;
therefore, short periods of measurements result in good
approximations of the real value. The calculated shear
stress is the combination of the shear stress due to the

grains and each one of the bedforms present on the area.

Another approach in the calculation of the shear

stress is obtaining the fluctuating horizontal and

49
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vertical components of the flow at one level close to the
bottom. The perturbation components result in a measure
of the turbulent behavior of the flow. The turbulent

shear stress is defined by the expression
T=-puw (4.1)

where u and w are the fluctuation velocities calculated

from

u(t) = U(t) - U

w(t) = W(t) - W

where the overbar indicates time average.

Equation (4.1) approximates the total shear stress
for fully turbulent flow since the molecular viscosity of
the fluid is neglectablé in comparison to the eddy
viscosity outside of the viscous layer. Daily and
Harleman (1966) illustrated the meaning of equation (4.1)
by a simple physical model based on the idea of a mass
of fluid transported vertically between layers of differ-
ent mean velocity. While the parcel of fluid is adjusting
to the new layer, the horizontal component in this layer
will fluctuate with a velocity larger or smaller than the
mean depending on the vertical direction in which the

momentum transport occurred.
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How much the turbulence may be affected by elements
like suspended sediments, density stratification or the
mean velocity at the measuring level is presently unknown.
Studies in flumes and theoretical approaches have shown
that suspended sediments produce considerable damping in
the turbulence and therefore, they modify the value of the
shear stress. The development of the Reynolds stress
concept was based on fluid with constant density. Either
temporal or spatial variation of the density in the
momentum equations makes the mathematics of the problem

insoluble with contemporary techniques.

In the current chapter, a discussion of the measure-
ments of shear stress at a level of 5 cm above the bottom
is presented. The stations were distributed alohg the
profile of the sand wave, described in previous chapters.
The method utilized is based on the Reynolds stress idea,
and the influence of several factors such as waves,
material in suspension, and density stratification on

the final results are considered.

4.2 Previous Studies

The analysis of the variation of boundary shear
stress (To) along the profile of a transverse bedform
has been done in many theoretical studies, and with rela-

tively few determinations in flumes. Field measurements
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have seldom been obtained. The experiments over a fixed-
bed ripple in a flume presented by Raudkivi (1963) gave an
idea of the distribution of the shear stress and the
pressure along the section of the ripple. Along the
upstream face the streamlines become closer together and
the dynamic pressure drops. The free flow is then much
faster and the gradient of U in the vertical direction
(3U/3z) is larger. Then, the maximum shear stress is.

observed at the crest.

The slope of the lee face of the ripples considered
by Raudkivi were about 25°. Flow separation occurred
downstream of the crest, where the main flow broke down
into an expanding zone of strong turbulence that was
diffused upward into the main part of the flow, and down-
ward toward the boundary (Middleton and Southard, 1978).
Protected by the ripple, and eddy developed and backflows
were present. The reattachment point of the flow was
observed between 5 to 10 ripple heights (H) downstream
from the crest. Using birefringent materials mixed in the
flow, Karahan and Peterson (1980) also observed this separa-

tion.

In the case of marine sand waves, the slopes involved
are much smaller than those given for ripples, normally
of the order of 10° or less. Benjamin (1959), Smith
(1969), and Hsu and Kennedy (1971) differ in their

estimates of steepness ratios (H/L) required for separation.
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On the average they argue that separation takes place
when H/L values are larger than 0.1l. Here, L 1is the
wavelength of the sand wave. Taylor and Dyer (1977)
also pointed out that separation tends to occur when the
crest is sharp and a large slope of avalanche steepness

is observed.

Laboratory measurements of shear stress distribution
in non-separated flow indicate that the maximum value of

T does not occur at the crest but at a distance upstream

o
of it. Hsu and Kennedy (1971) reported that this happens
between 0.07 L and 0.05 L wupstream of the crest.
Similar results were indicated by Kendall (1970), but the
distance was 0.19 L. Benjamin (1959) gave a possible
explanation for the lag in shear stress, which he found
theoretically to be 0.08 L windward of the crest. His

idea was based on the effect of sheltering produced by

the crest of the bedform.

Taylor and Dyer (1977) presented a numerical model
applied to sand waves, previously developed for an isolated
"hill" in a meteorological study (Taylor and Gent, 1974;
and Taylor et al., 1976). They considered a periodic
lower boundary conformally mapped such that it behaves
like a streamline. By doing this, the momentum and
continuity equations for the fluid can be linearized in
a relatively simple way. Results obtained from this

numerical treatment were the fields of mean velocity and
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pressure, and shear stress on the bed. The lag occurred

0.05 L on the stoss side.

Relatively few field measurements over sand waves
are available. Terwindt (1971) noted currents of
80 cm/sec over the crest and 50 cm/sec over the trough,
at about 0.50 m above sand waves in the.North Sea. Dyer
(1970, 1972) used rotor current meters in a study of
gravel waves of the Solent Channel (South of England),
where he estimated T, = 200 dyn/cm2 and 50 dyn/cm2 at
the crest and trough, respectively. The various velocity
profiles presented along the bedform section were highly
affected by ripples and megaripples; however, they were

very consistent within the set.

In the Chesapeake Bay entrance, current measurements
were made by Ludwick (1973a, b) in his analysis of sediment
transport and the morphology of shoals. Granat and Ludwick
(1980) resolved the near bottom behavior of the currents
associated with a large shoal just north of the study
area (Fig. 1l). They found that the flow avoided the sedi-
mentary structure. Therefore, the crestal part of the bank

may be mainly affected by waves.

Instead of using mean velocities distributed at
different levels throughout the boundary layer, the shear
stress may be obtained by turbulence measurements of the
horizontal and vertical components of the flow. About 25

years ago, Bowden and Fairbairn (1956) made the first
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determinations of the Reynolds stress in a marine environ-
ment with electromagnetic current meters. Since then,

the turbulent structure of the bottom boundary layer have
been analyzed in several studies (Bowden, 1962; Bowden

et al., 1959; Heathershaw, 1976; Soulsby, 1981; and

Soulsby and Dyer, in press).

Heathershaw (1979) made a detailed study of simul-
taneous records at different levels above the bottom and
described the variability of the turbulent structure.
Gordon and Witting (1977), as did Heathershaw (1974) and
Gordon (1974), found that the momentum transport is highly
intermittent and characterized for large "spikes" in the

instantaneous shear stress (1(t)) record.

4.3 Methodology

4.3.1 Instrument Mounting

The tetrapod (Fig. 21) consists of a circular plat-
form of acrylic plastic, 25 cm in diameter, 2.54 cm
thick, supported by four transverse aluminum rods,

1.905 cm in diameter and 50 cm long. Affixed to the end
of each transverse, a vertical leg of the same material
was finished in a point to help the tetrapod penetrate
the sediment. An acrylic plate (diameter, 10 cm; thick-
ness, 254 cm) was attached to each foot to limit

penetration of each leg to 5 cm. Lead weights (1 kg
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per leg) were placed on top of these acrylic plates to
provide more stability and penetration. Attached to brass
eyes on the platform, three stainless steel rods (diameter,
0.5 cm; length, 60 cm) supported a wooden canopy through
which a stainless steel swivel was mounted for cohnection

to the winch cable.

Three instruments were arranged on the platform (Fig.
22) . BAn acrylic box housed the motor and gear system was
used for driving the probe support (stainless~steel tube).
A lowering mechanism was designed to lower the sensor in

three steps to 25, 15 and 5 cm above the bottom.

The other two instruments on the platform were a
compass and an inclinometer. The compass is an adaptation
of the one used in the GEODYNE Model I current meters.
The inclinometer is a B.0.D. bottle. Both were half
filled with a jelly prepared according to a recipe by
Carruthers (1967). After several tests the prepara-
tion that set at warmer temperatures (about 32°C) was
chosen. With the tetrapod situated on the bottom, the
setting of the gelatine locked the compass with the
orientation of the.x+—component of the current meter and
also gave the direction and angle of inclination of the

platform, which is assumed parallel to the bottom.

The advantage of this method is an accurate instru-

ment at low cost, providing that the user needs only one
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reading per station. The gel can be melted by submerging
the compass or inclinometer in boiling water. The first
time, liquefaction takes about 15 minutes, five to ten
minutes on successive times, depending on the water
temperature, the elapsed time, and the temperature of the
last setting. The gel time depended on the water tempera-

ture but was estimated to be 15 minutes at 28°C.

A triangular vane was added to the platform (Fig. 21)
to orient the tetrapod with the mean current. The center
of mass of the vane is at about 60 cm above the current
meter when the probe is at its lowest position (i.e. 5 cm

above the bottom).

Several tests were performed before attempting
actual measurements. The first tested the strength of the
structure by exposing it to waves 0.60 m high at a beach.
The instrument was placed at about 2 m offshore at the
breakers and the results were satisfactory. Operatibnal
tests were conducted in the swimming pool at 0ld Dominion
University, in the Lafayette River, and on the study site

itself.

During the first set of measurements, a brass gear
in the driving mechanism was damaged and could not be
replaced. For this reason only one vertical velocity
profile was actually recorded at a single location over

the sand wave.
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4.3.2 Field Work

Before taking current data, the station sites were
determined and marked with buoys. For both days of actual
measurements, the positions of the buoys with respect to

the sand wave profile are indicated in Figure 23.

Once the buoys were positioned, the R/V HOLTON was
anchored about 200 meters from the line of buoys and as
close as possible to the crest of the sand wave. On that
station, vertical profiles of temperature and salinity were
recorded each hour at depth intervals of one-meter using

an inductive salinometer.

On board of the R/V ODU I, the following steps were

taken at each station:

l. The tetrapod was linked to the boom, while the

current meter was connected to the data recording system.

2. With the current meter in the vertical position,
the tetrapod was lowered to a level 2 meters below the
surface, at which depth the shadow effect of the boat on
the currents was considered negligible. Near-surface
currents were measured for a period of 256 seconds. The
direction of the current was estimated by observing the
orientation of the vane as compared with the magnetic
compass of the boat. After a period of training, the

error using this procedure was estimated to be * 5°.
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3. The tetrapod was raised on board, and the probe
of the electromagnetic current meter was placed in a
horizontal position (Fig. 24); then the structure was
lowered to the bottom. There, measurements were taken

for 1024 seconds.

4. Again the instrument was brought up and secured
on board. The compass and inclinometer were exchanged for
a set containing liquid jelly. The boat moved to the
next station by simultaneously retrieving one anchor line
and paying out the other. Once on station, steps 1 through

4 were repeated.

A variation of the above was carried out on August 12,
1981. After the near surface currents were measured, the
current meter was lowered to the bottom in the uppermost
vertical position. There the instrument recorded data for
256 seconds at each level (25, 15 and 5 cm) above the

bottom.

4.3.3 Data Acquisition System

The instrument was an electromagnetic current meter
and the data logger system (Fig. 25). The sensor was a
Marsh-McBirney Model 523 electromagnetic current meter,
originally designed for laboratory use. The diameter of
the sensor was 1.27 cm. The entire instrument can be

described as a transducer with 30 meters of waterproof,
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shielded cable and a portable case that houses a signal

processor. The transducer used two pairs of orthogonally-
disposed electrodes which sense the water flow in a plane
normal to the probe axis. The flow was resolved into its
two components by the orthogonal pairs of electrodes, and
in addition to being recorded was visualized on the panel

meters on board.

The output was an analog signal in volt units. The
maximum output was 1 volt which corresponds to a velocity
of 10 ft/sec (304.8 cm/sec). The instrument offered a
selection of three time constants (0.2, 1.0 and 5.0
seconds). The time constant (to) acted as a low pass
filter by averaging the input signal over the time to.
The current meter was calibrated before and after the
experiments in a circular flume at Marsh-McBirney, Inc.,
Gaithersburg, Maryland. Repeated checks against hot-wire
anemometers were performed in a rotating tank built by
R. B. Philips in the Department of Oceanography, 0ld
Dominion University. In all cases, the current meter had
a linear response. The estimated rms error of the

instrument was 0.91 cm/s.

