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ABSTRACT

Measurements of wave processes, wave-driven currents, and sediment distribution have been made
in several fringing reef systems. Wave height and wave period are typically reduced by about 50%
as waves pass over the reef crest. This decrease depends primarily upon reef crest water depth,

80 that wave conditions in the back-reef lagoon show = “icant changes over a single tide cycle.
Wave-driven currents tend to flow continuously onghr » the reef crest. Their velocity is greatest
near low tide, when wave breaking is most intense. in the lagoon moat generally showed a
tendency to drain the lagoon except during brief int . near flooding tide when a weak current

reversal occurred. Sediment distribution in the lagoon displays a pattern that reflects current
patterns in the lagoon and wave characteristics at the lagoon shoreline.
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WAVE ACTION AND SEDIMENT TRANSPORT ON FRINGING REEFS

Joseph N. Suhayda and Harry H. Roberts
Coastal Studies Institute, Louisiana State University

Baton Rouge, Louisiana

Introduction

Recent investigations (1), (2), (3) continue
to demonstrate the importance of waves and wave-
driven currents to coral reef ecosystems. These
studies have indicated that several effects result
trom wave action, including the direct physical
force on coral branches and the movement of water
and sediment within the reef system. There are,
however, problems with making accurate field
measurements of wave action and with relating
these measurements to coral growth (or destruc-
tion). The variability of reef geometries world-
wide ifmplies that many studies will be required
even to assess wave characteristics on reefs. A
detailed quantitative understanding of wave pro-
cesses occurring on reefs will develop only after
acquisition of these field data. This study pre~
sents the results of direct measurements of waves
and wave~-driven currents in natural reef systems.
The measurements were limited to fringing reefs
where a well-developed shallow lagoon was present
shoreward of the reef crest. Although this sys-
tem is somewhat specialized, it does contain many
of the features and processes occurring on reefs
in general.

Few field measurements of wave action on
reefs have been reported in the literature, even
though studies relating to wave action have been
numerous. During the late 1940s and early 1950s
Munk and Sargent (4) and von Arx (5) initiated
indirect investigations of wave processes on
reefs. Several studies followed, including
investigations of wave refraction and wave energy
on small coral islands of the Campeche Bank (6);
of the swell on the island of Aruba (7); of the
relationship between wave power and island land-
forms on the Windward Caribbean Islands (8); of
the correlation of reef variability and wave
action on Grand Cayman (3); and of the theoreti-
val description of wave-induced set-up of water
on coral reefs (9). Direct measurements of wave
thrust on reefs have been reported (10), (11),
and wave measurements on a fore-reef shelf have
been made on Grand Cayman (12).
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Figure 1. Profile view of reef and lagoon sys-
tem on Great Corn Island, Nicaragua, and the
location of wave and current instruments.

Wave Processes

A typical example of the type of reef system
in which the wave measurements were made is shown
in Figure 1. The reef is located on the northern
coast of Great vorn Island, Nicaragua. The reef
system includes a fringing reef barrier that
slopes gently seaward and a steep landward-facing
scarp. The reef encloses a lagoon having a
sediment-covered floor and a well-developed moat
immediately behind the reeft. This segment of the
fringing reef extends approximately 300 m along
shore to a point where inlet channels occur and
separate this reef from other extensions of the
reef system. Waves typically break on the reef
crest and continue breaking until they reach the
moat. At the moat the breakers reform into non-
breaking waves and propagate shoreward with a
height and period that are lower than offshore
wave conditions. Wave-driven currents sweep
across the reef crest, and the landward-facing
scarp is formed by large (v0.5 m) pieces of coral
rubble transported from the reef crest. Field
sites having essentially the same reef crest and
lagoon characteristics were studied on Grand
Cayman, B.W.I.; Barbados, W.I1.; and the north-
eastern coast of Brazil.

The shallow fringing reef crest is a criti-
cal zone for wave processes on reefs because
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Figure 2. Wave spectra from a measurement inside
the reef crest (dotted line) compared to Pierson-
Moscowitz input spectrum (solid line) inferred
from 6 m/sec trade wind, illustrating the extreme
modification due to wave breaking [after (13)].

interactions there cause extreme modification of
the incoming waves. The main feature of the reef
crest affecting the waves is its shallow depth,
typically 1 m, which normally causes wave break-
ing. Tide, of course, causes the actual depth to
vary throughout the day. Waves may break continu=
ally as they transect the reef crest until reach-
ing the deeper lagoon water, or they may propagate
unbroken yntil secondary wave crests are formed.
Ubservations at the point of reformation, taken
in a fringing-reef-formed windward lagoon on
Barbados, are shown in Figure 2. For comparison,
the deepwater Pierson-Moscowitz (PM) spectrum for
a typical trade wind speed [6 m/sec (13)] is also
shown because no actual measuremer‘s were made on
the fore-reef shelf. Two features are obvious:
there has been a substantial loss of wave energy,
and the wave spectrum has signifficantly changed
shape. The estimated energy loss, calculated
from the change in wave height, for the observed
conditions is about 75%. This result is in rough
agreément with laboratory measurements of wave
transformation over a submerged shoal (14). This
energy loss has not been uniform because the
observed spectrum shows that considerable energy
remains at low frequencies. Thus breaking has
tlattened the spectrum peak and perhaps trans-
ferred energy to low frequency. The exact amount
of energy loss and the spectral change induced
depend upon the depth of water over the reel
crest and the input wave conditions. The reef
crest did not contain surge channels, which have
been observed In Pacific reefs (4) to significantly
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Figure 3. Measured wave spectra in the Suape
Lagoon at different stages f the tide.

modify the incoming waves.

Measurements of waves near the shoreline at
Suape, Pernambuco, Brazil, behind a beach rock
barrier are summarized as wave spectra and are
shown in Figure 3. Geomorphically, the beach rock
barrier has the same basic components as most
well-developed fringing coral reef systems: a
seaward-sloping barrier, back-barrier moat, back-
barrier lagoon, and occasional breaks in the
barrier trend (inlets). The measurements shown
are for three tide stages and show the effect of
water level changes at the reef crest. At a tide
datum of 1.1 m the water level was at the crest
of the barrier. Wave height was 7 c¢m and the
spectrum showed several peaks. At a tide level
of 1.4 m the wave height had increased to 28 cm,
and the height at a tide level of 2.0 m had
increased to 56 cm. The offshore wave height was
about 1 m.

The process of wave breaking is, at present,
not well described by hydrodynamic theory. The
decrease in wave height across a reef crest
resulting from breaking can, however, be given
empirically. Using the data of this study and
published data (14), wave height at the point of
reforming H is given by
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Figure 4. Twenty-six-hour record of current on
the reef crest and in the back-reef moat. Cur-
rent magnitudes are average values over 3 min
of record.

H=H (1-0.80° d/Ho

where H, is the wave height near the breakpoint
and d is the mean water depth at the reef crest.
The range of water depths for which the formula
is valid is d/Hp frem zero to about 5. This for-
mula indicates that when d/Hy, = 0 wave heights in
the lagoon will be about 20% of the wave heights
outside the reef.

Wave periods within the lagoon are highly
variable, and the spectrum indicates that several
wave periods occur with nearly equal wave height.
Generally, the mean wave period in the lagoon is
smaller by about 50Z to 75% than the wave period
of fshore.

Wave-Driven Currents

Waves that break on the reef crest drive
water shoreward into the lagoon. This shoreward
flow provides the mechanism for transporting
water and sediment from the fore-reef shelf envi-
ronment into the back-reef lagoon. Water brought
across the reef crest has been shown to exit the
lagoon through channels in the fringing reef (15),
(16). Previous studies have suggested that tidal
currents may reverse the direction of flow of
water on the reef crest and in the reef channels,
Current measurements were made at two locations on
Great Corn Island to document the characteristics
of reef crest and moat currents (Fig. 1).

The reef crest current meter was oriented
in an onshore-offshore direction, and the moat
current meter was aligned parallel to the along-
shore dimension of the reef. The position of the
moat current meter was near a break in the reef
crest and probably reflects flow in the inlet
channel.

Figure 4 shows current observations on the
reef crest and in the moat over a 26-hour period.
Data represent average current over a 3-min sec~
tion of record. Actual instantaneous measure-
ments show the effect of each wave transiting the
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Figure 5. Reef crest and moat current records
over a 20-min period. Current magnitudes are
average values over a 10-sec interval.

reef crest and causing current surges of 50-80 cm/
sec for durations of a few seconds. The average
data indicate that, although moat currents reverse
direction of flow, the reef crest current was con-
tinuously onshore. At 1600, with the tide fall-
ing, currents on the reef crest were moderately
strong (10 cm/sec) and the flow in the moat was
changing from east (or filling the lagoon) to
strongly westward (draining the lagoon). Near low
tide (0000), the reef crest current reached a
maximum and currents in the moat reach a maximum.
As the tide rose, the westward flow in the moat
was reversed to eastward and reef crest currents
generally decreased. Near high tide (+1200) reef
currents are minimal and the current in the lagoon
is eastward. This change in reef crest current
flow results from the fact that at low tide wave
breaking is more complete on the reef crest and
more of the wave energy goes to driving the cur-
rent over the crest and into the back-reef lagoon.

Figure 5 shows a sample of the averaged reef
crest and moat current values over a 20-min period
{1200 sec). At this time scale more detail of
the time changes in the record is noticeable. The
data show the importance of variations in speed
at a period of about 100-150 sec on the reef
crest. These variations may be related to long-
period gravity waves generated on the reef face by
the breaking waves and/or the effect of groups of
high waves. The data indicate that variatiomns
about the mean speed of up to 50% can occur within
1 or 2 min. The moat current record shows no
corresponding variations at 100~200 sec period;
however, variations at approximately a 50-sec
period do occur.

Sediment Movement

It has been suggested that circulation of
water and sediment distribution within a fringing
reef lagoon are determined by lagoon geometry and
the input of water across the reef crest (15),
(16). The inflow of water may be wave or tide
induced, although wave input has been reported to
dominate (5), (11). Wave-induced input results
from wave breaking and set-up on the reef crest,
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high speed [after (12)].

which are enhanced as water depth on the reef
crest decreases. Using the wave data taken dur-
ing the Cayman experiment (12), the influx of
water across the reef crest at South Sound, Grand
Cayman, can be calculated. Conservation of this
mass flux allows the average transport within
South Sound to be calculated as a function of
position down the axis of the lagoon. As a result
of the geometry of South Sound (Fig. 6), the
influx of water over the reef crest is funneled to
the west. Currents in the lagoon calculated for
an input current across the reef crest of 10 cm/
sec are shown in Figure 6. Lagoon current speeds
range from 2 to 45 cm/sec, being lowest in the
eastern part. Examination of sediment thickness
within the lagoon (Fig. 6), as determined by probe
stations in a gridded array, indicates a distri-
bution in accordance with the current field.
Thick, fine-grained sediment accumulations occur
in the eastern part of the lagoon (see section
C-C'), and as the lagoon narrows and currents
increase sediments become coarser and thickness
decreases abruptly (section A-A', B-B'). Thick
accumulations of relatively coarse sediments occur
along the island coast as a result of beach build-
ing by wave action in the lagoon. For the given
volume flux of water (400 m3/sec) over the reef
crest, the lagoon volume (3.3 x 10%m3) could be
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replaced in about 2.5 hours; the implication is
rapid renewal of lagoon water. Thus it appears
that sediment distribution and nearshore wave
and current fields are linked in a system to reef
crest and lagoonal morphology.