The data logger was an InterOcean Model 680 Digital
Recorder. Data were entered in four channels in the
following pattern: channels 1 and 3 recorded component X;
channels 2 and 4 recorded component Y. The instrument

recorded data for 256-second period. The values were
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monitored in the field by comparing the meter readings
with a digital voltmeter connected to the recorder input.
Both current meter and digital recorder had their own

power supply.

4.3.4 Selection of the Parameters

The characteristics of the instrumentation dictated
the selection of the parameters to be used during the
experiment. The first consideration was the sampling
interval (At) selected as 0.25 seconds which corresponded
to a Nyquist frequency, fy r of

= 1

fy = 3¢ = 2.0 Hz

The time constant of the current meters was selected
such that the cutoff frequency was smaller than the Nyquist
frequency. The value used was tgy = 1.0 seconds. The
spectral window of the gauge, £, was found by taking one

hundredth of the spectral power function (H(fy)). Thus

1072 = H(f,) = =
1+ 47

2 .2
fw to

f, = 1.5836 Hz .

Therefore, the spectral window was 0.0 to 1.58 Hz.
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4.3.5 Data Reduction

The data on the cassette tape were transferred to a
DECsystem-10 computer using an InterOcean Digital Cassette
Reader Model 696. The resulting disk file was edited for
noise introduced into the system by the recorder. This
noise appeared sporadically as anomalous characters that
replace one of the digits (normally the last one) in a
data word. On other occasions, the channels in one group
were switched. All these problems were easily detected
when a listing of the file is analyzed. The editing was

simple but had to be done individually with a text editor.

Only the observations obtained with the probe in the
vertical position (ﬁi, ﬁi) (near-surface and profile)
were coreected by rotating the reference axis through an
angle o, such that the time average of the cross-stream
component becomes identically zero (V = 0.0). The

angle o was calculated

o = ta.n_l (G/ﬁ)

~

where U and V are the unrotated mean of the observa-

tions and

A

N
Ui—UiCOSOL+ViSln0L

N
Vi cos o - Ui sin o

<
[
il
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Ui and Vi are the new variables after the rotation of

coordinates. In all cases i =1, 2, 3,..., 1024.

4.4 Results and Discussién

Measurements of velocities at five stations along the
profile of the sand wave were taken on August 12 and 14,
1981. Each record consisted of two sets of observations.
With the current meter in the vertical position, the
streamwise (U(t)) and cross=-stream (V(t)) components
of flow, 2 m below the surface, were recorded for a total
of 256 seconds. In the second set, the current meters
was used in the horizontal position. This method gave
values of the horizontal (U(t)) and vertical (W(t))
components of flow at 5 cm above the surface of the sand
wave. Table VII is a summary of the 18 records that were

collected.

For clear denotation each record will be identified
by two numbers separated by a dash, for instance, 3-07
indicates a record obtained at station 3 during the
seventh interation through the four stations. An intera-
tion consists of a set of records taken successively at
stations 1 through 4 or vice versa (Fig. 23). Records
P1-02 and P1-03 were obtained on the same day (August 12)

and only station Pl was occupied.
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The presentation of the results is divided into
three sections: (1) surface currents, (2) density

profiles, and (3) time series analysis.

4.4.1 Surface Currents

Ludwick (1973a, b) analyzed the data from 24 tidal
current stations on the north side of the Chesapeake Bay
entrance. His findings indicated that tidal currents
were of a reversing nature. The directions of ebb and
flood were not exactly opposed, but formed an obtuse angle,
which averaged approximately 158° and usually opened to
the North. The rotation of the current vectors formed
greatly elongated ellipses with a mean traverse period of
12.58 hr. During the turning time, Ludwick (1973a) never

observed them to decrease to zero speed.

Granat (1976) described eight near surface tidal
current stations over and adjacent to Inner Middle Ground-
Nine Foot Shoal, located 10 km due Northeast of the present
area (Fig. 1). In all cases the currents were reversing.
As in the data described by Ludwick, the current vectors
did not point in opposite direction, but formed an angle,

typically open to the North.

From February to October 1979, Hilder (1980) made
studies of surface circulation across the present research

area. Hilder's work clearly demonstrated the rotary nature
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of the tides in an area which is evidently less affected
by bottom features and the orifice flow than is the
northern part of the bay entrance. In the area studied
by Hilder the surface currents formed an ellipse with
the major axis directed northwest-southeast. The ratio
between the major and minor axis of the tidal ellipse

was l.36.

In the present study the measurements obtained over
the sand wave were not taken to analyze the behavior of
the tidal currents, but to serve as collateral information
in the calculation of parameters measured near the bottom.
However, the characteristics of these values calls for a
brief description. The rotary nature of the tidal current
was clearly observed during the second day of observations.
Table VIII is a synthesis of the surface current values
and orientation. The velocity vectors are represented
in Fig. 26. Tidal records of height above mean low water
(Fig. 27) were obtained from the tide gage operated by
NOAA at the first island of the Chesapeake Bay Bridge-

Tunnel. .

The following description refers to the data obtained
on August 14, 1981 and reference will be made to the
vectors in Table VIII. Current data represented by
vectors were obtained at the end of maximum flood, and
the tidal rotation was typically clockwise. During maximum

ebb the orientation of the current vectors fluctuated in
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a 30° sector between 146° and 176°. A complete rotation

between vectors 2 and 16 occurred in 8 hours 42 minutes.

Correlation of near-maximum ebb current with the time
of low water seemed to indicate that maximum ebb occurred
at the beginning of the rising segment of the tide. This
suggested that the tidal wave is mostly a progressive wave
in the area. This analysis may suggest that the currents
would also fluctuate inside a small sector during high

water,

A second observation of the tidal curve confirmed
the tide's diurnal inequality. Only one measurement was
taken at the lowest tide: the record P1-03 on August 12
revealed that the maximum surface currents observed were
almost 3 m/sec. This was about five times greater than
the maximum surface currents measured two days later.
Maximum forecasted velocities for the area were about
2 m/s during spring tides. The experiments were performed

two and four days after the date of forecasted neap tide.

The average value of the surface current was
34.01 cm/sec. Considering an average depth (h = 9 m)
in the sand wave area, the estimated Reynolds number was
approximately 3 X 106. Therefore, the flow might be
considered as fully turbulent even with the assumption of

a flat bottom. Complex bed configurations can induce

fully turbulent flow even at lower Reynolds numbers.
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4.4.2 Density Profiles

For future use in calculating the shear stress,
values of salinity and temperature were converted into

units of O , defined as

O = 1000 (P~-1)

where p 1is the density of the water depending on tempera-
ture and salinity alone. Profiles of ¢ for both days
of measurement with their starting times are displayed in
Figure 28. Minimum densities were always found at the
surface, ranging from 12 to 15 O units. In all cases
maximum values, up to seven 04 units larger, corres-

ponded to the bottom 1 m.

An evolution of the density at the study area may be
observed in the graphic for August 1l4. The profiles
obtained between 0757 and about 1100 showed a smooth
general trend and no definite indication of a pycnocline.
The pycnocline developed in the afternoon profiles and
also appeared in both profiles on August 12. In general,
the steep change in density was about .3 o¢ wunits at
mid-depths between 3 and 6 meters. 1In the last three

profiles, the pycnocline became more difficult to define.

Analysis of the temperature and salinity profiles
(not shown here) indicated that both contributed to the

changes in density. The surface temperatures ranged
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from 24.5 to 29.2°C, the bottom temperatures were more
stable, 23.3 to 24.8°C. The salinity gradients were the
inverse of those for temperature with variations of the
same order. Maximum salinities up to 29 %o were found

at the bottom in the second profile on August 12.

An interesting feature of the surface density was
noticed in the data. The surface values were gradually
reduced from almost 14.4 at 0854 to 12.5 at 1658.

Figure 29 exhibits the hourly distribution of salinity
and temperature at the surface, 4 m and 9m . Both
surface curves showed variation from the initial condi-
tions, specifically the temperature which might explain
the density change. In most cases the salinity decreased
with the increments of temperature, consequently the
densities also decreased. Since these data were obtained
in summer, the formation of the pycnocline in the after-
noon hours might be produced by heating in the surface
layer. The data were not collected long enough to extract
any conclusions about the behavior of salinity and
temperature in relation to tidal conditions, nor could
these observations be extrapolated to other periods or

locations in the bay.

4.4.3 Time Serjes Analysis

The first step in the analysis of the data obtained

with the current meter in horizontal position was to plot
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U(t) and W(t) as a function of time. Figures 30
through 41 are six examples from records separated in
time and position over the sand wave. When these plots
were examined, three distinct components were identified:
(1) long period trends, (2) wave period phenomena, and

(3) turbulence.

Long period trends. The long period trends were

evident mainly in the U-component of the flow. In W(t)
they were observed only after a detailed inspection of
the graphics. Therefore, the discussion of this informa-
tion will refer almost exclusively to the U(t) plots.
The analysis of the trends indicated that these flow
structures have certain periodicity that varied from
station to station from three minutes to an estimated 20
minutes. The latter value could not be confirmed since
the record length was only 17.27 minutes. The velocity
amplitude of these phenomena approached 30 cm/s. 1In
some cases the amplitude was not constant but was diminish-
ing with time, indicating that these long period trends

were generated by a temporary flow structure.

In half of the records the long period trends masked
any steady flow that might have been present (Figs. 30,
32 and 34). The remaining records displayed those trends

associated with a steady flow current (Figs. 36, 38
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and 40). The range of velocities for the steady currents

was between -9 and 22 cm/s.

On several occasions during the field experiments,
negative values for the current in the U-component of the
flow were observed on the panel meters on board. After
the first indications of those negative values, an addi-
tional precaution was taken. Originally, the tetrapod
was lowered to the bottom with the power to the current
meter turned off to prolong the charge of the batteries.
However, as a result of the problematic readings, the
panel meters were monitored while paying out line slowly.
A rough profile of the current was observed but not
recorded, since there were no provisions for accurately
determining the distance of the instrument above the

bottom.

In particular, stations 1-04 and 3-08 were checked
carefully. Visibility into the water surface was approxi-
mately 2.5 m, and it was seen that the current meter was
oriented with the flow and indicated positive values. As
the descent continued, the indicated velocity of the flow
decreased slowly with depth to a point about a meter above
the bed. Then, the gradient of velocity increased reaching
0.0 cm/s about 20 or 30 c¢cm above the bed. From this level
until such time when the tetrapod was positioned on the
surface of the sand wave, the flow values were observed

to be negative. When this was noted, the tetrapod was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



71

hoisted about two meters above the bed and lowered again,

and the same results were obtained.

An explanation of these observations was sought in an
analysis of both cases. Flow separation over the sand wave
was ruled out primarily because the tetrapod was situated
on the side of the feature from which the current was
approaching. Another form of separation may be due to
the ripples formed on the surface of the sand wave; how-

ever, their presence was not confirmable.

In accordance with a tentative classification of wave
periods presented by Kinsman (1965), the long period trends
noted in the present study were between the upper limit
of infragravity waves and the lower limit of the long
period waves. To the present author's knowledge, this
phenomenon has not been described previously in the
entrance area of the Chesapeake Bay. Bowden and Proudman
(1949) found similar perturbations in the River Mersey,
and they attributed them to the passage of large eddies
or internal waves. In the present area, the density
profiles indicated a two layer structure separated at
about 4 meters, which may establish the conditions for
the generation of internal waves. Further explanation
is beyond the scope of this research. The author suggests

this as a possible theme for future investigation.
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Autocorrelations of U and W separately and their
crosscorrelation made use of the Blackman-Tukey Method
(Bendat and Piersol, 1971; and Grosch, 1981). Figures 42
through 50 are examples of the results. The autocorrela-
tion of U for records 1-08 and 2-07 exhibited the
dominance of a sinusoidal component with a period of 12
to 15 seconds and with slow fall-off as the length of the
lag increases. In the autocorrelation of W, the wave
component was much less noticeable, but remained important

in the crosscorrelation.

On the other hand, the autocorrelation from record
P1-03 was not influenced by periodic structures in the
flow. The autocorrelation of W for all three examples
(Figs. 43, 46 and 49) indicated no effect of periodic
forms. The presence of a mean current is most noticeable
in Figure 42, since the autocorrelation is very high even
after 200 lags. The steady flow is less visible in

Figs. 45 and 46.