Conclusions

Measurements of waves and wave-driven cur-
rents at several field sites indicate that wave
processes at the reef crest are intense and
important to the movement of water and sediment
in a fringing reef system. Wave height is reduced
by breaking to a fraction (i.e., 40%) of input
wave height. Wave breaking drives currents across
the reef crest into the back-reef lagoon, and
these currents appear to control circulation and
sediment dispersal in the lagoon. Tidal varia-
tions in water level on the reef crest cause
diurnal variations in both lagoon wave heights
and wave-driven currents.
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ABSTRACT

Wave and current measurements were made across a rough-bottomed fore-reef shelf along the south
coast of Grand Cayman Island. Wave heights attenuated 202 and current speeds 30% from the shelf
margin ( * 22-meter depth) to a depth g{ approximately 8 meters. a distance of =0.4 km.
rectilinear tidal currents (v 50 cm s

Strong,
) dominated the deep shelf margin, but weak, directionally
variable currents were characteristic of the shallow shelf.

Attenuation of wave heights and current
speeds across the shelf is attributed to frictional effects +.sulting from strong interactions with
the unique boundary conditions of the extremely rough bottom.

A dye experiment illustrated that strong (= 35 cm s-l) on-gshelf flow is directed up the deep
coral reef grooves at the shelf murgén. zﬂig? levels of turbulence (turbulence intensity =23 cm
i s =~ diffusion coefficient * 2.4 x 10” cm” s ) characterize this process.
Wave force-dominated versus current force-dominated portions of the fore-reef shelf were defined
from in situ measurements. Variations in organic communities, growth forms, and reef structure are
consistent with these zomnes.

KEY WORDS:

Waves, Currents, Bottom Roughness, Fore-Reef Shelf, Turbulence, Tidal Current, Wave-
Dominated Zone, Current-Dominated Zone
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PHYSICAL PROCESSES IN A FORE-REEF SHELF ENVIRONMENT

Harry H. Roberts, Stephen P. Murray, and Joseph N. Suhayda
Coastal Studies Institute, Louisiana State University
Baton Rouge, Louisiana 70803

Introduction

General understanding of the magnitudes and
spatial-temporal variations of physical processes
(in particular waves and currents) on the sea-
ward shelves of well-developed reefs is based on
very few actual measurements. Recent work (1)
has shown that the concept of tranquil conditions
below the effective wave base on fore-reef
shelves is not well founded. On the contrary,
the margins of island shelves are commonly
exposed to strong, periodic currents. The pres-
ent paper is designed to present results of
physical process studies conducted on the fore-
reef shelf of Grand Cayman Island and to relate
what we have learned about the physical environ-
ment to the reef and some of its constituents.

Figure 1 illustrates the central Caribbean
location of Grand Cayman Island, where in situ
data on waves and currents, as well as reef mor-
phology, were collected. A site along the south
coast was selected for study because of its
well-developed reef morphology on the fore-reef
shelf, its adequate exposure to dominant ocean
waves, and its accessibility from our docking
facility near Ceorgetown. As is characteristic
of all fore-reef areas around the island, the
shelf in the study area has a general stepped
configuration and is very narrow (=0.6 km wide).
An abrupt break in slope at approximately 8
meters delineates the seaward edge of the shal-
low fore-reef terrace, and a second break in
slope at approximately 20-22 meters marks the

Figure 1. Location map of Grand Cayman Island
and the area of study.
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shelf edge and seaward margin of the deep fore-
reef terrace. Aleng the south coast it is com-
mon for the shelf edge to display overhanging
reef lobes or a near-vertical seaward-facing
reef wall. This seaward reef face extends to
various depths (commonly near 700~800 meters)
where the deep island slope is encountered.
Both the shallow and deep fore-reef terraces
support coral communities that are viable but of
somewhat different composition. The shallow
terrace is dominated by Acropora palmata. Other
corals, such as Diploria strigosa, Dichocoenia
stokesii, Agaricia agaricites, Porites astreoides,
and Montastrea annularis, are also common. In
addition, Gorgonians and various alcyonarians are
important members of the community. The deep
fore-reef terrace can be divided into two zones
based on composition of the coral communities:
(1) an Acropora cervicornis zone and (2) a
Montastrea annularis zone. Coral-covered ridges
extend from the seaward extent of the shallow
terrace to the buttress zone or shelf margin reef
(2) at the shelf edge. These coral spurs are
separated by sediment-floored grooves and larger
open areas of sediment accumulation. Acropera
cervicornis and Agaricia agaricites compose the
dominant coral growth on the coral ridges,
whereas Montastrea annularis, M. cavernosa, and
Agaricia are the most important corals of the
shelf margin reef.

Bottom roughness of both the shallow and the
deep terraces is primarily the result of coral-
covered spurs oriented at a high angle to the
coastline and separated by linear areas of sedi-
ment accumulation. The spurs and grooves of the
shallow terrace generally have a shorter wave-
length and smaller amplitude than similar features
on the deep fore-reef terrace. Figure 2 quanti-
tatively illustrates this relationship in the
form of two bottom roughness spectra derived from
the two bathymetric profiles run across the struc-
tural grain of the shelf at the approximate mid-
points of the shallow and deep fore-reef terraces.

Because CGrand Cayman is located in the cen-
tral Caribbean region, it is sheltered by other
land masses from strong storm swells that origi-
nate in high latitudes. Therefore, the trade
wind system 1is the driving force behind the wave
regime. The process climate in which Grand Cayman
resides can be characterized as follows: (1) a

34\
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Figure 2. Bottom roughness spectra of the shal-
low and deep fore-reef terraces in the study
area. Note the longer wavelengths and greater
amplitude (related to peak helights) of the forms
on the deep shelf terrace.

mixed diurnal and semidiurnal microtidal regime,
(2) a moderately strong unidirectional trade wind
and wave field, (3) moderate-strong oceanic cur-
rents, (4) a sheltered position with regard to
high-latitude storm swell, and (5) occasional
hurricane winds and waves.

Data Collection Methods

Wave and current data were collected from
the instrument array shown in Fig. 3. Instry-
ment positions are plotted on a bathymetric pro-
file of the fore-reef shelf that illustrates the
extreme irregularity of the bottom--i.e., the
spur and groove morphology oriented across the
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Figure 3. Bathymetric profile across the fore-

reef shelf in the study area adjacent to South
Sound (see Fig. 1). Note the extreme bottom
roughness resulting from coral- overed spurs and
intervening sand-floored grooves. Locations of
wave and current sensors are plotted on the shelf
profile.

shelf, plus the two submarine terraces positioned
along the shelf. Instruments were positioned so
that the modification of both waves and currents
could be assessed as they impinged on the shelf
and propagated over a surface of unusual bottom
roughness. Tide measurements were made with a
capacitance tide gage installed in the back-reef
lagoon adjacent to the shelf study area.

In situ continuously recording, bottom-
mounted current meters (Marine Advisors Q-16)
were used. One current meter was deployed at the
seaward margin of the .shallow fore-reef terrace
(=8 meters). A second current meter was posi-
tioned on top of a coral spur at the shelf edge
(=21 meters), where unobstructed on-shelf cur-
rents could be monitored. Data collection was
continuous over a 2-week period.

Current meters were not deployed in the deep
grooves at the shelf margin. In order to mea-
sure the hydrodynamic activity levels in this
environment, a dye experiment was designed.
Time-lapse photographs were taken as dye (Rhoda-
mine B) was diver released at a depth of =33
meters on the groove floor. The experiment was
conducted during a peak in the current cycle to
assess whether the grooves were active or pas-
sive structures with regard to the on-shelf move-
ment of oceanic water.

Wave data were collected from three absolute
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Figure 4. Wave spectra (variance density) from
wave measurements at the shelf edge (dashed
line) and near the shallow reef crest (dotted
solid line).

pressure sensors buoyed at the shelf edge,
mid-shelf, and mid-shallow fore-reef terrace
positions. The output from each sensor was cor-
rected to give surface measurements. Pressure
changes caused by passing waves were registered
on a boat-based Brush analog recorder. Sensor
depth was read before each measurement by employ-
ing a low-pass filter. Data collection periods
were =20 min at each sensor site. Multiple read-
ings were taken. Data from the pressure sensors
were used to define wave spectra at three loca~
tions on the shelf.

Results

Comparison of wave data collected at three
points on the fore~reef shelf of Grand Cayman
Island (Fig. 3) indicates that deepwater wave
characteristics are significantly modified by
reef morphology. An interesting point concerning
these modifications is that changes occur over a
very short lateral distance (0.4 km). Figure 4
1llustrates data taken from the seaward (shelf
edge) and landward (near the shallow reef crest)
wave monitoring stations. In this figure, wave-
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induced pressure changes have been defined in
terms of wave spectra which essentially show the
variance density of the original data. The two
most striking features of this comparison are (1)
the general consistency of shape between the
spectra and frequency relationships between major
peaks and (2) the overall decrease in peak ampli-
tudes or variance density of the landward as com-
pared to the seaward spectra.

The dominant peak in each spectrum is at
=0.13 cps, or a wave period of =7.6 s, which is
typical of the area and appears to have remained
constant between the two monitoring sites. A
decrease in energy density of about 45% exists
throughout the frequency range of the spectrum
between the seaward and the landward stations.
Translated into wave heights, this trend indi-
cates that waves are reduced in height by about
20% as deepwater waves intersect the shelf and
translate a distance of 0.4 km across it. This
wave height reduction can arise from a number of
combined processes, such as shoaling, refraction,
reflection and scattering, and frictional attenu-
ation. Because of the complex nature of fore-
reef shelf morphology, the relative importance of
each process is difficult to quantify; however,
general estimates can be made. Frictional atten-
uation and scattering of wave energy depend to
some extent on bottom roughness. For a bottom
roughness amplitude averaging 2 meters (which is
a very conservative estimate for the Grand Cayman
shelf), wave scattering (3) and the bottom fric-
tion coefficient (4) would be about 10 times that
found on a sandy shelf of equal width. This esti-
mate means that it would take a sandy shelf 4 km
wide to produce the same wave height reduction as
results in 0.4 km over the highly irregular Grand
Cayman shelf. As Munk and Sargent (5) pointed
out with regard to Pacific atolls, the reefs are
molded into natural breakwaters consisting of
long ridges and channels that efficiently dissi-
pate the energy of incoming waves. Although Munk
and Sargent were primarily referring to shallow
surge channels and their seaward extensions, the
concept is valid for all depths where waves feel
bottom and is the configuration common to the
entire Grand Cayman shelf. Wave reflection could
be significant in some circumstances, but because
of the extreme complexity of the shelf morphology
it is difficult to estimate. Taking the seaward
face of the shallow fore-reef terrace alone, the
reflection coefficient (4) is about 0.1 or 10%.
Refraction and shoaling can also result in reduced
wave heights. For the example given in Fig. 4 a
reduction of about 102 is estimated; however,
roughness of the fore-reef shelf may cause changes
in the wave phase speed. Because of energy losses
resulting from percolation and water movement into
the reef matrix and sediment, this process cannot
be estimated at che present time. Several studies
(5), (2) have shown that the wave field plays a
major role in determining reef morphology. From
the present study it is also apparent that the
reef morphology or bottom roughness strongly
affects wave processes. Therefore, variability
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in reef morphology Iimplies a correspondingly
strong variability in the rate of the afore~
mentioned wave processes.