The velocities obtained with the probe in the horizon-
tal position were subjected to spectral analysis by the
Fast Fourier Transform method (FFT), using the program
NWFFT.FOR by Dr. Chester E. Grosch. Figures 51, 52 and 53
show the spectra of U and W for the three selected
records (P1-03, 4-04, and 2-07). In all the spectra, the
peak frequency or the second largest peak occurred at

approximately 0.016 Hz. The frequency interval (At) for
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the spectra was also 0.016 Hz; therefore, the actual peak
was included in the first Af. However, the resolution
was too coarse to detect the actual frequency for the long
period trends. Although the method permits the use of a
smaller Af, the variance in the output would be too large

to be meaningful for the number of data points used.

Wave period phenomena. Spectral analysis techniques

were also applied to the determination of periods of the
wave components in the records. In the spectra of records
4-04 through 3-06 (Table VII), the peak energy in the wave
range was found at f£; = 0.078 Hz (i.e. Fig. 52). This
higher energy started shifting towards smaller periods in
record 2-06 and was clearly established from record 1-06

to record 1-08 at f2 = 0.094 Hz (i.e. Fig. 53).

During the sampling period on August 14, there were
no visible indications that waves were arriving in the
area. Therefore, no data referring to direction, height
or wave period were recorded. However, from data such as
the difference in arrival time (Atp) and the energy of
the estimated peak frequencies from spectra analysis,
characteristic wave parameters may be computed (Table IX).
Small amplitude waves, traveling in shallow water with
local depth equal to the average depth of the sand wave
(h = 9 m), were assumed for the calculations. Because

the large, well defined periods were clearly separated
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from the other frequencies, it was further assumed that

the waves were not generated locally.

If the minimum AtA were considered to be the time
difference between the times of records 4-04 and 1-06
(Table VII), the minimum travel distance D was calculated
to be about 1000 km. This indicated that the current meter
registered swell generated somewhere in the middle of the
Atlantic Ocean beyond the continental shelf, East to
Southeast of the mouth of the Chesapeake Bay. The
calculated height and wave steepness (H/L) were too small
and could not be detected in the field by visual observa-

tion.

In the laboratory, waves generated with a unique
frequency give rise to coherences between their horizontal
and vertical velocity components from 0.8 to 1.0,
respectively. In the study area, the calculated coherences
for the indicated frequencies produced mean values of 0.44
and 0.43, respectively. However, the peak coherence was
found at station 2-04 (0.91) and at 1-04 (0.73) for £y
and at 2-08 (0.73 for f,. Coherences larger than 0.75
were found at frequencies on either side of the ones
depicted here. Generally, they were related to peaks of
energy in the U component, but this was not always true

for the W component.
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Theoretical determinations have demonstrated that
the thickness of a wave boundary layer (Gw) (Lukasik

and Grosch, 1963) is defined as
_ 3 _ Wy =%
Sp=5=3 (53

where w is the angular frequency = 2 71f, and V is the
fluid kinematic viscosity, taken there as 0.01 cmz/sec.
Estimations of 6, for both frequencies (Table IX)
produced results a tenth of the height (5 cm) at which
the current observation was made. On the other hand,
Jonsson and Carlsen (1976) estimated a boundary layer

6 cm thick, by using obstacles that created equivalent

sand roughness of 2 to 6 cm.

The waves have provided most of the energy in the
spectra; therefore, determining the thickness of the wave
boundary layer becomes an important factor. Lukasik and
Grosch (1963) and Johns (1975) showed that the gradient of
horizontal velocity inside the boundary layer changes
slopes depending on the value of the phase angle. At
certain values, the gradient even becomes negative, thus
generating a negative shear stress at the same level.
Although careful theoretical (Kajiura, 1968; and Johns,
1970, 1975) and experimental studies (Jonsson and
Carlsen, 1976) have been performed on the boundary layer
generated by oscillatory flows, the effect of ripples has

not yet been defined (Davies and Wilkinson, 1977).
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Turbulence. One of the basic objectives of this
study was to determine the distribution of boundary shear

stress along the profile of the selected sand wave.

The spectra (Figs. 51 through 53) indicated clearly
that the energy present in the turbulence frequencies
inside the inertial subrange was 2 to 3 orders of magnitude
smaller than the energy observed in the long period trends
or at wind waves frequencies. Therefore, anaiysis of the
turbulent part of the flow has to take into account effects
of the low frequency structures. For instance, the values
obtained from the original records (Table X) indicated
that half the calculated shear stresses were negative.

When the data were filtered at 0.7 Hz, the tangential
stress became extremely small (i.e. 0.00008 dyn/cmz), much

lower than the error of the instrumentation.

The values obtained from the vertical velocity
profile were utilized to estimate the shear stress. The
calculations were made using the following equations: the

von Karman-Prandtl equation

U(z) _ 1 z
T = -ﬁ Zn(-é-;) (4.2)

where U(z) is the time averaged velocity at the height

1
z above the bottom, u, is the shear velocity = (1'O/p)'5
and z, is the roughness length. Alternatively, a

velocity defect equation (Daily and Harleman, 1966) were
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also used,

ﬁB - U(2)

= - 2
= 5.6 log (2) + 2.5 (4.3)

where ﬁB is the mean velocity at the top of the boundary
layer of thickness 6. 1In the present study, § was
considered as the water depth = 8.34 m. Expression (4-3)

is applied when z/6 < 0.15.

Figures 54 and 55 show the measured mean velocities
and the estimated profile. Table XI is a summary of the
parameter estimated with expression (4.2) and (4.3). The
estimated boundary shear stresses were low but were
consistent with the free flow velocity. Unfortunately,
they could not be compared with the results obtained by
the Reynolds stress method because, as will be seen later,
the turbulence was damped and the value of turbulent shear
stress for the same station was not representative of the

flow conditions.

The data measured with the current meter in the hori-
zontal position were filtered with a low-pass filter. The
low frequency signal was subtracted from the original data
to obtain the high frequency information. The filter was
a smoothed moving average with half-power frequency (f%)
equal to 0.2 Hz. The selection of the half-power
frequency was based on the natural break observed in the

slope of most of the. spectrum curves. The rms and =
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calculated from this information are included in Table XII.

The values for <t were very small; only 6 were positive.

The removal of the long period component in U left
short periods structures (Figs. 56, 59 and 62). The
autocorrelation of W also showed a wave component whose
period is three seconds and which was previously masked
by other longer period waves (Figs. 57, 60 and 63).
Obviously the crosscorrelation was highly dominated by
these structures. 1In all cases the total correlation
at each lag was near zero (Figs. 58, 61 and 64). These
periodic structures were observed in the spectra (Figs.

51 through 53) as secondary peaks at 0.3 Hz.

A troublesome result was the occurrence of T <0 in
so many cases. A similar result was also observed but not
explained by McLean and Smith (1979) and Soulsby (1981).

In the theoretical derivation of the Reynolds stress, the
product, uw, is averaged over a long period of time and
is negative. This result is not invariably true (Phillips,
1980). The resulting shear stress is mathematically

oriented with the flow by multiplying it by -1.

To obtain negative.value of 1, several conditions
may occur individually or in combination. Based on semi-
quantitative statistical analysis, Gordon and Witting
(1977) have calculated that a minimum sampling time of

4.5 hours is required to reduce the error of the estimate
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to a value as small as 10% when predicting the real shear
stress. Their results were predicted on the existence of
steady conditions which can only be achieved in carefully
controlled laboratory experiments. Shorter durations, as
predicted by these authors, may produce as much as 50%

error.

In the present study steady conditions did not exist.
The rotation of the tidal current was almost continuous,
even during time of maximum ebb. Observed long period
trends and swell were also an important factor in the

unsteadiness of the flow pattern.

On the other hand, Soulsby (1980) estimated that a
record length of 12 minutes would produce a relatively
good estimate of the shear stress in tidal conditions. To
analyze this claim, shear stress values were calculated
for each record as an average over the first 12 minutes,
and also over the last 12 minutes (about 7 minutes were
common to both). An analysis of variance was performed
with each 12 minutes set of data and the total record as
treatments. No significant differences were found among

the means at p = 0.9.

To explore time variations in the calculated quantity
of interest, instantaneous shear stress was plotted as
function of time (Figs. 65 through 70). Two main elements

were distinctive. First, in most records the value of
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T(t) was almost zero and varied from positive to negative
and vice versa in very short periods, usually less than

1l second. Intermittent large spikes, directed either
positively or negatively, were the second distinctive
feature of the records. Heathershaw (1974), Gordon (1974},
Gordon and Witting (1977) and Chung (1979) have associated
these structures with large-scale "bursts" similar to those
found in laboratory studies (Corino and Brodkey, 1969;

Kim et al., 1971; and Rao et al., 1971.

In measurements in a wind tunnel, Lu and Willmarth
(1973) found that the frequency distribution of 7t had
long tails and a sharp peak at 7T = 0. Heathershaw (1979)
showed similar results for tidal current data. The

' frequencies (%) of 7T, included with I three standard
deviations (¥ 30) about the mean are shown in Table XIII.
Also the extreme number of standard deviations on either
side of the mean (+0 and -g), between which all the
values are concentrated, are shown in the table. 1In
Fig. 71, the percentage frequency distribution of 1 for
some of the records are shown. More than 80% of the data
was concentrated between * one standard deviation. The
distribution also showed a peaked form which was always
skewed contrary to the sign of the mean. Extreme spreading

was found in records 3-04 and 4-05.

Events defined as the sum of all T (t) between two

successive zero crossings were considered for their
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contribution to the final shear stress. Table XIV
exhibits the distribution of the events per record: posi-
tive, negative and total. The number of events per record
ranges from 1210 to 1639, with an average of 1484. The
total length of the record was 17.27 minutes. The absolute
values were taken into account to calculate the total sum.
Most values ranged between 70 and 1000 dyn/cmz, but three
records were distinct. Specifically, record Pl-03 repre-
sented the largest amount of energy by far. Very strong
velocities were obtained at the surface for this record,

as mentioned before.

The average shear stress per event was also dominated
by record P1-03. When the absolute value of the
means of the positive and negative events were compared,
it was found that the sign of the larger value was the
same as that of the Reynolds shear stress. The number of
events that contribute to the final shear stress are shown
in Figure 72. Four events alone contribute more than 8%
to T. The major concentration was in the class interval

0-1%, actually 99.63% of all events.

Gordon and Witting (1977) analyzed individual events
and found that in a determined 1.5 hours record, 12 events
contributed to 90% of the total shear stress. The mean

duration, calculated by the same authors, was nine seconds.
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In the present case, the value of 1T was a result of
the small events. Contrary to what Gordon and Witting
(1977) have found, the large spikes were not an important
contribution to the value of T. Events that contributed
more than 1%, either positive or negative, averaged 33.04

dyn/cm2

, but in time those spikes averaged only 2.33
seconds. The latter indicated that larger spikes were
only present during very short periods of time. For
instance, Figure 73 exhibits the longest spike with a

contribution greater than 1%.

In his analysis of the turbulent structure of the
bottom boundary layer in the Irish Sea and Menai Strait,
Heathershaw (1979) inserted a classification of the pro-
duct uw based on the sign of perturbation velocities

u and w as follows:

u<o0, w>0 Ejection

u>0, w<© Sweep (Inrush)
u>0, w>0 Outward interaction
u<90, w<<©o Inward Interaction

In all turbulent studies of boundary layers involving
"bursting" phenomena, ejection and sweep or inrush made

the largest contributions to the final value of the shear
stress. The interactions were less important. 1In the above
classification, the first two forms of momentum transport

resulted in a positive shear stress. To achieve this,
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u and w must be "out of phase," that is, with an

opposite sign (Fig. 77).

The analysis of distribution and characteristics of
the spikes (Figs. 73 through 77) indicated results differ-
ent from those obtained by the above researchers. In most
cases over the sand wave, the spikes were formed by "in
phase" contributions of the perturbation velocities.
Therefore, they would be classified in the Heathershaw

scheme as interactions, either outward or inward.