Figure 5 illustrates the time-dependent
behavior of currents monitored at both the edge
of the shelf and the margin of the shallow fore~
reef terrace (Fig. 3). Although these and other
records from the Cayman shelf were collected in
a region strongly influenced by the steady trade
winds, currents display very distinct variations
in both speed and direction. Records from the
deep shelf current meter station clearly show
perifodicities in current magnitude and direction
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that are near the diurnal tidal frequency. Shal-~
low fore-reef terrace data sets generally illus-
trate the same basic trend; however, currents are
greatly reduced and more directionally variable.
Current speeds at the shelf edge commonly were in
excess of 50 cm s~ ! at the peak in the current
cycle, whereas currents on the shallow shelf
rnrely exceeded 15 em s~! and generally were <7.5
cm 877, Current speeds at the deep terrace are
distinctly higher, averaging 21.9 cm s~! over a
selected 6-day period. A comparison of current
speeds at the two monitoring sites over the same
time period discloses a 60-70% speed reduction
from the deep-shelf station, a distance of =0.4
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km. Large vertical and lateral frictional forces
associated with the shelf's reef induced extreme
bottom roughness and wall roughness, which are
probably responsible for the remarkable attenua-
tion of the current speed over such a short
expanse of shelf.

In addition to being considerably stronger,
currents on the deep fore-reef shelf are much
more unidirectional. West- (on-shelf) and
slightly southwest- (along-shelf) setting cur-
rents account for =857 of the total bottom cur-
rents at this site. As can be seen in Fig. 5,
the directional trace is characterized by long
periods of unidirectional flow that are inter-
rupted by short intervals of current reversal
accompanied by minimums in the speed reccord.
Currents on the shallow shelf are generally much
more directionally variable, although this trend
is not especially clear in the record selected
for Fig. 5. As might be expected, the dominant
shallow current is to the west (=60%Z). A second-
ary east to soytheast direction accounts for
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=29%, and 10%Z of the time the current flows south,
directly off the shallow reef crest, and is proba-
bly related to tidally induced water exchange with
the back-reef lagoon.

A dye experiment was conducted in a deep
coral reef groove in order to determine the hydro-
dynamic activity in these distinct shelf-edge fea-
tures. The experiment was conducted in a groove
adjacent to the deep-shelf current meter mooring
site. Time-lapse photography was used to track
the dye expansion. Figure 6 schematically repre-
sents the history of the dye expansion over a time
period of 105 s. Photographs taken at 15-s inter-
vals from the top of the adjacent coral spurs,
some 20 meters obliquely above the injection point
(an angle of =70°), were used as a data base for
calculations of mean advection speed, turbulence
intensity, and a diffusion coefficient.

Plume boundaries were traced from the origi-
nal time-lapse photographs and used to quantify
the horizontal diffusion. Only the first four
exposures (60-s) were used to quantify plume
expansion because of perspective problems and
source deterioration. Taylor (6) diffusion theory
was used to analyze the dye expansion behavior.
Details of application of this theory to the dye
diffusion in a groove is given by Roberts et al.
(7). Similar analyses have been successfully
applied to the spreading of continuously emitted
oil slicks at sea (8).

For brief diffusion times Taylor's (6) rela-
tion can be written ax

doy/dx = w'251/2)y (1)

where 0 is the cross-stream standard deviation of
particle spread (= visible outline of plume), x is
the down-plume distance = Ug, U is the constant
ambient speed across the source, measured by
tracking the leading edge of the dye plume, V' is
the cross-stream turbulent speed, and the angle
bracket is the averaging operator. Long diffusion
times can be expressed by

doy?/dx = 2<v'251/2 gupy (2)

where L*, the Lagrangian scale length, commonly

is considered a representative eddg size. Thus
doy/dx for short distances and doy“/dx for long
distances should be constants (all terms on the
right side of eqs. 1 and 2 are known to be approx-
imately constant). The tangent of half the angle
of expansion of the plume (doy/dx) can now be mea-
sured from the photo&rapha, vKich ive a turbu-
lent intensity <V'2>1/2 = 24 cm s~! from eq. 1,

as U is already known from movement of the plume
front (=35 cm s~!). Average values of the rela-
tive turbulent intensity, <v'251/2)y, from both
field and laboratory studies varies between 0.05
and 0.20. Murray (9) reported a value as high as
0.25 during a hurricane. An extremely high value
of =0.7 was obtained from this study and appears
to be the result of current and/or wave inter-
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forces across the fore-reef shelf calculated for
a vertical surface oriented directly into the
flow. Basic zonation of the reef is shown in
relation to the force curves.

actions with the unusual wall roughness of the
confining coral spurs. Other published values
are from situations of unconfined flow.

A diffusion coefficient, Ky, can be

exoressed as

)

Ky = U/2 (doy?/dx) = <v'2>1/2 g 3
For the groove experiment a value of 2.4 x 103

m° s~ was calculated. This value is an order
f magnitude greater than might be expected from
previous studies, summarized in Okubo's (10) dif-
fusion diagram, if a 12-meter groove spacing is
used as a diffusion scale. Both turbulence and’
turbulence intensity appear to be considerably
stronger in the deep coral reef groove than any
normal channelized or open ocean conditions would
suggest .

Concluding Remarks

Results of physical process studies on a
narrow fore-reef shelf are summarized in Fig. 7
and Table 1. Wave- and current-dominated parts
of the shelf are defined in Fig. 7, where a com-
mon measure of their force across the reef pro-
file is plotted. Representative current speeds,
wave characteristics, and bathymetry from field
data were used in the force, F, calculations.
The common quadratic stress law, F = 1/2 pACqU?,
was used, where ¢ is the density of seawater,

A is an exposed cross-sectional area (taken as

Il em* on a vertical plane), Cyq is the drag coef-
ficient [taken as 1.95 (11)], and U is velocity
(cm 8™'). A representative current speed of

50 e¢m s=! (includes both wind and tidal currents)
was decreased linearly across the shelf following
measured velocities at the shallow shelf current
meter station and the fringing reef crest. Wave
force calculations were made for typical trade
wind generated waves (T = 6 s, H = 75 cm) by
estimating maximum orbital speeds from linear
wave theory.
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It is interesting to note (Fig. 7) that
current-induced forces at the shelf edge are
approximately equal to wave-induced forces at a
depth of =3 meters near the fringing reef crest.
Crossing of the wave and current profiles (Fig. 7)
delineates a position that separates the shallow
wave-dominated portion of the shelf from the
deeper current-dominated zones, Sediments have
accumulated in abundance at this site and appear
to be relatively stable, forming a mid-shelf sedi-
ment reservoir. Also, at this position on the
shelf the coral community changes from a shallow,
wave-resistant Acropora palmata dominated assem-
blage to a deeper group characterized by the
intricately branched Acropora cervicornis (Table
1). Obvicusly, the manner in which the force is
applied will help determine the response charac-
teristics in the coral community. Periodic oscil-
latory perturbations by waves, for example, may
result in quite different growth form responses
from those produced by more steady, long-term cur-
rent oscillations. These detailed interactions
are, however, beyond the scope of this paper.

Less detailed form-process relationships are sum-
marized in Table 1.

In summary, the following statements can be
made as a result of the physical process study of
Grand Cayman's fore-reef shelf:

(1) A feedback relationship exists on the fore-
reef shelf such that reef morphology and composi-
tion are somewhat dependent on the combinations,
intensities, and spatial-temporal variations of
physical processes while at the same time the
rates of these processes are distinctly influ-
cnced by reef morphology and its associated bot-
tom roughness.

(2) An interaction between deepwater waves and
shelf morphology results in a 20% decrease in wave
height over an =0.4-km width of shelf. This
attenuation rate is about 10 times that expected
for a sandy shelf.

(3) High-velocity (>50 cm s~!), rather unidirec-
tional currents that have a diurnal tidal fre-
quency were found to dominate the deep fore-reef
shelf. Shallow shelf currents were found to be
weak and directionally variable. A current speed
attenuation of 60-70% from the shelf edge to the
shallow fore-reef shelf is attributed to lateral
and vertical frictional attenuation associated
with the unusual bottom roughness.

(4) A dye experiment conducted at the peak of the
tidal current cycle in a deep shelf-edge groove
illustrated that on-shelf flow is directed up-
groove. Remarkably high levels of turbulence
(turbulence intensity =23 cm s=!, diffusion
coefficient =2.4 x 103 cm? s™!) characterize this
channelized flow.

(5) Calculations illustrate the greater relative
importance of current forces over wave forces on
the deep fore-reef shelf. Current force on the
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Table 1

Major Form-Process Relationships

Wave Dominated

Current Dominated

Parameters Near-Reef Crest Shallow Terrace Margin Deep Terrace Shelf-Edge Reef

Zonat ion Acropora palmata Acropora palmata Acropora cervicornis Montastrea
Millepora alcicornis Agaricia Agaricia Agaricia

Growth Thickly branched Branched Delicately branched Massive

Forms Bladed Bladed Massive Platelike
Encrusting

Coral Moderate Moderate Abundant Abundant

Cover

Bottom <2 meters <5 meters <4 meters <30 meters

Roughness

Shelf Limestone pavement, Moderate-relief Moderate-low-relief High-relief

Morphology low-relief spurs and spurs and grooves spurs and grooves spurs and grooves

: grooves
Sediment Sparse Thin veneer in Extensive impounded Off-shelf mass move-
grooves sediment plains ment down grooves

Waves Breaking, high tur- Moderate wave forces, Moderate-low wave Low wave force,
bulence, high wave 20% height reduction force, small-scale small-scale turbu-
force from shelf edge turbulence lence

Currents Weak, multi- Multidirectional Moderate on-shelf Strong on-shelf

directional flow

flow, 60-70% speed
reduction from shelf

rectilinear tidal
currents

rectilinear tidal
currents (>50 cm s~1)

reef at the shelf edge is approximately equiva-
lent to wave forces on the shallow shelf at a
depth of =5 meters.

(6) Position of the boundary between wave-domi-
nated and current-dominated zones on the fore-
reef shelf, as defined by the crossing of wave
and current force curves, corresponds to the
position on the shelf where the coral community
undergoes a distinct compositional change. The
wave-dominated zone is characterized by thickly
branched, bladed, and encrusting growth forms
and is dominated by the wave-adaptable coral
Acropora palmata.
and platelike growth forms are common in the
current-dominated zone.
Montastrea represent this coral community.
latter zone, which is subject to minimal wave

Delicately branched, massive,
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Acropora cervicornis and
This

forces yet experiences considerable current force

and associated high levels of turbulence, dis-

plays the most thriving coral communities on the

fore-reef shelf.

—
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ABSTRACT

Observations of drogues drifting with the current, combined with current meter data from Barbados
and Grand Cayman Islands, indicate that zones of high current speed (jets or rips, 50-80 cm/sec)
and zones of weak, disorganized flow (stagnation zomes, 2-10 cm/sec) are systematically located around
these islands. Theoretical models of the flow around islands predict the existence, strength, and
location of these current zones with reasonable accuracy. Net circulations around the islands as
observed by several other investigators play an important role in the location and number of jets
or stagnation zones sround a specific island. Extensive volumes of sediment accumulate to the lee
of high-speed current zones. These sediments appear to be deposited as the carrying capacity of
the current rapidly diminishes as it leaves the jet zone. Subsequent reworking of the sediment along
the shore is produced by wave and current action, This process of accumulation and shifting of sedi-
ments on the lee sides of islands restricts substrate areas suitable for coral colonization and subse-
quent reef growth. Therefore, interplay between "around~the-island" circulations and sediment trans-
port appears to be significant in producing sites favorable for sediment accumulation but unfavorable
for reef growth.

KEY WORDS: Currents, Circulation, Sediments, Transport, Islands, Reef, Coral, Theory, Siltatiom,
Shoaling
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Introduction

The large-scale current flow around oceanic
islands has attracted considerable attention in
recent years from physical oceanographers pri-
marily interested in the effect of an island on
the interior of the surrounding ocean. Hogg (1),
for example, explained the vertical displacement
(~100 m) of isopycnals observed around the periph-
ery of the Bermuda platform with a theoretical
model of steady, frictionless, stratified flow
past a circular island. Observations of stagna-
tion points, or zones of very low speed, on the
northern and southern flanks of the bank were
consistent with the theory. In a similar study of
the flow past an equatorial island Hendry and
Wunsch (2) reported that the frictionless equa-
tions of flow past a cylindrical obstacle de-
scribed deformations in the density field observed
around Jarvis Island (160° 01' W, 0° 23' S). 1In
these cases only a few current measurements were
obtained, and they were restricted to distances of
more than an island diameter away from the coast
and water depths greater than 400 m. Direct
measurements of currents were made, however, by
Knox (3) about 10 km off Addu Atoll, another
isolated island in the equatorial Pacific. Knox
reported westerly speeds of 20-30 cm/sec in the
surface layer and easterly speeds of 75-100 cm/sec
below 70 m. His data showed that the flow does
tend to stagnate upstream of the atoll and that
current speeds are increased along the atoll
flanks, as expected from theory. None of these
studies was designed to provide understanding of
the dynamics of the currents affecting the coasts
and shelves of the islands themselves; rather,
they were intended to determine the perturbations
introduced into the main flow by the island, which
acts as an obstacle.

In contrast, the purpose of this paper is to
present data and theoretical deductions concerned
with currents within a few kilometres of the
coastline. Both observations and theory show that
zones of intense currents (jets or rips) and zones
of weak currents (stagnation zones) are systemat-
ically distributed around the shores of islands
and that prisms of sediment tend to accumulate in
response to the deceleration of high-speed cur-
rents, providing substrate unfavorable for reef
growth.

Observations

Our program to assess the role of currents on
the shelves of steep-sided islands began in 1972
on the southwestern coast of Grand Cayman, in the
Caribbean. By instrumenting in detail one partic-
ular transect across the shelf, much was learned
(4) about the variability in time of the mean
drift current along the shelf and the unexpectedly
strong tidal current signal at the shelf edge. It
subsequently became apparent that large and sys-
tematic along-the-shore gradients in current
activity might exert considerable influence on the
location and nature of coastal and shelf sediment
accumulation forms and reef growth.

Observations of currents moving in space
entail the tracking of drifters or drogues with a
drag collector such as a parachute or biplane set
at a prescribed depth below the sea surface. To
locate the surface marker we have used various
electromagnetic techniques, such as (a) visually
locating drifting drogues with a ship and then
locating the position with respect to the island
by ship radar, (b) tracking the drogues from shore
by radar [in this method an active target (trans-
ponder) is attached to the drogue pole which
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Figure 1. Current tracks from drogues off the

south coast of Barbados July 25, 1973.

replies to the radar signal at a frequency dif-
ferent from that transmitted to avoid sea clutter,
and (c) tracking the drogues by attaching an over-
the-horizon type transmitter to the pole and
triangulating from the shore by two portable
direction-finding units (5).

Such techniques have been employed repeatedly
on Barbados, Grand Cayman, and several other 1is-
lands to determine the strength and characteris-
tics of currents along the shelf. Figure 1 shows
a field of drogues moving with the current at the
9-m depth level off the southwestern coast of
Barbados. Although Warsh et al. (6) reported that
current speeds in the open waters 25 km east of
Barbados have a mean of 20 cm/sec and rarely
exceed 25 cm/sec, these drogues show quite high
speeds of 40-80 cm/sec. Currents just off South
Point are in the range of 40-60 cm/sec and are
capable of moving grains 1-2 mm in diameter on the
bottom. The decrease in speed toward the island
suggests the presence of a frictional boundary
layer of about 5-km thickness along the coast.

The sharp turn toward the island of the outer
three drogues is perhaps related to a flow read~
justment after they have traversed The Shallows, a
10-km-long bank whose western edge is seen in Fig,
1. From South Point the currents generally flow
northward all along the western coast of Barbados.
For example, Fig. 2 shows a drogue track of about
26 km along the western coast. Speeds gradually
decrease along the northward track from about 40
cm/sec at the onset to 2-10 cm/sec at the end of
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Avg 28, 1973
South Point

Figure 2. A current track from a drogue equipped
with an x band radar transponder, August 28, 1974.
A portable radar ashore is used to locate the
drogue.

the track, where the drogue is likely trapped in
the frictional boundary layer. A track that is
similar but farther offshore was shown in Murray
et al. (5). Our observations on Barbados and on
Grand Cayman show that reversing tidal currents
became increasingly important in the immediate
vicinity of the coast (within a few hundred
metres). It appears that the long-term drift
decays rapidly across the shelf while the tidal
current is correspondingly amplified. Observation
by Peck (7) clearly showed the dominance of the
tidal current over the mean drift inside Carlisle
Bay (Fig. 2).

At the northern end of Barbados the current
structure was studied by both in situ current
meters and drogue techniques. A current meter
located about 800 m off Harrison Point consistent-
ly showed a weak, extremely disorganized flow
in which the tidal currents (clearly seen in
the records from other locations around the
island) could not easily be identified. Figure 3
shows five drogue tracks around North Point
obtained only 18 hours after the data seen in
Fig. 1. All other data suggest that the same
current patterns were in force around the island
on July 26 as on July 25. This weak, oscillating,
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Figure 3. Current tracks off North Point,
Barbados, Juiy 26, 1973 showing the intermittent
confused current pattern that is also present in
the current meter data whose location is noted by
CM.

disorganized flow in Fig. 3 is in marked contrast
to the well-developed, swift flow persistently
seen along the southern and western flanks of the
island. These differences are explained below.

Theoretical Considerations

The flow patterns produced by current
streaming past a submerged circular cylinder with
nc friction is a well-known topic in elementary
hydrodynamics (8). White (9) gave the solution
for the more realistic physical situation of
current streaming past a circular island that
plerces the water's surface on a rotating earth.
The solution for the stream function ¥ is given
in terms of an infinite series of modified
Bessel functions of the first and second kind as
shown in White's equation 17. This solution
allows calculation of the radial U, and tangen-
tial Up components of the current velocity by
differentiating ¥ with respect to 6 and r; 1i.e.,

Up = 1/r ¥ --
K Fe %0 ar

T

Thus we calculate the direction of the stream-
lines from the stream function and the absolute
current speed from

Ve (U2 + UT2)1/2 3

To apply the theory two parameters must be set.
First, one must specify the far-field current
speed U,, 1.e., the upstream current speed beyond
the influence of the island. Warsh et al. (6)
provide a good estimate of 20 cm/sec, which we
will use for computational purposes. Secondly,
the value of the stream function on the island
boundary must be set. A value of ¥ = 0 on the
boundary implies symmetry across the flow axis,
which hydrodynamically means there is no net
circulation around the island. Figure 4 shows
the flow predicted for this case with U, = 20
cm/sec. Stagnation zones (weak currents) form on
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Figure 4. Theoretical prediction of current
speed and direction around a circular island
with a far field current speed of 20 cm/sec.

the nose of the island and directly behind it,
whereas zones of very strong currents (jets or
rips) form on the flanks. It is recalled that
this general pattern of stagnation zones and
accelerated currents was observed by Hendry and
Wunsch (2) off Jarvis Island and Kncx (3) off
Addu Atoll, and it agrees with our current meter
observations on Grand Cayman (4). The departure
of the flow directly behind the island and the
current jet at the top (northern) end of island
in this model do not agree, however, with our
observations around Barbados. These observations
(Fig. 1, 2, 3) show northerly flow all along the
back side of the island and departure at the
northern end in or near a zone of weak, confused
currents.

There are, however, a number of studies in
the literature that definitely indicate the
presence of clockwise net circulations around
islands. Patzert (10) shows this phenomenon to
be common in the Hawaiian Islands. One example,
in Fig. 5 (replotted from his data), shows a
strong clockwise flow around Kauai. The net
clockwise speed of 30 cm/sec for 15 days on the
southern coast is particularly striking. The
geophysical mechanisms that produce these net
clockwise circulations remain unclear.

A net circulation around an island such as
observed by Patzert (10) and others can be pro-
duced in White's (9) theoretical model by setting
¥ unequal to zero on the boundary. Figure 6 is
the solution predicted by the theory with ¥, =
0.5 x 10® cm?/sec for an island diameter of 20 km
and a far-field speed of 20 cm/sec; the current
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Figure 5. Net clockwise circulation around the
island of Kauai observed by Patzert (10) from
current meter data.

Figure 6. Theoretical prediction of current
speed and direction around a circular island
exhibiting a net clockwise ciculation. The far
field current speed is 20 cm/sec from the south-
east.

approaches the island from the east-southeast, as
is the usual case off Barbados. This value of Y,
is simply a best fit to the data selection.
Notice that (a) the two stagnation zones have
migrated northward and coalesced to form a zone
of weak currents off the northern end of the
circular island, (b) the flow is all northerly
along the back of the island (western coast), and
(c) there 1s a belt of extremely high speeds
concentrated at the southwestern corner. These
three features are essentially in agreement with
the flow patterns depicted by our numerous drogue
experiments off Barbados. Also note that our
observations indicate that the superimposed
oscillatory tidal current is on the order of 10
rm/sec, Thus drogues at the northern end of the
island should be weakly oscillated back and forth
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Figure 7. Distribution of accumulations of sedi-
ment and shallow reef growth around Barbados and
generalized current pattern.

by the tide in a mean drift that which only
occasionally can overpower the tidal currents and
push the drogues northwesterly. This is appar-
ently the situation depicted in Fig. 3.