Figures 73 through 77 depict some of the largest
spikes in percent contribution to 1 expanded to show
detail. In all cases there was a maximum value of T
that stood out, associated with minor peaks. In particu-
lar, how the process is building up to form the larger
spike four seconds later than the zero crossing is shown
in Figure 73. Afterward, an immediate reduction required
slightly more than one second to achieve zero. Actually,
the prominent spikes in each event were very short; few

surpassed one second in duration.

The values of u and w did not maintain a uniform
sign during an entire event but instead switched inter-
mittently and almost simultaneously with great coherence.
Figure 74 shows one of the few exceptions in which |u]
is usually greater than |w| . In the other figures, the

common feature is the relation |w| > |u|, which indicates
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that the origin of the spikes is produced by an increment

in the modulus of the vertical component of the flow.

The KXolmogoroff spectrum law (Hinze, 1975) states that
in the inertial subrange, turbulent energy is proportional to
f-5/3. A line with such slope was compared with the
spectra from all the records of the present study. In
most cases the upper limit of the range was defined at
0.7 Hz (Figs. 51 through 53). The most striking feature
of the spectra at frequencies larger than 0.2 Hz was
the relation between the amount of energy present in W
and U. Record 3-08 was the only one in which the energy
contained in U was larger for all frequencies. In the
other records the difference in energy was usually about
one order of magnitude. Numerous studies of flows near
the bottom boundary layer (i.e. Bowden, 1962; and
Heathershaw, 1976, 1979) have shown that the energy in
the U component of the flow is always larger than the

energy of the vertical component. In the present study,

the energy relationship was reversed.

The observed energy reduction indicated that the
turbulent part of the flow, specifically the U component,
may have been damped. At least two possible causes for
reduction in turbulent level can be pointed out:

(1) suspended sediment; and (2) a vertical gradient in

the density structure of the flow.
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Vanoni (1946) suggested that the turbulence is
damped by the sediment in suspension. 1In particular, the
effect should be more evident in the vertical component
of the flow since this component has to maintain the
suspension against the downward action of gravity. Yalin
(1977) attacked the problem by considering the effect of
the length of the eddy dimensions, but his idea is similar
in content to Vanoni's since they are related by the eddy
diffusion coefficient. Recently, Adams and Weatherly
(1981) have calculated substantial reductions in the
turbulent kinetic energy due to suspended sediment. To
achieve their result, a drastic reduction of the fluctua-

tion components is proposed.

Heathershaw (1979) followed Wimbusch and Munk's
(1971) idea based on the Richardson number (Ri) concept
to estimate the concentration of suspended material
required to modify the turbulent structure of the bottom

boundary layer. 1In this way he obtained

where C is the concentration of suspended sediment, Ri

is the Richardson number, p is the particle density

s
and W is the settling velocity of the particles. For a
critical Ri = 0.25, which corresponds to the upper limit

for turbulence to be maintained (Schlichting, 1968),
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Heathershaw's calculations yielded a concentration of
130 mg/1 for u, = 2 cm/sec. The mean u, for the
present work was 0.33 cm/sec. For a particular size
(i.e. 0.01 cm) the expression given by Heathershaw (1979)
resulted in a concentration smaller than 8.2 mg/l at

5 cm above the bed.

Unfortunately, the concentration of suspended solids
was not sampled during the present measurements. However,
in samples obtained by Oertel, Byrnes and Gingerich
(personal communication, 1981) the maximum concentration
was about 67 mg/l, 1m above the bottom in the area of the
shoals just South of Fishermans Island (Fig. 1). 1In
general, they found values between 10 and 50 mg/l. During
the sampling flow velocities at the same level were of
the order of 20 to 40 cm/sec. If the minimum values were
similar for the study area, the concentration at 5 cm

should be larger than the necessary to damp the turbulence.

In coastal areas and estuaries concentration of
suspended sediments are in most cases greater than
the estimated value of 8.2 mg/l. The determination of
this concentration, as pointed out by Heathershaw (1979)
were based upon the assumption of a constant stress layer
and logarithmic velocitiy profiles. But these assumptions
are not present at all times during tidal flow. Therefore,
further analysis have to be made of this problem before

this result may be extrapolated to other situations.
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Phillips (1980) described the effect of a vertical
density gradient on turbulence by considering the effect
of buoyancy on fluid elements. If the density -distribu-
tion is statistically unstable, a water particle moving
upward will have greater buoyancy than those moving down-
ward. On the contrary, when the density distribution is

statistically stable, rising elements are less buoyant.

The Richardson number is defined as the ratio of

buoyancy forces to inertial forces:

(~g/p,) (30/32)
(3U/32) 2

Ri =

where f is the mean density of the water column; g, the
acceleration of gravity. Pond and Pickard (1978) indicated
that when Ri < 0 the turbulence might be enhanced by the
density gradient. However, if Ri > 0 , the turbulence
tends to decrease in intensity. Phillips (1980) suggested
that when Ri > 1, turbulence is unable to maintain itself,
because the rate of energy loss from the turbulence working
against the buoyancy gradient exceeds the rate of which

turbulence is generated by the mean flow.

All values of Ri calculated from density and mean
velocity data, excluding one, were larger than 1.0. The
data corresponding to record P1-03 gave Ri = 0.05 which

indicated nearly neutral conditions.
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Up to this point, the proposed processes of turbulence
reduction acted on the vertical component of the flow.
However, the observed results especially from the spectra
showed that the horizontal component has suffered the

largest reduction.

Based on the drag coefficient Cloo calculated by
Ludwick (1975) for the Chesapeake Bay entrance, the drag
coefficient C5 may be estimated, assuming that the

velocity profile is logarithmic. The mean C equalled

5
0.609. The quadratic shear stress law may be written as:

. =PcC. T (4.4)

where ﬁS is the time averaged velocity at 5 cm above
the bottom. Under the assumption that the level of
measurement was within the constant stress layer (Townsend,

1976), equations (4.1) and (4.4) can be equated, to yield

- W=, 52 (4.5)

There are many examples of variability in the drag
coefficient (Sternberg, 1968; Ludwick, 1975; and
Heathershaw and Simpson, 1978). However, if as a first
approximation, C5 is assumed constant for a particular
flow condition and bed configuration, changes in the mean

velocity will produce large variations in the turbulence.
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In particular, one can assume that the most affected should

be u since it is more closely related to the mean flow.

4.5 Conclusions

The following items summarize the results obtained
from study of the flow measurements and density profiles

described in the present chapter:

1. Surface currents at the site of the sand wave
ranged in velocity from 7.13 to 282.17 cm/s. Tidal
currents were of rotating type and were related to changes
in elevation of the surface of the water as if they were

formed by a quasi-progressive wave.

2. Density profiles were stably stratified; with a

pycnocline formed in the afternoon hours.

3. Time series analysis of data taken at 5 cm
above the surface of the sand wave revealed three types
of constituents: (a) long period trends, (b) wave period

phenomena, and (c¢) turbulence.

(a) Long period trends were observed almost
exclusively in the U(t) component. No explanation
was sought for them, but it is possible to draw the
weak inference that they may be produced by internal
waves since density conditions were appropriate for

development of internal waves.
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(b)  wWaves were the second element in prominence
in the records. Spectral analysis data of two
periods (12.82 and 10.94 seconds) were helpful in
determination of the wave parameters. The phenomena
was found to be waves generated at least 1000 km
south to southeast and the entrance to the Chesapeake
Bay. Wave height and wave steepness were too small

to be observed during the field experiment.

(c) The turbulent part of the flow was found
to be highly damped, although it preserved the slope
in power versus frequency corresponding to the
inertial subrange of the spectra. In all cases but
one, the energy of U was smaller than the energy
of W. Two possible explanations for this have been
suggested by Heathershaw (1979) but in most cases
the explanations resulted in the damping of the
vertical component rather than the horizontal compo-

nent of the flow.

A third explanation was considered by calculating
a value for the drag coefficient (CS) for use with
the mean velocity measured at 5 cm above the bed.
The resulting comparison indicated that the mean
velocity would strongly affect the intensity of the
turbulence. That is, a reduction in 55 resulted

in a strong reduction in uw, mainly in u.
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4. The plots of the instantaneous shear stress
showed two types of events. The dominant events, which
may define 1T, had values very close to zero. The second
component was few large spikes, which contributed more
than 1% to the value of 1T, but their duration was too

small to have a decisive influence in |T].

An analysis of the behavior of u and w during the
events, showed that in most situations w was the driving

force that generated the spikes.

Finally, the research described in this chapter shows
that measurements of turbulent flow in open waters with
highly stable density structures and large concentration
of suspended sediment may result in the reduction of
turbulence. Under these conditions, the profile methods
for determination of the shear stress of the boundary which
uses mean values is statistically more reliable. For
unsteady conditions, records of fluctuating velocities
can not be long enough to retain a statistically signifi-
cant number of large spikes; unfortunately, these features
seem to be a normal characteristic of geostrophic flows

near a boundary.
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Chapter 5
SUMMARY AND CONCLUSIONS

A sand wave in lower Chesapeake Bay was studied for
morphology and sedimentology, as well as in terms of
dynamic processes. From the bathymetric analysis, it was
observed that the feature is part of a sand wave field
developed on the northeast flank of a shallow area known
as the Horseshoe. On the flank of the shoal (Horseshoe),
a ridge and channel system was obsexved. These structures
are two elongated elevations separated by a depression
trending in a south-southeast direction. In the ebb
dominated channel the sand waves are smaller than those
observed atop the ridges. All sand waves in the field
present their lee faces to the south-southeast, which
indicates a net direction of migration related to ebb
currents. On the other hand, the constant position of the
sand wave with time, the absence of ripples, and the
presence of flats between sand waves indicate that migra-
tion is not presently occurring or is too small to be

detected.

Several bedforms in the area, including the subject

sand wave, are in effect "solitary" sand waves.

92
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This concept has been introduced to describe the state of
a sand wave on which further evolution tends to be

independent of the adjacent bedforms.

The sediments that form the sand wave are medium
sands. Sediments representing relatively high energy were
found on the crest; progressively finer material was
observed down the flanks. The lee and flat sediments of
the southern side were finer and poorly sorted compared

to those of the stoss side and the northern flat.

Although medium sands are indicative of relatively
high energy environments, the high bioturbation found in
the box cores and the reduction zone encountered in both
the samples and cores define a low energy environment
where there is little or no reworking. The channel sands
described by Shideler (1975) can not be transported by the
present hydraulic regime. It is probable that only fine
material, mostly transported in suspension and represented
by subpopulation B' (Fig. 10), is continually introduced
and eliminated from the system (the sand wave) by the
currents. From a velocity profile obtained at maximum
flood (P1-02), the calculated shear stress was about
0.14 dyn/cmz. This value was consistent with the measured
low free stream velocity, but was not large enough to
exceed the threshold of any grain sizes found in the sand

wave.
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Both flow measurements and vertical profiles of
density over the sand wave were obtained during the
present study. Rotary surface currents due primarily
to tidal action ranged in velocity from 7.13 to 282.17
cm/s. As a result of the measurements of the Reynolds
stresses, the turbulence was found to be damped. The
lower frequency components of the flow were far more
important than the high frequencies. These low frequency
components were defined as (a) long period trends, and
(b) waves-associated events. The long period trends are
probably generated by internal waves. The waves were
swell-generated in an area at least 1000 km east to

southeast of the entrance to Chesapeake Bay.

From the spectral analysis of the velocity records,
the upper limit of turbulence was defined at 0.7 Hz.
The energy contained at higher frequencies was two to
three orders of magnitude smaller than the energy present
in the low frequencies. As a result of the low level of
turbulence, the shear stresses calculated by the Reynolds
stress method were very small and, in most cases, negative.
In plots of the instantaneous shear stress as a function
of time, two types of events were found. The dominant
events had mean values very close to zero. The other
events consisted of large spikes with peak values up to
119 dyn/cmz; however, their duration was too small to have

a decisive influence on |T].
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 From the detailed analysis of several large spikes,

an explanation for the negative value of T was sought.
In most cases, perturbation velocities u and w were of
the same sign and switched intermittently and almost
simultaneously during the entire event. With few excep-
tions, |w| was always larger than |u| in these events.
The coherent behavior and the similarity in sign suggest
that the effect of elements in the wave range of frequen-

cies is the driving mechanism.

The most striking feature of the spectral analysis is
that the turbulence due to the horizontal component of the
flow is highly reduced. Although the concentration of
suspended sediments and the density stability are high,
their damping effect on the turbulence would be expected
to act mainly on the vertical component. The low mean
velocity seems to be the main factor reducing the turbu-

lence.

From the integration of the bathymetry, sedimentology,
and flow measurements, it is concluded that the shape of
the feature studied plays an important role on the local
circulation pattern and the resulting mean velocity
associated over the sand wave. If the sand wave were a
long two-dimensional body transverse to the flow, both
theoretical and experimental estimates would predict that
the shear stress could increase up the stoss side, and

reach a maximum some distance upcurrent from the crest.
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Since crest length cannot be assumed to be infinite in
this area, the sand wave is believed to behave as a three-
dimensional structure, and flow avoidance must thus be

taken into account.

Evidently, dynamic conditions over the sand wave
field are affected by two types of avoidance. First, the
main currents generated by the tide flow mainly into the
Chesapeake Channel. Second, the remaining currents,
which move over the sand wave field, are also diverted
into minor channels of the kind described in the section
on general bathymetry of the area. These two avoidance
processes reduce considerably the strength of the mean
current atop the sand wave. Based on the foregoing,
the sand wave is concluded to be a feature in static
equilibrium with the environment, at least during calm
weather. Shear stresses large enough to exceed the
threshold of the sediment may be found during extreme

conditions such as storms.

Two approaches are proposed for future study of the
area. First, the potential flow field on the sand wave
should be analyzed theoretically. The sand wave should
be assumed to be a three dimensional body, and the flow
field should be taken to be rotary. The second approach
may be viewed as a complementary study. Field measurements
of vertical current profiles of several locations on the

sand wave and the areas around it should be made,
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specifically, at both lateral ends of the feature.
Comparisons of bathymetric surveys performed at different

times could provide valuable information on the evolution

of the sand wave.
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TABLE 1

Averages of Inclusive Graphic Parameters.

Parameter Overall Crest Stoss Lee Flat
Mean (Mg) l.61 1.35 1.56 1.52 1.91
Standard

Deviation (Jﬂ) 0.50 0.48 0.49 0.49 0.54
Skewness -0.08 ~0.09 -0.18 -0.16 0.10
Kurtosis 1.24 1.04 1.12 1.08 1.62
Median (Mdg) 162 1.35 1.55 1.53 1.95

Longest Grain
(mm) 3.02 3.40 3.10 2.93 2,71
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TABLE II

Frequency weight percent material in Phi grain-size fraction.

Variables
Gravel Ssand Mud
Samples V. Coarse Coarse Medium Fine V. Fine
>-1¢ -1-0 @ 0-19 1-2 9 2-3 ¢ 3-4p9 <4 ¢

Ll 0.09 0.75 15.13 69.00 12.67 0.64 1.1
F2 0.12 0.18 1.04 59.46 25.85 4.34 9.01
F3 0.21 0.42 0.88 34.50 31.83 8.45 23.73
s4 0.01 0.87 15.03 69.13 12.65 0.63 1.67
S5 0.80 0.92 16.12 68.67 11.01 0.63 1.86
L6 0.05 0.47 17.49 71.39 9.03 0.25 1.32
c7 0.16 1.47 18.99 65.57 10.46 1.10 2.26
S8 0.05 0.85 9.91 63.83 21.97 1.16 2.23
sl2 0.13 0.92 13.95 68.84 13.55 0.56 2.06
Ll3 0.27 0.37 2,72 43.41 29.36 7.72 16.16
Fl7 0.48 0.37 7.20 67.33 20.89 1.07 2.67
518 0.17 0.54 9.02 69.70 17.62 0.77 2.18
c19 0.09 0.42 14.17 70.17 11i.71 1.11 2.33
F20 0.12 0.41 2.18 55.03 34.32 2.86 5.08
L23 0.12 0.37 5.18 57.28 24.60 4.16 8.28
Cc30 0.08 0.29 12.68 77.65 8.06 0.16 1.07
s31 0.26 0.72 11.61 70.87 13.90 0.61 2.03
s32 0.11 0.65 13.38 72.89 11.37 o0.28 1.31
F37 0.43 1.30 5.66 61.08 26.01 2.13 3.39
s38 0.08 0.71 13.44 68.84 13.97 0.88 2,08
c39 0.06 0.61 31.81 62.85 3.42 0.22 1.03
L40 0.28 0.55 13.58 67.46 13,34 1.54 3.23
L45 0.09 0.62 10.33 73.30 13.10 1.21 1.34
Cé46 0.00 1.00 35.92 61.27 0.99 0.01 0.80
s47 0.27 1.23 11.01 72.67 12.20 0.87 1.76
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TABLE III

Eigenvalues, variance (%) and cumulative variance (¢) for the
first seven vectors - Q-mode factor analysis

100

Vector Eigenvalue Variance (%) Cumulative
Variance (%)
1 23.7668 95.0671 95.0671
2 1.0193 4.0772 99,1443
3 0.1732 0.6929 99.8372
4 0.0392 0.1568 99.9940
5 0.0009 0.0038 99,9978
6 0.0004 0.0018 99,9995
7 0.0001 0.0005 100.0000
TABLE IV

Rotated factor scores - Q-mode factor analysis.

Factors

Variables I II

Gravel 0.0390 0.2534
V. Coarse sand 0.8786 0.0120
Coarse sand 30.2904 -18.2911
Medium sand 70.2462 18.5845
Fine sand -12.6937 43.0368
V. Fine sand ~ 4.8013 8.9474
Mud ~10.9974 20.5312
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TABLE Vv

Rotated factor matrix - Q-mode factor analysis

Factor Factor Communa-

Samples I II lity

Ll 0.8398 0.5429 0.999
F2 0.6250 0.7782 0.996
F3 0.2812 0.9362 0.955
sS4 0.8397 0.5430 0.999
S5 0.8518 0.5236 0.999
L6 0.8691 0.4942 0.999
c? 0.8604 0.5070 0.997
s8 0.7485 0.6596 0.995
s12 0.8294 0.5584 0.999
L13 0.4603 0.8814 0.988
F17 0.7490 0.6584 0.994
s18 0.7847 0.6165 0.995
Ccl9 0.8398 0.5422 0.999
P20 0.5591 0.8184 0.982
L29 0.6549 0.7556 0.999
C30 0.8589 0.5045 0.992
s31 0.8198 0.5705 0.997
s32 0.8439 0.5343 0.997
F37 0.6834 0.7247 0.992
s38 0.8245 0.5655 0.999
Cc39 0.9181 0.3511 0.966
L40 0.8231 0.5677 0.999
L45 0.8218 0.5647 0.994
c46 0.9272 0.2968 0.947
547 0.8284 0.5557 0.995
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TABLE VI

Values for Shields criterion (eb) for the threshold of sediment motion and Bagqnold's
criterion (es) for the threshold of suspension. ¢y and ¢ are the corresponding
critical shear stresses. Grain sizes are the lower limit of population, except in

Suspension B' which is the upper limit.

Population gz:;n ey, Ty es 'es

(mm) (dyn/cmz) (dyn/em?)
Traction (C) 1,10 0.036 6.40 0.72 128.07
Saltation (A') 0.45 0.034 2.47 0.29 21.10
Graded
Suspension (A) 0.21 0.047 1.60 0.10 3.40
Suspension (B') 0.09 - - 0.092 1.34
Suspension (B) 0,09 - - >0.092 >1.34
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TABLE VII

Summary of records obtained at 5 cm above the surface of the
sand wave.

103

Record Station Day Time Azimuth Slope Slope Density
(1) Azimuth

(*True) (*True) (®) (g/cem3)

Pl-02 Pl 8/12/81 0904 188 045 7.43 1.018
P1-03 Pl 8/12/81 1246 008 045 8.65 1.019
4-04 4 8/14/81 0821 038 000 1.25 1.018
3-04 3 8/14/81 0850 348 135 1.25 1.018
2-04 2 8/14/81 0934 013 270 11.07 1.017
1-04 1 8/14/81 1004 138 110 13.45 1.017
2-05 2 8/14/81 1041 038 160 8.65 1.018
3-05 3 8/14/81 1108 133 000 9.87 1.018
4-05 4 8/14/81 1147 158 090 2.49 1.018
3-06 3 8/14/81 1217 053 000 6.20 1.018
2-06 2 8/14/81 1342 258 135 2.49 1.018
1-06 1 8/14/81 1414 253 180 12,27 1.018
2-07 2 8/14/81 1457 268 180 9.87 1.018
3-07 3 8/14/81 1529 253 225 2.49 1.018
4-07 4 8/14/81 1621 298 - 0.00 1.018
3~08 3 8/14/81 1649 268 315 1.25 1.018
2-08 2 8/14/81 1726 293 135 3.73 1.018
1-08 1 8/14/81 1752 298 315 4.97 1.018

(1) Eastern Standard Time.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE VIII

Summary of the velocity components and other parameters at 2 m

below the surface.

Record Vector o w v Azimuth Time
(1) (cm/s) (em/s) (cm/s) (2) (3)

Pl-02 - 7.13 3.63 3.27 159.02 0900
Pl-03 - 282,17 15,74 11.28 290.87 1200
4-04 1 14.46 2.28 1.57 296.25 0814
3-04 2 18.87 3.08 1.40 311.45 0914
2-04 3 17.88 2,87 3.28 354.20 0925
1-04 4 14.34 2,33 2.06 040.15 1029
2-05 5 16.32 2,01 2.07 090.14 1038
3-05 6 26.59 1.68 1.09 118.02 1133
4-05 7 33.31 1.53 1.03 157.65 1138
3-06 8 50.23 1.40 1.08 146.24 1242
2-06 9 52.98 1.17 0.96 175.82 1342
1-06 10 58.00 1.95 1.37 148.49 1441
2-07 11 58,94 0.82 0.79 158,00 1449
3-07 12 42.78 0.91 1.01 167.71 1555
4-07 13 41.83 1.67 l.22 202.35 1605
3-08 14 29.25 1.27 1.85 248.50 1713
2-08 15 31.00 2.16 2.54 250.13 1719
1-08 16 37.38 2.34 1.87 314.16 1756

(1) Numbers correspond to vectors and marks in Figs. 26 and 27.
(2) Azimuth = Observed angle + Rotation angle (). ®*Magnetic.

(3) Eastern Standard Time.
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TABLE IX

Calculated wave parameters.

Freguency Period L (1) Height H/E4(2) éL(3)
(Kz) (sec) (m) (cm) (107%) (cm)
0.078 12.82 115.4 3.38 2.9 .61
0.094 10.64 %4.7 3.44 3.6 0.55

{1) Local wavelenght
(2 Wave steepness

(3} Wave-boundary layer thickness
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TABLE X

Summary of velocities and shear stress determined at 5 cm
above the bottom.

Unfiltered data.