Patterns of Sediment Accumulation

Barbados

The extensive areas of sediment accumulation
that occur on the southwestern shelf of Barbados
(Fig. 7) appear to be well correlated with the
distribution of currents summarized in the model
(Fig.6). These sediments are dominantly skeletal
carbonates derived from both shallow- and inter-
mediate-depth coral-algal reefs growing along the
southeastern-facing facet of the island. At
South Point, in particular, a broad apron of
these sediments has spread across the shelf and
over the shelf margin. A large-scale depositional
feature “24 m in vertical dimension has developed
at the shallow-shelf abrupt break in slope (Fig.
8). Reconnaissance dives demonstrated that the
feature resulted from draping of Recent carbonate
sediments over the shelf edge into an adjacent
basin. No remnants of the original shelf platform
were visible through the Recent sediment cover.
Extensive siltation problems along the adjacent
shoreline near Cotton House Bay (Fig. 1) illus-
trate that these sediments are being swept not

[ Dy, R
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Figure 8. (A) Aerial view (looking roughly west)
of the large sediment accumulation area in the
lee of South Point, Barbados (asterisk notes the

position where underwater picture 8 (B) was taken.

Figure 8.

(B) Divers sitting on the seaward face
of the large sediment accumulation form which has
a vertical dimension of “24 m.

only across the shelf into deeper water but also
along shore to the northwest.

This immense prism of sediment observed to
be accumulating near South Point appears to be
carried into the area by the strong currents
predicted by the model. The rapid deceleration
of current speed and loss of sediment-carrying
capacity away from the Point contribute toward
the piling up of sediment at this location. As
expected, and as shown on Fig. 7, the occurrence
of reefs on the unstable bottoms of these sedi-
ment-rich areas is minimal. Other areas of
abundant sediment shown in thie figure are in the
form of mid-shelf bands caught between old,
submerged reef ridges (11) along the western and
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Figure 9. Distribution of accumulations of sedi-

ment and shallow reef growth around Grand Cayman
and generalized current pattern.

southeastern facets of the island. The area
around North Point, where the model predicts weak
currents, displays numerous shallow reefs and
mid-shelf ecediment accumulations. The sediment
flux around this Point must be minimal compared
to that at South Point in order to provide the
stable substraie necessary for reef formation.

Grand Cayman

The pattern of sediment accumulation on
Grand Cayman (Fig. 9) also correlates with the
current pattern but more closely resembles the
tflow-without-circulation model shown in Fig. 4.
Reefs are much more common and better developed
here than on Barbados because there are no sig-
nificant accumulations of highly mobile sediment
along the extensive northern and southern flanks
(Fig. 9) of the island. At the northwestern and
southwestern corners of the island, however, both
in situ field measurements (4) and nautical
charts indicate the presence of intense current
rips much like those depicted in Fig. 4. The
rapid deceleration of the current in the lee of
these points leads to deposition and accumulation
of large amounts of sediuwnt on the shelf (Fig.
9). As on Barbados, reef growth is poor at these
locations inasmuch as this process excludes reef
development on many hard shelf substrates because
they are drowned in sediment. On both islands
long carbonate beaches form on the lee sides and
reefs are confined to small patch reef varieties
as well as discontinuous deep shelf margin reefs.

Summary

Current meter and drogue observations, theo-
retical analysis of the flow around islands, and
air photo and diver inspection of bottom condi-
tions lead to the following conciusions relating
the strength and location of currents to the
degree of sediment accumulation and reef growth.

1. Observations of drogues drifting with the
current, combined with current meter data, have
delineated zones of high current speed (jets or




rips, 50-80 cm/sec) along the shores of both
Barbados and Grand Cayman Islands. Zones of
weak, intermittent, and disorganized flow (stag-
nation zones, 2-10 cm/sec) are also systemically
located around these {slands.

2. Theoretical models of the flow around islands
predict the existence and correct locations of
these jets and stagnation zones. Grand Cayman
appears to be a type with two jets on its flanks
and two stagnation zones (nose and tail), pre-
dicted by a model with no net circulation, around
the island. Barbados, on the other hand, repre-
sents a type with a finite net circulation around
its circumference. In this latter case an
intense jet forms on the southwestern flank and a
single large stagnation zone occupies the north-
ern end.

3. Extensive areas of sediment accumulation oc-
cur to the lee of these high-speed current zones.
As the carrying capacity of currents in the ac-
celeraved flow zone decreases toward the island
lee, sediments are deposited and then gradually
worked onshore and along shore by wave action as
well as other currents.

4. The accumulation and shifting of sediments on
the lee sides of islands restrict suitable
substrate areas for coral colonization and subse-
quent reef growth. Where shallow reefs appear,
they are generally patch-like in design and not
extensive. Deep shelf reefs generally occur at
the shelf margin and have frequent breaks in the
reef trend to allow mass movement of sediment off
the shelf.

5. The interplay between "around-the-island"
circulation and sediment transport appears to
play a significant role in producing favored
sites of sediment accumulation, thereby restrict-
ing substrate areas where reefs can develop.
These processes are of primary importance in the
exclusion of well-formed reefs on the lee sides
of islands.
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ABSTRACT

Coral boulder ramparts along the south coast of Grand Cayman Island have no source area near
the shoreline. Coral communities acting as a source of rampart rubble are found 0.3 km from shore
and at a depth of 10-12 m. Theoretical calculations of wave-induced forces from wave refraction
analyses of hurricane-generated waves indicate that the probable hurricane dynamic force spectrum
is sufficient to break and transport coral rubbie from depths of up to 12 m. In situ breaking force

tests accomplished in Puerto Rico on Acropora palmata coral colonies support the theoretical calcu-
lations.
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M. L. Hernandez-Avila
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Harry H. Roberts and Lawrence J. Rouse
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Introduction

Descriptive reports documenting the geomor-
phic and structural changes induced by extreme
storm conditions on island coasts, atolls, and
coral cays have been published (1), (2), (3),
), (5), (6), (7), (8), (and others). One com-
mon observation has been the occurrence of lin-
ear coral rubble accumulations or ridges parallel
to the coast; the coral constituents of these
structures, usually called boulder ramparts,
range in size from pebble to boulder. Formation
of these topographic features, commonly found
along high-energy coastal sectors, is gcncrally
attributed to wave-induced forces and storm-surge
effects.

The objective of this paper is to calculate
theoretically the magnitude of hurricane wave-
induced forces instrumental in destruction of
stony corals, which constitute the source of
rubble for ridge formation on island coasts.
Calculated wave-induced forces that result in the
initial breakup of coral fragments are compared
to actual mechanical breaking forces measured in
situ.

The analytical procedure consisted of (a)
a case study of a boulder rampart and its govern-
ing physical characteristics at a specific loca-
tion on Grand Cayman Island, British West Indies,
(b) theoretical determination of hurricane-
generated swell characteristics, (c) calculation
of wave-induced forces employing the resultant
orbital velocities of the swells after refraction
has taken place, and (d) a comparison of calcu-
lated wave force magnitudes with preliminary
observations of actual mechanical forces that
break Acropora palmata coral colonies.

Grand Cayman Boulder Rampart

Rigby and Roberts (8) described boulder ram-
parts on the coasts of Grand Cayman Island (Fig.

72

1) as being composed of hurricane-tossed coral
fragments that reach 0.6 to 1.0 m in diameter in
areas of coarsest accumulations. Rampart heights
reach a maximum of 4.5 m above sea level. A

study area near Spots Bay (sector 3 of Fig. 2) was
chosen as the site for analyses of hurricane wave-
induced forces. Constituents of the boulder ram—
part present in this sector have a mean width of
20 cm, a vertical thickness of 10 cm, and a maxi-
mum length of about 58 cm. For the purpose of
analysis, a mean length of 30 cm was chosen. A.
palmata fragments are the major constituent of the
boulder ramparts (Fig. 3).

Two major observations relevant to this =2nal-
ysis are (a) the source of A. palmata fragments is
found at an approximate distance of 0.3 km from
the shoreline at depths ranging from 8 to 10 m
(Fig. 4) and (b) the rampart's constituent frag-
ments are relatively unabraided, a fact that sug-
gests that transit time from growth areas was
minimal.

Hurricane-Generated Wave Characteristics

The yearly mean shore wave power distribution
for six sectors along the coast of Grand Cayman
Island is shown in Fig. 2. A similar analysis
employing the same bathymetric data (9) was used
as input to a wave refraction-wave power computer
program (10) for an analysis of hurricane waves.
Four hurricane conditions were assumed to be gene-
rating swells at fetches located in the southeast-
ern Caribbean Sea. It was determined from wave
hindcasting analyses, employing accepted methods
(11), (12) and corroborating the results with his-
torical data, that swells reaching the study area
from these storm centers would have the character-
istics shown in Table 1. These values were
employed in the wave refraction-wave power com-
puter program to determine their vartations at a
depth of 12 m over the A. palmata reef section,
which was the probable source for the boulder ram-
part constituents. Results of the wave refraction
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Table 1

Hurricane-Generated Swell Characteristics

Hurri-
cane d
No. : Ho %o Liz Hiz Umax Hb b
(sec) (m) (<) (m) (m) (m/sec) (m) (m)
1 15 9.1 90 158 2.8 4.0 10.0 12.2
11 13 4.3 90 135 4.3 1.8 8.8 1.5
111 12 6.1 90 124 6.1 2.4 8.8 1.5
v 13 4.6 90 109 4.6 1.8 7.0 15

T = = wave period

H, = deepwater wave height

a, = wave angle of approach in deep water (east direction, in this case)
L), = shallow-water wavelength at the 12-m depth contour

H;, = wave height at the 12-m depth contour

Upnax = maximum wave orbital velocity at the 12-m depth contour

Hp = breaker height (mean value of 40 orthogonals)

dp, = depth of wave breaking (mean value of 40 orthogonals)

analyses are also tabulated in Table 1. These
shallow-water swell characteristics were employed
in calculation of wave-induced forces. Note in
Table 1 that in Hurricane I the waves would break
on the A. palmata reef flat.

Wave-Induced Force Calculations

Forces exerted by waves on submerged objects
have been studied theoretically (linear wave
theory) (13; and many others). Several summaries
of the theories for calculating these wave-induced
forces have been presented (14), (15), (16).

The methods and equations employed in the
analyses (15) are as follows:

The horizontal component of force equation
expressed as a function of time is:

H
- - 2
Fh 2n CH pV 4 (W) sin ot

1 H2
+ 3 Cp pAn? T W)? +|cos ot| cos ot

where

« Cosh [k(y+d)]
sinh kd

= wave number (%1)
= wave angularity frequency (%1)

wavelength

wave period

water depth

depth of object from still-water
level (negative downward)

volume of object

area of object

density of water (1031 kg/m3)
wave height

T >aC aAaWHr O x® ©
L ]

t = time measured as positive from the
time the crest of the wave passes the
center of the object

CH = coefficient of mass or inertia

CD = drag coefficient

The phase angle (15), Bpf, at which the
maximum horizontal component of force occurs can
be found by differentiating the above equation
with respect to ot and setting it equal to zero:

275
250 -
225+
200 -
175
150

ACROPORA

Totals
DIPLORIA

128

MONTASTREA

75+
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D IRONSHORE BOULDERS
D AGARICIA
J SIDERASTREA

0

Coral genera and other components

Figure 3. Histogram of constituents of a boulder
rampart near Spots Bay, along the south coast of
Grand Cayman Island, British West Indies [after
Rigby and Roberts (8)). Data were generated from
500 counts on a grid randomly placed over the
outcrop.
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Figure 4. Schematic profile of the fore-reef
shelf, adjacent to the boulder rampart study
area [after Rigby and Roberts (8)].

th H
N 2r< C pV 7 (W) cos ot

BE .
= Gy pAn? 37 (W)?+|cos ot|sin ot = 0 .

The solution to this equation is either

v
IRl QWD T % © LN
hf 'CDAH cosh k(y+d)

where Bhf is in the second and fourth temporal
quadrants of the wave form, or

cos Bhf =0
when
2 C_V sinh kd
M
__._..—_—_—._)1.

CDAH cosh k(y+d)

The equation to determine the vertical com—
ponent of force is

H i (y+d)
Fv = - 2nzocH v Tz [s oh_k(r+d ] cos ot

sinh kd
b 12H? sinh k(y+d) .,
2 °Sp A 57 Coinn g )2 ¢ |sin ot| sin ot

The phase angle, Byf, at which the maximum
vertical component of force occurs is either

2C\V

el o CDA: s s:::hklz;+d)
or
sin vi =0,
when
26  oinh kd

CAH  sinh k(y¥d) L
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Figure 5. Conceptual model employed in the analy-
sis and calculations of wave-induced forces on an
oblate and a cylindrical coral fragment at the
bottom and suspended above the bottom.

Analysis of wave-induced forces was made for
cylinders and oblate cylindroids because A.
palmata structural units and fragments approxi-
mate these shapes and forms. Figure 5 shows the
conceptual models for boulder-sized fragments at
the bottom and for the structural units in situ.
The calculations that follow are made for coral
fragments of the dimensions indicated in this
figure.

The great difficulty in calculating (or
choosing) values for the coefficient of drag and
inertia according to geometrical characteristics
of the objects has been explicitly shown by many
investigators (13), (15), (14), (17), (18), (16).
The coefficients of drag for cylindrical frag-
ments were obtained from a curve published by
Wiegel (15). The coefficient of drag for oblate
fragments was chosen from a middle value for a
cylinder because no published values for this
shape could be found. The coefficient of mass
for both shapes was the theoretical value for
cylinders (15). A change in the coefficient of
mass from 2.0 to 1.6 produced no significant dif-
ference in the calculated forces. The values of
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Table 2

Values of CD and CH

Hurricane
Number p “po Cn
I 0. 34 0.6 2.0
II 0.80 0.6 2.0
II1 0.32 0.6 2.0
v 0.70 0.6 2.0

CD = drag coefficient of a cylinder
CDo = drag coefficient of an oblate
cylindroid

CH = mass coefficient

these coefficients that were used in the calcula-
tions are found in Table 2.

Water current-induced forces, breaker impact
forces, and alignment and structural properties
of the A. palmata units have not been considered
in this analysis. Calculated values of wave-
induced forces are shown in Table 3. Values of
the vertical component of force, F,, proved to be
negligible for all cases considered.

Field Experiment

A graduated industrial spring balance was
used to estimate the force that breaks ine
branches and stems of A. palmata structural units
in situ (Fig. 6). Maximum range of the balance
was 68 kg. An effort was always made to apply
the force on the visually estimated center of
gravity. The turnbuckle was rotated until break-
ing took place. A plastic band moving with the
balance force indicator remained in place at the
measured force limit after breaking occurred.

Tests for the breaking threshold were also
performed in the laboratory by holding the stem
of a broken structural unit with a vise and
applying the force on an extended branch. Force
was applied in the direction of dominant wave
advance as estimated from field observations.

The experiment was conducted on the reef
flat off Cayo Turrumote at a depth of ~10 m.
Cayo Turrumote (Fig. 7) lies 4.0 km southeast
of La Parguera, Puerto Rico. It is 500 m long
and an average of 24 m wide on its exposed parts.
This reef is concave to the south-southeast,
trending east-west, and a wave-built rampart on
the windward (east) end reaches an average
height of 1.5 m above mean tide level and is
about 50 m long. The rampart slopes on an angle
of 44° on 1its seaward side and 23° toward the
lagoon (Fig. 8). Boulder-sized coral rubble on
the rampart is 80 A. palmata fragments; it
ranges from 3.5 cm to huge boulders that reach
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Table 3

Calculated Horizontal Forces

Fragment Cylinder Oblate
Orientation X b § Z X Y Z
Depth (m) 12.0 12.0 11.4 12.0 12.0 11.0
Hurricane
1 8.6% 17.9 17.9 8.5 16.2 32.5
I1 3.5 7.6 7.6 1.4 2.8 5.9
111 1.6 5.4 5.4 2.8 5.4 11.5
v 1.9 4.6 4.6 0.9 2.0 4.1

Orientation: X = long axis of fragment parallel
to bottom and to wave orthogo-
nals

Y = long axis of fragments parallel
to bottom and perpendicular to
wave orthogonals

Z = long axis of fragments perpen-
dicular to bottom - large cross
section of oblate fragment
perpendicular to wave orthogo-
nals

*Measurements in kilograms

lengths of up to 2.5 m. The source of A. palmata
fragments starts at a depth of 1.5 m, 10 m from
the boulder rampart shoreline. This reef surface
extends around the cay to a depth of 20 m. In
1962 the reef was found to be nowhere wider than
20 m and nowhere longer than 300 m (19). After
Hurricane Edith (September 1963) the effects on
the coral reefs of La Parguera shelf were sur-
veyed (20), and a large change in Cayo Turrumote
was detected. Three years after Hurricane Betsy
(September 1965) the cay was surveyed by Hernandez
(unpublished report); length, width, and height of
the ramparts and the entire cay had increased
markedly to the dimensions cited above. Lateral
and lagoonward migration of the ramparts had

taken place between the surveys.

Ten A. palmata colonies were tested in situ
for mechanical breakage of their stems and
branches. Their stem diameters varied from 5 to
15 cm and ranged in height from 0.5 to 1.5 m.

The thicker and stronger colonies were found close
to shore, at 3 m depth. Test results showed that
these colonies always broke at the stem where
boring by organisms had taken place. The range

of breakage was found to be from 23 to 315 kg

force for a mean diameter of 13 cm. Two of the
broken colonies were taken to the laboratory,
where further tests were conducted. Both colonies
broke again at the stem with a force of 40 kg,
although the force was applied to one of the
thicker branches. Degree of boring was found to
be the controlling factor. When a healthy stem
was tested, it resisted forces as high as 50 kg.

Outer parts of colony branches, in the
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Figure 7. Location of in situ experiment and
description of Cayo Turrumote.

small units tested at depths of 10 m, broke at
pulls of 6 to 40 kg whenever the colony stem
withstood the same range of force. Thicker (3
cm) branches of healthy coral colonies withstood
forces greater than the industrial balance's
scale (68 kg). Most of the broken parts in these
tests had a mean length of 40 cm, varying in
width from about 10 to 30 cm. The range in
dimensions of A. palmata colonies is so varied
that preliminary tests performed in this experi-
ment should be greatly increased for statistical
tests suitability.

Conclusions

Thecretical calculations indicate that the
spectrum of forces generated by hurricane swells
as a function of depth (12 m), object dimensions,
and wave refraction are greater than mechanical
forces necessary to break coral colories tested
in situ and in the laboratory. Forces were cal-
culated on both cylindrical and oblate objects
that had average characteristic dimensions simi-
lar to those of coral fragments comprising sub-
aerial boulder ramparts at the field site, south
coast of Grand Cayman Island. Magnitudes of
forces for Hurricane I on these objacts, oriented
with the long axis perpendicular (Z) to the bot-
tom, fell within the general range of forces
necessary for breaking A. palmata stems as mea-
sured in the field. Forces generated by waves
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Figure 8.

Cayo Turrumote boulder rampart seen
from the lagoon.

from the other three hurricanes were significantly
smaller than field-measured breaking values. How-
ever, with the exception of forces generated by
Hurricane IV, calculated values for cylindrical
and oblate fragments in the Z orientation were
comparable to the range of forces necessary to
break colony branches as measured in field tests.
Calculated forces are cc.uzidered minimal values
because of the selection of a drag coefficient.
The rough-surfaced coral fragments would certainly
have a higher drag coefficient than the smooth-
surfaced objects used in the theoretical calcula-
tions.

Using a porosity of 0.5 (21) and a specific
gravity for aragonite (2.93 g/cm3), the weight of
the cylindrical object in seawater is approxi-
mately 9 kg and of the oblate fragment is =4.5 kg.
Horizontal forces on these objects exerted by
waves of Hurricane I at a depth of 12 m exceed the
object weights and probably would result in shore-
ward transport. The coefficient of friction fer
this setting is unknown, but considering the forces
involved it is reasonable to assume that shoreward
displacement of particles would occur.

Laboratory as well as field experiments indi-
cate that breaking strength of A. palmata colonies
depends considerably on the degree of skeletal
weakening caused by boring organisms.