Record g @ & Ve Z
(cm/s) (cm/s) (em/s) (cm/s) (dyn/cm )

P1l-02 1.09 ~0.33 2.27 0.63 - 1.003
P1-03 14.71 -2.33 10.12 8.44 - 21.255
4-04 6.27 -1.38 7.95 1.16 7.433
3-04 3.64 ~0.34 2.20 0.95 - 0.434
2-04 - 2.27 -1.57 1.93 0.55 - 0.775
1-04 - 1,83 -1.36 1.90 0.73 - 0.735
2-05 7.52 -1.23 7.83 0.88 2,553
3-05 23.68 -2.08 2.10 0.56 0.453
4-05 19.64 -1,17 1.99 0.65 - 0.047
3-06 12.00 -0.95 2,78 0.74 0,271
2-06 0.37 -0.49 2.68 2.84 - 1.589
1-06 4.93 0.01 3.78 4.25 - 2,252
2-07 0.30 -0.47 2.07 1.51 0.164
3-07 18.56 ~2,99 3.97 1.50 1.232
’ 4-07 0.47 -0.58 3.89 1.44 0.777
3-08 - 7.34 -0.61 1.39 0.42 0.035
2-08 10.81 0.07 3.35 0.65 - 0.887
1-08 23.66 -1.01 3.97 0.59 0.906
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TABLE XI

Parameters calculated from equations (4-2) and (4-3)
for vertical velocity profile measured at station P1

Equation

Parameters (4-2) (4-3)
u, (cm/sec) 0.36 0.37

2. (Syn/cm?) 0.13 0.14

z, (cm) 0.17 -—

U, (cm/sec) - 8.52

Coefficient of

0.86

Cerelation 0.86
(R%)

107
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TABLE XII

Root-mean sguares (rms), shear stress and shear velocity for
the measurements at 5 cm above the bottom. Data filtered at

f;, = 0.2 Hz.
2 JSE E? ¢r5 Ux

Record (cm/s) (cm/s) (dyn/cm2) ﬁ!‘ (cm/s)
Pl-02 0.26 0.21 - 0.022 1.24 c.15
Pl-23 1.61 4.32 - 4.854 0.37 2,18
4-04 1.22 4.13 0.032 0.3C 0.18
3-04 0.42 0.73 0.192 0.58 2.43
2-04 0.20 0.16 - 0.008 1.25 0.99
1-04 0.26 0.25 - 0.014 l.04 0.12
2-05 0.42 0.27 0.024 1.56 0.15
3-05 0.51 0.24 0.031 1.71 c.17
4-05 0.36 0.37 - 0.036 0.97 0.12
3-06 0.32 0.35 - 0.013 0.91 0.11
2-06 0.51 1.56 - 0.360 0.33 0.59
1-06 0.70 2.29 - 0.793 0.31 0.28
2~07 0.34 0.76 - 0.C14 0.45 0.12
3-07 0.52 0.71 - 0.007 0.73 0.08
4-07 0.44 0.73 - 0.084 0.60 0.29
3~08 0.21 0.16 - 0.005 1.31 0.07
2-03 0.33 0.22 - 0.006 1.50 0.08
1-08 0.42 0.26 0.023 1.62 0.15
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TABLE XIII

Freguency percent distribution of Z(t) as a

standard deviation (G).

function of its

Record 2 s +1GC $2G +3G -0 + G
(aya/em?)  (dyn/em?) (%) (2) (2) (1) (2)
Pl-02 -0.022 0.082 90.55 97.06 98.57 12 8
P1-03 ~4.854 9.41 88.06 95.61 98.04 13 3
4-04 0.032 0.33 96.92 93.63 99.19 4 25
3-04 0.192 1.66 97.67 98.77 239.07 2 27
2-04 ~0.008 0.04 86.02 96.18 98.42 14 15
1-04 -0.014 0.1l0 91.40 37.07 98.52 15 17
2-05 0.024 0.13 85.29 95.34 97.85 12 17
3-05 0.031 0.14 88.77 96.71 9£.62 19 14
4-~05 -0.036 0.76 99.44 9°2.70 99.78 47 2
3-06 -0.013 0.12 83.50 95.14 38.17 11 13
2-06 -0.36¢ 0.98 85.35 95.18 98.04 14 4
1-06 -0.793 1.90 86.03 95.63 98.90 17 7
2-07 -0.014 0.27 81.09 94.46 98.15 7 14
3-07 -0.007 0.56 90.77 97.34 98.75 20 19
4-07 -0.084 0.48 90.17 96.56 98.42 21 1)
3-08 -0.005 0.04 83.33 96.36 98.35 9 14
2-08 -0.006 0.07 79.44 93.75 98.04 7 7
1-08 0.023 0.12 84.13 95.183 97.9%0 11 10

(1) Extreme number of standard deviation to the left of the mean.

(2) Extreme number of standard deviation to the right of the mean.
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Fig. 2. Bathymetric chart of the sand wave field on
the northern flank of the Horseshoe. The
arrow points to the studied sand wave.
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Fig. 4. Bathymetric chart of the sand wave area. The
sand wave studied in the present research is
delimited by the isobath of 9 m at the center
of the chart.
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Fig. 15. Correlation between textural parameters:
Mean versus Standard Deviation.
L = crest, + = lee, X = stoss, & = flat.
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Fig. 16. Correlation between textural parameters:
Mean versus Skewness. 4 = crest,
+ = lee, x = stoss, A& = flat.
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Fig. 17. Correlation between textural parameters:
Mean versus Kurtosis. A = crest, + = lee,
X = stoss, A = flat.
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WENTWORTH SCALE

Fig. 20. Cumulative curves of typical samples
from the fine gray sand unit (after
Meisburger, 1972).
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Fig. 21. Photography of the tetrapod in the present study.

Fig. 22. Photography of the central platform of the tetrapod.
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Fig. 24. Photography of the probe in the horizontal position.
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Fig. 25. Photography of the data acquisition system:
current meter and digital recorder.
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Fig. 26. Near surface current vectors.
Data obtained on August 14,
1981. The numbers on the
vectors correspond to the
records in Table VIII and
numbered marks in Fig. 27.
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Fig. 28. Vertical profiles of Op obtained on August 12
and 14, 1981. Numbers indicated the time of
the first measurement at the bottom level.
The approximate tidal conditions during the
measurement are indicated.
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Fig. 29. Hourly distribution of salinity
(s) and temperature (T) at the
surface, 4 and 9 m for data
obtained on August 14, 1981.

Note the coherent inverse
behavior of S and T at the
surface and 9 m levels. The
pycnocline developed at about the
4 m level.
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Fig. 42. Autocorrelation of U, record P1-03,
unfiltered data.
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Fig. 43. Autocorrelation of W, record P1l-03,
unfiltered data.
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Fig. 44. Crosscorrelation of UW, record
P1-03, unfiltered data.
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Fig. 45. Autocorrelation of U. record
2-07, unfiltered data.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155

-
o
w
[

75

o0 W

-.52

' ' ' i 1
1 20 32 42 52
TIME LAGS f SEC.)

Fig. 46. Autocorrelation of W, record
2-07, unfiltered data.
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Fig. 47. Crosscorrelation of UW. record
2-07, unfiltered data.
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Fig. 48. Autocorrelation of U. record 1-08,
unfiltered data.
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Fig. 49. Autocorrelation of W, record
1-08, unfiltered data.
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Fig. 50. Crosscorrelation of UW, record 1-08,
unfiltered data.
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Fig. 51. Spectrum functioén (E(f)) of U and W, unfiltered
data, record P1-03. The energy was normalized
by the peak energy of E, = 815.31 cm2/sec2/Hz.
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Fig. 52. Spectrum function (E(f)) of U and W, unfiltered
data, record 4-04. The energy wai normal:.zed by
the peak energy of E, = 54.80 cm /sec? /Hz.
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Fig. 53. Spectrum function (E(f)) of U and W, unfiltered
data, record 2-07. The energy wag nor1121alized by
the peak energy of E, = 52.68 cm*/sec</Hz.
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Fig. 54. Velocity profile calculated with equation
(4- 2) . See Table XI for parameters.
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Fig. 55. Velocity profile calculated with equation
(4 3). See Table XI for parameters.
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Fig. 56. Autocorrelation of U, record P1-03
Filtered data at f;i = 0.2 Hz,.
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Fig. 57. Autocorrelation of W, record P1-03
Filtered data at f;i= 0.2 Hz.
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Fig. 58. Crosscorrelation of UW, record
P1-03. Filtered data at f;§=0.2
Hz.
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Fig. 59. Autocorrelation of U, record
4-04. Filtered data at fy =
0.2 Hz.
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Fig. 60. Autocorrelation of W, record
4-04. Filtered data at
f;i = 0.2 Hz.
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Fig. 61. Crosscorrelation of UW, record
4-04. Filtered data at f% = 0.2
Hz.
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Fig. 62. Autocorrelation of U, record
2-07. Filtered data at £, =
0.2 Hz. :
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Fig. 63. Autocorrelation of W. record
2-07. Filtered data at £y, =
0.2 Hz. ¢
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Fig. 64. Crosscorrelation of UW, record
2-07. Filtered data at f% = 0.2
Hz,
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Fig. 71. Frequency percent histogram of shear
stress versus number standard
deviation around the mean. For records
P1-03, 4-04, 3-04 and 2-05. The
percentacge of points of each record
represented is indicated.
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ceceeecceceecceceeecceeeeccecceecccecceeeceeccceecceecceceecceccccccecccceccce
FRIGPAY GSIZE.FOR
GERARDO M. E. PERILLO.

anaana

R AR R E AR R E AN AR RN R A AN AN AN R AR E R IR N RN AR ERAR AN R KA G R AR RAAERNRARRC

PROGRAM GSIZZ.FNR WAS DESIGNED FGR DETERMINATICYN

OF STATISTICAL PADAVYELTE?S OF SANL SAMPLES.

NOTE ¢ %) PIPPZTE DATA wlILL BE ANALYZ2ED IN THF
preeEmT PRIGRAM UYLESS THE NLCISSARY WCDIFICATINN ARe
qADE TO IT.

aonOoOoqaaaaoaa0an

EANR R AR R R R AN AN R R AN AR AN RN R R R NN R AR RAARARNE AR ARG NE ARV ANRNSITARRS

INPUT DATA
DATA “UST BE EANTERZD BY A DATA FILE (FILENAME.LAT),
FILENA“Z CAN ™2 ANY UP T0 o LEITZR COVEIHATICN
EYAWPLE ¢ SANMPLZLDAT

DATA IN FILFNAMZL.DAT ARE TC BE ARRANGEL IN THE FJULLIWING

el z iz iz e a ke e R e e e X Xz K2 K X2 K2 X2k Ka X2 N X2 K s K e X e N s N N e Na K s N o}

IRDER 2
LINE 1 ¢ wuM3Fs GF SAMPLTS TO BE ANALYVZETD.
LINE 2 ¢ SvALLIST SIZVE VALUE THRU WEICY ALL SEDIVNT
WAVE PAS3ED, SIEVE INTERVAL USED
(I-Et: "1-25 gl25)
LINE 3 ¢ FIPST SAYPLE NUMBER, IT CAN 3E ANY COMBINATICH
OF U° T0 4 LUMPERS AND LETTE®S (I.E.: GC39)
LINE 4 2 WEJGHT PUFNRT T SICVE, &R IGIH AFTER WET SIZVF
WETGH! BiFJv: HCL, WwEIGAT AFTER 4CL, LEPTH,
TYPE JF SAMPLE, MAXIMUN GRAIN.
(TeEei 657.32 €33.45 10,0 9.46 12.24 1 2.4)
NOTZ : IF CA2BNNATE AVALYSTS aAS %11 FERFGRMFD
sNTZR 0o 0o IN THE PLACE 4oHCL WaAHCL
DEPTH 1S RECIUMENDED IN METZRS
. IF NO SAMPLE TYPE ENTER 0
IF NC MAXIMUN GRAIN, EATE® 0.
LINZ 5 ¢ 4LIGHT FOR SIEVES 1 TO 8
LINE 6 ¢ WIIGHT FIOE SIEVES 9 TO 13
LINS 7 ¢ WEIGHT FOR SIEZVES 14 TO END
LINE 8 2%D SJ CN ¢ ST0zA7T LINES 3 T2 7 AS MAMNY TIVLS AS C
SAVPLLS TU BE ANALYSED. - c
t"llll'*.'.t.t‘l"ltl'lltQ't.tt.".'.'..'..k.'ltl'..l!t'.l.'t.g
C
CUTPUT DATA <

c
QUTPUT INFORMATION IS GIVEN IN A TARULATED SELF=-EXPLANA-C
TORY FCPy, FRNM LINT PRINTER. c
AS AN OPIION THF 3SUPRIUTINE CUVPLT.FCR PLOT A CUMULATIVEC
CURVE I% ARITHUMETIC SCALE. WHEN K'NNING, THE PHTIGRAM
aILL ASK FOF PL3IT.

INDIVIDUAL PERCSNTAGE MAY BE NUTHUT IN FILF FERC.OUT

FALK GRAPHIC PARAVLTEIRS MAY BE JUTPUT IN FILE FOLK.OUT
THE DATA CAV RE U3TD TC PLCT IN THZ VARIAN PLCITER,

nnnnn.nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
ancooaoon
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GENFRAL PERCENTAGES (GRAVEL, ALL SIZES OF SAMDS, AND
SILT/CLAY) ARE NUTPUT IN FILE GEPERC.TXT.

P 2 2:33 2323222222322 223 232223223202 S 212278222002 22 22002

LIST VARIABLES c

N 3 INTERGEF, NUM3ER OF SAMPLES.
PHIMIN : RiAL, PHI SIEVE VALUE THRU BHICH ALL SEDIKENT
HAVE PAS3ED
DELPHI ¢ REML, PHI INTEPVAL BETWESN SIEVES
SIEVE & rRBAL, FYI SIEVE VALUES. EAN = S.
SN ¢ ALFANUMERIC (1lA4), SAMPLE NUMBEP
DEPTH ¢ wZAL, DEPTH IN w=TiRS AT WHICH SAMPLE #AS ORTAl-C
NSDe IF SAMPLE WAS CBTAINZD ABCVE SEA LEVEL,ehk~ C
TEx 0.0,
WPWS ¢ PReAL, WETGHT OF TOTAL SAMPLE BEFORE WET SIHVE
wkaS 3 PzAlL, #ZIGHMT OF TOTAL SAMPLE AFIER A4FT SIEVe
WRHCL ¢ REAL, wFf1GHT OF SAMPLE PEFORE HCL.
dAHCL ¢ REAL, wTIGHT OF SAFFLE APTEP HCL.
AING ¢ PzAL, WoIGIT COF SEDIM:ZNT REIAINED IN EACH INDIVie
DUAL ST1:<Vi. :
IPHI 3 INTZGER, TITAL MNUMRER OF SIEVES, INCLUPES PHIMIL
AND PAN.
WACC 2 RzAL, BCCUMULATIVE WwEIGHT.

OQANOMNA0 a0 a

(2]

C
c
c
c
C
c
c
c
C
PIND RZAL, PERCINTAGE OF WIND. c
PACC REAL, PEZRCThTASE OF WACC. C
HALFI ¢ &RAL, MIDPOINT FOR EACH CLASS INTERVAL. PAN = c
4.5 c

$ RZIAL, MAVFNT MIAN. C

SNEV ¢ R-AL, MCWIONT STANDARD DEVIATICN. C
SK ¢ Rehl, MJIVLNl SKILAMESS. [
KG ¢ REAL, MOWEMT KIRTCSIS. C
RT2L, FILX"S GRAFHIC MZBN. c
REAL, FOLX®S GHAPHIC STANDARD DEVIATION. C
PTAL, FNLK®S SKEWNEZSS. C
RZAL, FILKS KURTOSIS. C
JTY INTEGER, TYPZ OF SAVPLE. C
GLEN ¢ RIAL, INTERMIDIATE DIAMETER CF MAXIMUMN CPAIK, IN C
VILLIMEIERS. C

c

<

L, 4

wn

>x s
e 00 00 00 o0

(o0 oo o o] o of of o o o o4 o o of o o o o of o o o€ o o o o o o o o o o o of of o o of o ¥ o o o o o o o o oo o o o3 o o {4

e e K e e N R e K K K e e K K N e N K e K K R K e Nt K e N K N N s Kz N Xt N e e X N s K2 X s Xz X2 ]

DIMENSION PHI(10), WIND (40), wACC(40C), PIND(AC),
. PACC(42), PFIL(10), HALFI(40), Fd(4L),
® SIEVE(4D), SN(1)

INTEGER 2PT, TiT2, CFT3, OFT4

REAL XG

DATA PFIL /1e,50216042503500504,650,7%es9329%e/

JuTl = 23

JOUT2 1

JOUT3 24

Ceoe READ GENERAL TuFORMATION

TYPE S
S FARMAT(//5X, "ENTER CETICN FCR CUMTLATIVE CURVE®/
* SX,°ENTEx ¢ 1 FOE YES, 0 FOR NO°)
ACCEPT *, UPT
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10

15

20

25

C--.

30
35

Ceoe

40

45

50

55

c...
60

65

TYPE 10

FORMAT (/5X, “ENTER OPTION FOk INDIVIDUAL PERCENTACE®/
5X, “0NTPUT. O = NI, 1 = YES®)

ACCEPT *, OPT2

TYPE 15

FORMAT (/5X,°ChTi? OFTICK FCR FOLX PARAMETLPRS®/

5X, “OUTPUT. 0 = N0, 1 = YES®)

ACCEP? *, JPT3

TYPE 20

FOKYAT (/5X,°ENTER DPTION FOR GENEmAL PERCINTAGES®/
5X,°0 = NO, 1 = YC5°)

ACCEPT *, OPTA

TYPE 25

* FOKMAT (°AFILE SPTCS FCR DATA FILT (UNIT = 2§,

EXAMPLE <SAMPLE.DXT>®)

OPEN (UNIT = 20, ACCESS = °SEQIN®, WODE = “ASCIl®,
DIALOGR)

READ (20,*) X

READ (27,%) PHIVIN,DELPHI

CALCULATE PHI INTERVALS

DO 30 I = 1,40

PEL = (I - 1) * DILPHI
SIEVE(I) = PHINI'N ¢ DEL

IF (SItv=(I) «£8« 4.) GO TO 35
CONTINUE

G0 T0 59

IPHI =1 ¢ 1

SILVECIPHI) = S.

READ INDIVIRUSLL SAMPLE INFORMATIGN

IF (OPT2 «EG. %) GU 10 40

OPEN (UNIT = JCUrl, ACCESS
IF (IPT3 8% ) 71 17 45

OPEN (UNIT = JOUT2, ACCESS = “APPTND®, FILE
ARITE (JIUT2,*) N

IF (OPT4 «Z%. 0) GO TO S0

*APPEND®, FILE “PERC. TXT°)

FILK. IXT°)

198

UPEN (UNLIT = JOUT3, ACCESS = ®APPEND®, FILE = *GLPLPC.TRT®)

SUMME = 0.0

sust = 0.0

D9 595 Xh = 1,k

REAT (20,55) Sk

FORVAT (144)

KEAD (26,*) aReS, WiaS, W3HCL, WAHCL,DIPTH, JTY,GLEM
READ (20,%*) (¥I1%MI), 1 = 1,8)
IF (IPHI obQ. &) 60 10 60

KEAD (27,%) (WIND(1Y, 1 = 9,13)
IF (IPHY .E€. 13) GO TO 60

READ (20,*) (WIND(I), 1=14,IPHI)

CALCULATZ ACCUMULAITVE BND TOTAL «ESIGHT

wACC(1) = 0.0

un 65 I = 2,1PHI

alCC(T) = RACC(I-1) ¢ wIND(I)
CONTIVUE

TOTAL = aACC(IPHI)
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80

85
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95
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105
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110
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Ceee

c
115

C.-.
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CALCULATE INDIVIDUAL AND ACCUMULATIVEZ

PERCENTAGES

PACC(1) = 0.0

PIND(1) = 0.0

PO 70 I = 2,1PHT

PINP(I) = (WINC(I) * 100.)/T0TAL
PACC(I) = PACC(I-1) + PIND(I)
CONTIMUE

HALF POInT AND MOMENT MEAN CALCULATION

HALFI(1) = 0.0

SUMFe = 0.0

DY 5 1 = 2,I7HI

HALFI(1) = (SIEVEZ(I) & SIEVE(I-1))/2.
Fa(Y) = HALFI(1) * WIND(I) .
SUMFd = SUMFW ¢+ Fd(I)

CONTINUE

XMpE = SUMFW/TCTAL

SUMME = SUMMZ + XMHE

PRINT GENTRAL INFIRVATION AND
TABLE OF WiIGThS AND PERCENTACES

WRITE (3,80)

FORVAT (°1°,//,9%,°9LD DOMINION UNLIVERSITY?/

8X, *DEPA-THEWT OF UCr ANOGIAPAY®/5X, GPAIN-SIZE
ANALYSIS (STATISTICS)”)

w2ITe (3,85) S%,LaPTH,GLEN

FORMAT(//5X, “SA4PLE 3 “,134,5%,"DEPTH = “,F6.2,2X,°%°,
4X, "MAXIMUN GFAIN = “,FS52,2K,"ME")

4PITE (3,90)

FORVAT (//:5X,°SIEVE DATA ONLY®//

12X,°PHI CLASS®,15X, "W:IGHT®,13X, “PERCENTAGE®)

WRITE (3,9%)

FORVMAT (/3X,°N°,5%, "STEVE®,3X, VMIDPOINT*, 2(6X, “INDIV.",
4%, "ACCUN. "))

DN 105 I = 1,1FH]

WRITE (3,109) I, SISVE(I),HALFICI),WIND(I), WACC(I),
PIND(I),PACC(I)

FORMAT (2X,12,204X,F6e3),2(6X,F€.3,4%,F7.3))

CONTINUE

QUTFUT ILDIVINDUAL PERCeNTAGE 1IN FILE PERC.TXI
IF OPTION OF12 =1

IF (UPT2 <=fe 0) GO TO 115

I1 = IPHl - 1

wRITe C(J3UT1,110) JTY,5N, (PIND(I), 1 = 2,1I)
FORVMAT (1X,T1,A4,21F6.3)

PLOT CUMHLATIVE PukCZIMT CURVE IN
ARITHMLTIC SCALE IF CPTICN =1

IF (OPT +Eue. 0) G2 TO 120
CALL CUVELT (PACC,LPdI,SN,SIEVE)

INTERPOLATION CF PHI VALUES FOR
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200

Cesoo FOLX PAPAVETLPS

C
120 pN 135 I = 1,10
DO 125 J = 1,1FHI
IF (PACC(J) oLE. PFOL(1)) NJ = J
IF (PACC(J+1) .GT. PFOL(I)) GO TO 130

125 CONTINUZ

130 NJ1 = NJ + 1
DELY1 = PACC(NJ1) = PACC(NJ)
DELY2 = (PACC(MJ1) ~ PECL(I)) * SIEVE(NJ)
DELY3 = (PFIL(I) =~ PACC(NJ)) * SIEVE(NJ1)
PHIC1) = (DELY2 ¢ DELY3)/DELY1

138 CONTINUE

c .

Coeo PRINT PHI VALUES

c
WRITE (3,140)

14¢ FORVAT (//5X,"PHI VALUES FCP GRAPHIC MERSURES?®)

. aARITE (3,145)
145 FORMAT (//7X,°PHL*,5X, "PERCENTAGE */)

DO 155 1 = 1,1¢
wRITE (3,159) FFOL(I), PHI(CI)

150 FORMAT (7X,%3.0,6X,F7.4)
155 CONTINUE
c

Ceoos CALCULATE FOLK INCLUSIVE GRRPHIC
Ceee STATISTICAL PAKAMETERS

c
FMZ = (PHI(3) + EHI(6) + PHI(9))/3.
DR416 = PHI(9) = PRI(3)
D955 = PHI(10) = PHI(2)
D7525 = PHI(8) = PHI(4)
FSD = (DB416/4.) + (DI55/6.6)
DPHI = PHI(6) * 2.
sX1 = PiHl(3) + PHI(9) - DPHI
SK2 = PHI(2) + PHI(10) - DPHI
FSK = SK1/(2. * DR316) ¢ SK2 /(2. * D955)
F¥G = D955/(2.44 * D7525)
QD = D7525 /2.
c
Cocs CALCULATE MOMENT STATISTIC PARAMETERS
c
SUMDL2 = 0.0
SUMSK = 0.0
SUMKG = 0.0
DD 16¢ I = 1,1PHI

1,1

DELTA = HALFI(I) - XMME

DEL2 = DELTA * DELTA

DPELI = DiLTA * DIL2

DEL4 = DeLTA * DEL3

SUMDE2 = SUMDE2 + DEL2 * WIND(I)

SUVMSK = SUMSK + DEL3I * WIND(I)

SUMKG = SUYKG + DEL4 * WIND(I)
160 CONTINUE

SDEV1 = SUMPE2/TCTAL

SDEV = SJPT(SDtV1)

SDEV3 = sShevl * SDEV

SDEV4 = SPEV1 * SDEV1

SK = SUMSK/(TOTAL * SDEV3)

KG = SUPKG/(TOTAL * SDEV4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



c...

165
170
175
180

185

19¢
195
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200
C
c.'.