Comparisons of wave forces generated during
hurricanes with field measurements of A. palmata
breaking forces indicate that coral colonies at a
depth of 12 m could be the source for boulder ram-
parts along the adjacent shoreline. The average-
sized particles in these coral rubble accumula-
tions could be transported onshore by hurricane
waves generated in this theoretical study.
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ABSTRACT

Planning tor a cleanup operanon of the shore zone reguires consideration
of the physical nature of the coast (including the sediment types . wave
energy levels. and tdal range Beaches exist in a dynamic state and are
continuousty changing i response to litoral processes. I addition 1o these
temporal vananons, there is frequently considerable variability of shoreline
fnpes and process characteristics witha a small region  In eastern Canada.
conpmgency planming must cover rocky shorelines, sand beaches, and
muddy coasts. There also ts a wide range of linoral process environments.
from the exposed Atlannc coast to the sheltered Bay of Fundy, which has
tidal ranges on the order of 10 10 15 meters. Three examples from eastern
Canada tlustrate the varwability of shorebines and processes in the context of
cleanup planning

INTRODUCTION

Duning the 10 years since the first large-scale cleanup program, which
followed contamination of the coasts of England and France by the spifl of
crude ol trom the tanker Torrev Canyon, & large number of major spills have
occurred throughout the world. Despite the experience that has been gained,
there is considerable room for improvement in contingency planning. This
discussion will focus on one method by which improvements could be made ,
that is, by reconnaissance surveys of environments in areas where there is a
high nisk of coastal oil spiils

The major factors thit determine the effects of a large spill on a coast are
the volume of oil wm the spill, the type of oil invalved, the ¢himatic and
meteorological conditions at the time of the spill, the characteristics of the
kttoral energy environment (waves and tides), and the geological character
of the coastal environment. Aithough much is known about the behavior of
different types of ol under different conditions, because of the number of
vanables involved the fisst three factors are basically unpredictable . The fast
two factors can be predetermined from field work or from reconnaissance
surveys. They can be used as the basis for Joca) and regional contingency
plans by providing estimates of how and where the oil will be deposited, the
persistence of the oil, the suitability of cleanup techniques to a particular
focation, and the availability and cost of those techniques

Three examples from very different coastal environments in eastern
Canada will be used to iltusivate the importance of understanding the varia-

1,

3. in marked contrast 10 these refatively simple coastal environments., the
Bay of Fundy has a large number of shoreline types and littoral energy
conditions that vary considerably. The contingency plan for that area
must include specific cleanup responses to accommodate each envi-
ronment
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Figure 1. Location of the three areas of study in eastern Canada
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- CHEDABUCTO BAY

Chedabucto Bay, south shore

The south shore of Chedabucto Bay (Figure 1) is typical of much of the
exposed rocky shorelines of the Atlantic coast of Nova Scotia. The process
environment is one of high wave energy conditions and a tidal range on the
order of 1.5 meters. This is a storm-wave environment,* and the physical
processes are relatively uniform along this straight section of coast, although
there is a small decrease in energy levels to the west as the coast becomes
more sheltered from the Atlantic. The variability of coastal environments s
related primarily to the two major shoreline types that are present in this

This straight shoreline is a fault-line coast that is characterized by low,

bility of httoral processes and of geological par: s in planning ¢ p section,
programs
. the south coast of Chedabucto Bay is ially a rocky coast on

which there are a few pocket beaches of pebble-cobbie sedi n
this instance, contingency plans need only allow for two types of
shoreline in a single Jittoral energy environment,

2 the sandy beaches of the Madgalen Islands represent only one
shorefine type but have two distinct littoral energy environments, so
that two plans are necessary even though the shoreline type is uniform.

11§

resistant cliffs and intertidal rock platforms. The uniform character is inter-
rupted by small bays that have been formed by wave erosion along secondary
faults or other lines of weakness. The rocky coast is largely devoid of
d the only deposits occur within the bays and form pocket beaches of
pebble-cobble material, Very little matertal is supplied 10 the coast, so that
the rate of sediment accumalation is very slow *
The deposition and fate of oil on exposed rocky coasts is very different
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trom that on the beaches of the small bays Onl coats the surface of the rocks
and the intertidal algae and collects in supratdal rock pools it contamination
occurs dunng periods of high water levels (spring tides or storms) The
trapping of o1l in the supratidal rock pools is particularly important because
otl s stored there until released by a subsequent high water level Recon
taminahon of adjacent shorelines that may already have been cleaned (natur
ally or by a cleanup operation) may occur. Removal of o1l from rock surfaces
or rock pools 1s usually a slow and difficult operation requinng manual
techniques in ditferent terrain. However, in this high-ensrgy environment,
natural selt-cleaning 1s rapid and usually eftective

Figure 2 shows those sections of shoreline that were contaminated follow-
ng the spill of Bunker C o1l from the tanker Arrow in 1970 The upper
dragram indicates all locations where ol was observed in the shore zone
between March and June 1970 The lower diagram shows the actual distribu
tion by the end of June 1970 On high-energy. exposed rocky coasts. wave
action abrades and disperses the o1l In addition to this mechanical action,
weathening processes, such as chemical oxidation and microbial attack, are
accelerated, and the shoreline 1s cleaned naturally within a few months

By contrast, virtually all types of o1l deposited on the pocket beaches
would permeate the pebble-cobble sediments. making it necessary to re-
move a sea'ment-oil mixture using a tracked vehicle or a frdnt-end loader
Graders could not be used on this type of beach. At one site on this coast
(Indian Cove . in Fox Bay) studied following the Arrow spill, the beach was
contaminated near the high-water level to depths up to 20 ¢cm.* * The beach
was recontaminated on several occasions by oil released from adjacent rock
pools dunng high spring ndes

Removal of sediment from this pocket beach led to lowering of the surface
by as much as two meters Because no sediment was available to naturally
replace what was lost. waves washed over the beach crest. and within 12
months the beach crest had retreated between 10 and 20 m Sediment
removal must be avoided in this type of environment unless the beach
matenial is replaced by equal amounts of similar-sized sediment In the
example from Indian Cove, more damage resulted from the removal of
sediment during cleanup than had occurred onginally from the contamina
tion. The persistence tme of o1l in these small bays is high because they are
set back from the main trend of the exposed coast and. therefore  are
sheltered from wave activity

On cobble beaches. o1l that is deposited on the upper beach dunng storms
is unaffected by normal wave action. Inasmuch as the o1) 1s not subject 10
abrasion, it will degrade very slowly Subsequent storm waves may erode
the beach and deposit cobbles on the upper beach . thus burying the ol layer
(Figure 3). The beach may appear clean on the surface. but substantial
amounts of o1l may merely have been covered (Figure 4)

Summary. Exposed rock coast: natural cleaning is rapid except above the
[imit of wave activity; cleanup operations would require manual removal of
oil from pools to prevent redistribution. Pocket beaches sheltered from
waves; therefore, oil persists longer and natural cleaning is less effective. ol
would permeate pebble-cobble sediments. if cleanup 1s necessary it would
require removal of oil-sediment layer up to 60 ¢m deep and replacement by
material of similar size: graders could not be used. tracked vehicle would be
required for mechanical cleanup
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s Ports of shoreline zo0ne >50% oil coverage

o ATLANTIC

s OCEAN

CHEDABUCTO BAY

.

Uune 1970
amum Parts of shoreline zone > 350% oil coveroge
MYl Troces or patches of oil

Fox
Bay g ATLANTIC

OCEAN

Figure 2. Distributiors of oil residues on the south shore of Chedabucto Bay; (A) a compilation of all locations where oil was observed
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Figure 3 Cobble beach, Chedabucto Bay: this beach was severely
contaminated during the spring of 1970, the photograph, taken in the
spring of 1973 shows that the oill deposited above the high water mark
had undergone httle abrasion during the three-year period, but that it
was being buned by material thrown up onto the top of the beach by
the action of storm waves

Figure 4 Effects of storm-wave action on oil residues deposited on a
cobble beach. in (a) oil 1s deposited above the high water mark (HW),
(b) a subsequent storm will erode the intertidal beach and waves will
push the cobbles onto the upper beach to cover the oil deposit; (c) a
second storm will continue this process, gradually exposing more of
the buried oll-sediment layer

Magdalen Islands

The Magdalen Islands. located in the central Gulf of St. Lawrence (Figure
1), consist of a series of barner beaches that connect small bedrock outcrops
(Figure 5) Because the tidal range 1s less than one meter, wave energy is
concentrated in a narrow vertical band. The wave climate is dominated by
locally-generated wind waves. Wave energy levels are higher on the west
coast m all seasons owing to the prevailing onshore winds on that coast. * The
charactenstic feature of the west coast process environment is the seasonal
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variation in energy levels due to the higher frequency of storms in winter
months. Wave energy levels also are higher in winter than in summer
months on the east coast, but the seasonal variations in wave height are over
shadowed by the effects of storm waves, which produce large, short-term
variability throughout the year

Both coasts have long, straight sand beaches. therefore, in terms of
shoreline types and sediment characteristics, the west- and east-facing
barriers are similar. The differences that have been reported* result from the
contrast in the littoral energy environments. The effects of a major spill in the
vicinity of the Magdalen Islands would be very different on the west than on
the east coast, making it necessary to have two response plans available  Onl
would be deposited in the same manner and at the same locations on the
beach in these two environments. Owing to the small gramn size of the
sediments, the oil will not penetrate the beach unless it is fresh crude or a
very light grade petroleum

Mechanical cleanup with graders would not be easy on the western
barriers as the beach is too narrow (20 to 30 m) and beach gradients are
frequently too steep, particularly dunng winter months It is likely, there
fore, that tracked vehicles, front-end loaders. or even manual techniques
would be necessary on this coast. Graders most probably could be used on
the wider, flatter eastern barriers

One problem on the east coast would occur if the o1l were deposited during
storm- wave conditions. The eroded beach would recover very rapidly inas
much as accretion has been observed within two or three days following a
storm.” Unless oil were removed quickly from these east coast beaches., it
would be buried by sand bars that migrate onto the beach during the
post-storm recovery phase (Figure 6). Cleanup would then involve excava-
tion of the beach to remove the oil (Figure 7). The persistence time of o1l on
the two beaches would also be very different. With higher wave energy
levels on the west coast, the mechanical and chemical breakdown of o1l in
the httoral environment would be more rapid.

The most important aspect of the sand beaches of eastern Canada and
many parts of the east coast of the U.S is that the beaches are very mobile as
a result of storm wave activity and post-storm accretion. The constant
movement of sediments would lead to bunal of o1l in some locations,
whereas in others «t would be eroded. If cleanup is necessary it should.
therefore, be carnied out as soon as possible after the 01l reaches the beach

Summary. O1l would affect both beaches in a similar manner. but
difterent cleanup techniques would be required. On the west coast. the beach
generally 1s narrow and steep so that graders could probably not be used.
tracked vehicles or manual techniques would be required. Because of high
wave energy levels, dispersal and chemical degradation would be relatively
rapid. On the east coast, graders probably could be used. It the beach s
contaminated duning storm conditions, oil residues would probably be
buried within two or three days. Because wave energy levels are lower than
on west coast, residues persist longer
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Figure 5. The Magdalen Islands, Quebec; distribution of barrier
beaches and directions of sediment transport
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Figure 6 Sand beach, Chedabucto Bay: the beach was covered by a
thick deposit of oil on the upper parts of the intertidal zone. this
photograph, taken a month after the oll had been laid down, shows

that most of the oil was buried by sand with only the outer portion of the
oill-sediment layer exposed (see Figure 7f)

Bay of Fundy

Planning response tactics at the local level takes into account vanations in
shoreline types and process charactenstcs . Preparation of contingency plans
at the regional level involves a much wider range of responses in order to
mclude all the local aspects. In the Bay of Fundy. which has a coastline of
approximately 1,400 km. six major coastal environments have been iden-
tfied (Figure X, Table 1) Each of the coastal environments either has
distinctive physical parameters (geology or geomorphology ) or distinctive
processes (waves or tides) that disunguish it from the other coasts of Fundy

Planning for oil spill cleanup of the coast also requires a knowledge of
sharehine types. In this region 12 major types of shoreline have been
recognized (Table 2) Oil depesition and persistence are different in each
shoreline type. and each type could occur in any of the six coastal environ-
ments although. for example, marshes occur primarily in the sheltered areas
of Minas Basin and Chignecto Bay . whereas sheltered, resistant coasts are
more common in the northwestern shore environment (particularly Pas-
samaquoddy Bay) 1t 1s not possible to discuss each of the coastal environ
ments of the shoreline types, and so two examples will be considered briefly
the Head of the Bay, which has resistant cliffs, large embayments. and bay
beaches, and the Minas Basin, which is charactenized primarily by intertidal
sand or mud deposits and by marshes in shelered areas