Ceoe
Coeo

c
205

210

215
220

225
23¢C

235
240

24S

SUSD = SUSD + SDEV
PRINT GRAPHIC AND MOMENT STATISTIC FARAMETERS

WRITE (3,165) SN

FORMAT (°1°,/7/5X%,°SAMPLE = °,1A4)

WwP1TE (3,170) -

FORVAT (////16X,°STATISTIC PARAVETERS (SIEVE DATA)®)
WRITE (3,175)

FORVAT (/12X,"GPAPHIC®,3X, “MOMENT®,9X, “GENERAL")
WRITE (3,180) FvZ, XMME, PHI(6)

FORMAT (/2X, "MEAN®,6%,ET.4,2X,F7.4,5%, “MEDLAMN,5X,
Fl.4)

WRITE (3,185) FSD, SDEV, QD

FORMAT (/2X,°STDe DEV.*,F8.4,2X,F7.4,5X,°QUARe DEV.°,
FB. 4)

WRITE (3,190) FSK, SK

FORVAT (/,2%X,*SKEWNESS®,2(2X,FT.4))

WRITE (3,195) FXG, KG

FORMAT (/2X,°KURTISIS®,2(2X,F7.4))

DUTPUT FOLK STATISTIC PARAMETEKRS IN FILE
FOLX.TXT, IF OPTION OPT3 =1

IF (OPT3 +EQ. 0) GO 10 205

wRITE (JOUT2,200) JTY,SN,FPZ,FSD,FSK,FAG, XK VE,CD,GLED
FORMAT (1X,11,1X,44,7(1X,F8.4))

CALCULATE SECIFENT CHARACTERISTICS

PERCENTIGF OF GRAVEL, SAND AND SILT-CLAY (VUD) OF
TOTAL SAMPLE

KPER = 109./wFaS
WSC1 = WBWS = R}AwS

aSC2 (SINP(IPHI) * A24S)/TITAL
WSC = ®wSC1 ¢+ W3C2

PSC = WSC * WPER

WGR = 0.0

WVCS = 0.0

wCS = 0.0

WMS = 0.0

WFS = 0.0

WVES = (a0

111 = IP4T - 1

pn 265 1 = 1, III

IF (SIZV=(l) « 1.) 210,210,215
WGR = KGR + wIND(I)

G0 T3 265

IF (SIEVE(L)) 220,227,225

WVCS = WVCS ¢ wInD(I)

60 T0O 265

IF (SISVE(L) -~ 1.) 230,230,235
WCS = wrs + wIND(I)

6N 13 265

IF (SIEVC(I) = 2.) 247,240,245
WMS = AMS + WIND(I)

G0 TO 265

IF (SIEVE(I) - 3.) 259,250,255
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250 WFS = WFS + WIND(I)
GO T0 265
255 IF (SIEVEC1) ~ 4.) 260,260,270
260 WVFS = WVFS + WIND(I)
265 CONTINUE
270 WGRS = (WGR * WARS)/TOTAL

PGR = WGRS * WPEER

NSAND = WVCS ¢ WCS ¢ WMS ¢ WFS ¢ WVFS
WSA2 = (WSAND * WAWS)/TCTAL

PSAND = WSA2 * WPER

PPSA = 10C./wSAND

PVCS WvCcs * PPSA
PCS = WMCS * PPSA
PMS = WMS * PPSA
PFS = WFS * PPSA

PVFS = WYFS * PPSA
WRITE (3,275)
275 FORVMAT (/712X,°SAND STZE PERCENTARES®/2X,°V. CCARSE®,
*  2X,°CDARSE",2X, "MEDIUM®,3X, FINE®,3X, V. FINE®)
WRITE (3,280) FVCS, ECS, PFS, PFS, FVFS

280 FORMAT (/1X,2(3X,%F6.3),3(2X,F6.3))
WRITE (3,285)
285 FORVAT (/7/6X,°GRAPHIC-STATISTIC VALUES INDICAIE
* THAT THE SAVPLE IS 2°)
c
Cene DETERMINATION GF STANDARD DEVIATION
c

IF (FSD - +35) 315,320,299
290 IF (FSD ~ .50) 329,325,295

295 iIf (FSD - »71) 325,339,300
300 IF (FSD - 1.0) 330,335,305
305 IF (FSD = 2.0) 335,349,310
310 IF (FSD = 4.0) 340,345,345
315 WRITE (3,355)
GO TO 350
320 WRI1TE (3,360)
G0 10 35¢C
325 #RITE (3,365)
G0 70 350
330 WRITE (3,370)
GD T0 35C
335 WRITE (3,375)
GO 10 359
34¢ WRITE (3,380)
GO 10 350
345 wRITE (3,385)
350 CONTINUE
C
355 FORMAT (/10X,"VFRY WELL SONRTED)
360 FORVAT (/19X,°wELL SORTED®)
365 FORVAT (/10X,°V¥0DERATELY WELL SOKTED®)
310 FORMAT (/10X,°MODZRATELY SOPTED®)
375 FORMAT (/10X,°POCRLY SORTED®)
380 FORYAT (/10X,°VERY PCORLY SCRTED®)
385 FORMAT (/10X,°EXTREMELY POORLY SURTED®)
c
Ceee DETERMINATION CF SKEWNESS
c

IF (FSK - 1.0) 390,435,440
350 IF (FSK -~ 0.3) 395,430,435
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400
405
410
415

420
‘425
430
435

440
445

45¢
455
460
465
470
475

c...
480
485
490
495
50C
505
51¢
51%
520

525
530

535
540
545
550
555
560

c-..
c.-.

565
c

IF (FS
1F (FS
IF (FS
IF (Fs
WRITE
60 10
WRITE
G0 T0
WRITE
G0 10
WRITE
GO0 T0
WRITE
GN 10
WRITE
CONTIN

FORMAT
FORMAT
FORMAT
FORWAT
FORMAT
FORMAT

DETERM

IF (FK
IF (FK
IF (FK
IF (FK
IF (FK
ARITE
GO T0
WRITE
G0 TO
KRITE
G0 T0
APITE
GO 10
WRITE
GD 10
WRITE
CONTIN

FORVAT
FORMAT
FORMAT
FORMAT
FORVAT

K - 0.10) 400,425,430

K ¢ 0.10) 405,420,425

K + 0.30) 410,415,420

K + 1.0) 440,415,415
(3,450)

445

(3,455)

445 .

(3,460)

445

(3,465)

445

(3,47¢)

445

(3,475)

UE

(/10X,"STROKGLY COARSE SKEWED
/13X, "COARSE SKEED®)
(/10X,"KEAR SYMMETRICAL®)
(/10X,“FINZ SKEWED®)
(/10¥,°STKINGLY FINE SKZVED®)
(/1U%X,°VSRY STRCNGLY SKEWED,
INATION OF KURTOSIS

G - «617) 503,505,480

G - .90) 505,595,485

G~ 1.11)510,510,49

G - 1.50) 515,515,495

G = 3.0) 520,520,525
(3,535)

530

(3,540)

530

(3,545)

532

(3,55%)

530

(3,555)

539

(3,560)

vz

(/16X,°VExY PLATYKURTIC °)

(/13X, ELATYFURTIC °)
€/10X, “FESIKURTIC °)
/10X, LEPTOKURTIC °)
(/19%,°VERY LEPICKUXTIC °)

‘)

SONE ERRCR INM LDATA®)

FORMAT (/10X,°cXTREMELY LEPTORURTIC °)

CALCULATE AND ESINT FERCENTAGE CF CRRPCNATE (AS CALCIUN

CARBON
IF (WR

ATE) IN SAND
HCL +FG. 0.) GO 10 570

PCAR = ((¥RMCL = WAFCL) * 100.)/aBHCL

WRITE

FORMAT (/2X,°% CARGCONATE (AS CALCIUM

CARFON

(3,565) PCAR
ATE) IN SAND = °,F7.3)
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[T PRINT GRAVEL, SAND AND MUD PERCENTAGES

C
570 WRITE (3,575)
575 FORMAT (///25X,°TITAL SAMPLE®)
WRITE (3,58CG) PGR, PSAMND, PSC
580 FORMAT (/5X,°% GKAVEL = ",F7.3,3X,°% SAND = <,
* F7.3,3X,'% SILT=-CLAY = "F703)
c
Ceece CALCULATE GENEKAL PERCENTAGES If OPT4 =1
c

IF (NPT4 +EQ. 0) GO TO 595
TS = PSAND/WSAND
TVCS = WVCS * 1S

ICS = WCS * TS
TMS = WMS * TS
‘TFS = wFS * 1S

TVFS = WVFS * TS
WRITE (JIuT3,*) PGR,TVCS,TCS,TMS,TFS,TVFS,PSC
WRITE (3,585)
585 FORFMAT (//2X,°GRAVEL®,2X,"V. COAKSE®,2X,°CIARSE®,2X, *FEDIUM®,
* 3X,°FINE®,2X,°V. FINE®,2X,°SILT=CLAY")
WRITE (3,59¢) PGR,TVCS,TCS,THS,TFS,TVF5,PSC

590 FORMAT (//72%sF6e3,1%,2(3X,F6e3),2(2%,F6e3),2X,F6.3,3%,F6.3)
595 CONTINUE
c

Coeo CALCULATZ AND PRINT AVEPRAGE MIMFNT MEAN AND
Coeeo STANDAKD DEVIATION JF TOTAL SAMFLES ANALYZED

c
AVME = SUMME/N
AVSD = SUSC/N
WRITE (3,600) A, AVME, AVSD
600 FORYAT {//5X,°%UMRER OF SAMPLES = °*,19/5X,°AVERAGE OF
* MFANS = “,F13.3,/5X,"AVERAGE OF STDe. DLVIATICNS = “,t7.3)
STOP .
END
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SUBROUZTINE CUNPLT (A,NR,AN,PEO)
DIFENSICN A(30), PHC(30),FREX(30),
PRIX(30), AN(2)

CALL PLOTS (IJK)
CALL FLOT (0-1'110,'3)
CALL PLOT (0.r2.,-3)

START AXIS

CALL PLO? (0.,6.5,3)
CALL PLCT (0.,0.,2)
CALL PLOT (7.5,0.,2)
CALL PLOT (0.,0.,3)

GRAPHIC THE TICK MARKS IN RX-AX1S

p051=1,6
X=11*1,1667
¥ = «0.1

CALL PLCT (X,0.,3)
CALL PLOT (X,¥,2)
CONTINUE

GRAPH TICK MARKS IR Y -~ AXIS

CALL PLOT (0.,0.,3)
DO 10 I = 1,10
v=1"%*.6

X = =0.1

CALL PLOT (0.,Y,3)
CALL PLOT (X,Y¥,2)
CONTINUE

GRAPH NUMBERS IN X AND Y AXIS

CALL PLCT (0.,0.,3)

DO 1S I = 1,6

PRRY = 20. * I = 20.

X = 0.5

¥Y=1.2*(1~-1)

CALL PLOT (X,Y,3)

CALL NUVBER (1,1,0.125,PERY,0.,-1)
CONTINOE

CALL PLOT (0.,0.,3)

D0 20 1 = 1,7

PHI = 1 -~ 3.

Y = -0.375

X= (1 -1) * 1.1667

CALL PLOT (X,Y,3)

ClLL NUBMEER (x,‘,o.lzs,FﬁIIOOI.l)
CONTINUE

CALL SYVBOL (+5,5.8,417,T7ESAMPLE ,0.,7)
CALL SYPBOL (1.8,58,.17,AK,0.,4)

CALL SYMBOL (2.5,6¢7,.2,18HCCNULATIVE FERCEN1,0.,18)
CALL SYWBOL (3.5,6+4,.12,12H(SIEVE DATA),0.,12)
CALL S\PEGL (-.65,6.35,.2,3PEC1'0.,3)
CALL SYVBOL (7.25,~¢5,+2,3HFHE1,0.,3)

SCALE EACYORS
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NT = NB
D0 25 1
PREY(I)
PHIX(I)
CONTINCE

CALL PLOT
PO 351 =
CALL PLOT
CONTINLE
CALL PLO?T
CALL PLOT
RETURN
END

1

2,N1

A(I) * .06

PHC(I) * 1.1667 + 2.3334

(0.,0.,3)
2,51
(PHIX(I),PREY(I),2)

(o.’o -,3’
(10-;0.,'3)
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