The Head of the Bay. This coastal environment (Fig. 9) has two major
shoreline types: resistant rocky cliffs and large cobble beaches in the three
embayments. Oil on rocky coasts has been discussed briefly above in
connection with the south shore of Chedabucto Bay . One major difference in
the Bay of Fundy environment is that littorafl processes are dominated by the
effects of the udes In the Head of the Bay area the tidal range is on the order
of nine to 12 m, so that wave energy is dissipated over a wide vertical range
Also, this is a sheltered wave environment, and levels of wave energy
mitially are lower than on the exposed Atlantic coast. Mechanical abrasion
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Figure 7. Effects of storm-wave action on oil residues deposited on a
sandy beach: (a) the pre-storm beach. (b) oil is deposited on the upper
beach after a storm has eroded the intertidal beach, (c) post-storm
recovery commences and sand migrates back into the intertidal
beach. (d) and (e) the sand then will cover the oil deposit. (f) a later
storm will expose the buried oil-sediment layer

of intertidal o1l residues 1s therefore much slower in this area. Most of the
rocky sections of coast are inaccessible, and cleanup would be considered
only if large amounts of o1l were trapped in rock pools and threatened to
contaminate adjacent marshes or beaches

An ideahzed cross section across one of the bay -head beaches that occur in
each of the three large embayments shows a distinct change in sediment
types between the low- water mark and the marsh. The storm ndge of cobble
matenal gives way seaward to a very steep beach of pebble-cobble sedr
ments This is replaced in the lower foreshore by an almost flat mud deposit
that 1s up to 1,000 m wide in places (Figure 10 and 11). O1l would be
deposited mainly on the coarse sediments, where it would penetrate the
surface matenal . As the mud flats are wet even when exposed at low nde, o1l
on the surface would be refloated by the flood tide . However, oil that collects
in depressions or permeates the mud. through burrow holes, et would be
rapidly covered by a mud veneer after only one or two tidal cycles. Once
buried, this oil would persist because of lack of mechanical abrasion and
anaerobic conditions that prevent oxidation and microbial degradation

Amounts of oil on the central and upper sections of the beaches would
probably be very large in these three embayments. Wind-dnven surface
currents are primanly from the west-southwest and are generated by the
prevailing and dominant westerly winds along the axis of the bay. The
embayments face the west or southwest and are bounded by rocky head
lands. Any slicks that entered the three embayments would be trapped, and
the oil most likely would be deposited on the bay-head beaches. These
bay-head beaches would present a problem for a cleanup program because
o1l almost certainly would be trapped in rock pools on the rocky coasts
adjacent to the beaches, and the problem of recontamination would be very
real. Access to these rocky headlands is difficult and often dangerous owing
to the rapid speed with which the flooding tide rises. Removal of contami
nated sediments from the beaches would lead to an unstable condition
inasmuch as the input of sediment to replace that which would be removed
would be very slow. Replacement of the material would be necessary to
avoid initiating any erosion
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environments
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It is clear that in this instance many factors must be considered before a
cleanup operation could be initiated. It is also important that each of the
points discussed briefly above is predictable, so that a practicable con
tingency plan for this environment can be prepared in advance

Minas Basin. The characteristics of the shoreline of the Minas Basin are
extremely varied, ranging from sandstone cliffs to marshes and from wide
ntertidal sand flats to rock platforms. Two of the most common combina-
tions of shoreline types are mud flats or sand flats backed by either unresis-
tant till cliffs or marshes (Figure 12). The tidal range is greater than 10 m; a
maximum of 16 m has been recorded in places during spring tides. This large
tidal range, coupled with low coastal zone gradients, gives a wide intertidal
zone that is exposed at low tides (Figure 8). Where present, the intertidal
deposits are either sand or mud and rest on a wave-cut till and/or bedrock
platform.

The mud flats rarely are completely dry at low tide and frequently have a
thin film of water on the surface of the sediments. Oil deposited on the
surface would be refloated by nising tide and carried elsewhere. As noted
above . any oil that is buried would be protected from mechanical, chemical .
and microbial degradation and will, therefore, persist for a long time unless
subsequently exposed by changes in bottom morphology

Table 1. Characteristics of the coastal environments of the Bay of Fundy

S ) Geological Backshore Beach Fetch and Mean tidal Sediment
Subdwvision : i
character rehef character wave exposure range availability
I South Shore resistant low rocky absent or sheltered 6tol0m very sparse
basalt dyke coast or narrow cobble (50 km)
parallels chiffs up beach at high
coast to 30 m water mark, with
wide intertidal
platform
2. Head of the resistant chffed absent or large exposed 10m sparse, but
Bay rocks. coast, up pocket beaches (50-100 km) locally
basalts or to 200 m of peb/cob on abundant
granites beachface and
mud overlying
coarse sediments
in intertidal zone
3. Minas Basin sandstone chffs, up wide intertidal very >10m abundant
and shales, to 30 m mud or sand sheltered
or unconsol- flats on rock (<50 km)
idated platform, peb/
glacial cob beach at
deposits hwm: marshes
in sheltered
arcas
4. Chignecto sandstones cliffs, up wide intertidal very >10m abundant
Bay and shales to 20 m mud flats on sheltered
rock platform, (<50 km)
peb/cob beach
at hwm: ex-
tensive marshes
in sheltered
areas
5. North Shore resistant clifts absent or sheltered 6tol0m very sparse
rocks, sed- (west, S to coarse- (<S50 km
mentary rocks 60 m; east, grained
and intrusives, >100 m) pocket
thin till cover beaches
6. Northwest resistant low rocky absent or outer coast 6m sparse
Shore rocks, thin coast or coarse- exposed, rest
till cover cliffs, grained and sheltered
5to30m narrow (<50 km)

e A A o -
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Table 2. Shoreline types in the Bay of Fundy

1. Rock or cliff shorelines

1. Fxposed, resistant coast with low backshore or cliffs

e with no beach or intertidal platform

e with wave-cut platform devoid of sediments

e with wave-cut platform and beach at high-water line

e with wave-cut platform and intertidal sediments (see 9, below)

[

Sheltered, resistant coasts ¢
3. Exposed, unresistant chiffs

4. Sheltered. unresistant cliffy

J 1

1. Shorelines with beaches

S. Cobble or mixed-sediment beaches

o beach at base of cliff
e beach with overwash

e beach with inlet and/or lagoon

6. Sand beaches
7. Pocket beaches

e on rocky coasts

® in a large embayment

8. Beaches in sheltered environments

111, Shorelines with intertidal sediments

9. Coarse sediments on a wave-cut platform

10, Intertidal mud

11. Intertidal sand
IV. Shorelines with vegetation

12. Marshes

o - i

a

Figure 9. The Head of the Bay: this subdivision is characterized by
three large embayments that are exposed to the southwest, each has
a large pebble-cobble beach that is backed by marshes and fronted by
mud fats (Figure 11)

Figure 10. A pocket beach on the north shore of the Bay of Fundy:
although this beach is much smaller than those in the large embay-
ments, it has the same sequence of cobble ridge-pebble/cobble inter-
tidal beach-mud flats, the tidal range at this site is 7.5 m; the photo-
graph was taken at low tide
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Figure 11 ideahzed profile across the intertidal zone on one of the
large embayment beaches in the Head of the Bay subdivision
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Figure 12 Idealized profiles across two of the major shoreline types
that occur in the Minas Basin: (A) intertidal sand flats with a gravel
beach at the highwater mark and an unresistant till cliff, (B) intertidal
mud flats that give way to salt marshes above the high water mark
(adapted from Dalrymple et a/..' Swift et al.®)

Onl deposited on dry mud flats or sand flats would be subject to mechani
cal abrasion and burial . The sand deposits are in a state of constant motion,
primarily in association with the strong tidal currents, which reach velocities
up to 2 mvsec.' Although wave action 1s minimal inasmuch as this 1s a very
sheltered environment, the high level of tidal energy generates rapid sedi-
ment transport. Sand grains are moved individually along the surface and
mechanical abrasion results. Sand waves up to 2 m thick can be formed that
migrate as a body across the sand flats (Figures 13 and 14). The migration of
these sand waves or of mud deposits would lead to temporary bunal of o1l
deposited in the intertidal zone. Cleanup on the mud flats would be almost
impossible owing to the great difficulty of access for walking across mud
flats is often very slow and exhausting . The sand flats can be traversed easily
on foot, but operations would be complicated by the speed at which the ris-
ing tide crosses the wide flats, which often is faster than a person can run

Where the intertidal deposits have a pebble-cobble beach and a till chff in
the upper foreshore (Figure 12, top), any o1l deposited on the beach would
only slowly be abraded. Wave energy levels are low in this environment, and
the waves are active on the beach only for brief periods at the flood of the
tide  Mechanical abrasion, however, may be less important in this environ-
ment than weathering . The small surface area and low adsorptive capacity of
pebble-sized material would expose more oil to chemical oxidation and to
photochemical and microbial weathering than would be the case on smaller
sized sediments

The tll chffs are composed largely of easily erodable unconsolidated
clays, sands, and cobble . The beach acts as a buffer to protect the base of the
chiff from erosion, so that removal of contaminated matenal from the beach
could reduce the level of protection and could initiate a period of cliff
erosion  If replacement of sediment is not possible, natural cleaning could be
hastened by pushing the contaminated sediments down the beach toward the
water line and allwing the nising tide to transport the material back up the
beach. This technique would not lead to complete removal of the oil but
would at least speed up the process of mechanical abrasion
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Figure 13. Sand waves in the intertidal zone of the Minas Basin: the
distance between the crests of the waves is approximately 5 m, and
the height of the sand waves is about 1 m; the sand waves are
migrating from left to right in this photograph

SAND

Figure 14. Sand wave migrating across an intertidal oil deposit (see
Photo 13)

If the intertidal deposits are backed by marshes, o1l would be deposited on
the marsh surface only during periods of spring tides or high water levels that
result from storm surges. The level of the marsh is above the mean high
water mark , and oil would otherwise be confined to the tidal creeks. During
slack tides wind-driven slicks would be carried to the east by the prevailing
and dominant westerly winds. They would be carmed toward the marshes
because these occur primarily at the eastern ends of Minas Basin and
Chignecto Bay (Figure 8). Unless carried out o1 the marsh areas by the ebb
tides, the o1l would be trapped there. In terms of preventive measures, the
marsh areas should receive high priority inasmuch as cleanup is very difficult
in this type of environment and they are very sensitive ecological systems in
terms of both fauna and flora.

Summary. The Bay of Fundy includes a complex suite of shoreline types
within six major coastal environments. At the Head of the Bay, the large
embayments would act as traps for wind- or current-driven slicks moving
from west to east. On mud flats in the lower foreshore, buried oil would not
be subjected to mechanical, chemical, or microbia® Jegradation. Manual
cleanup before burial would be the only effective technique for oil removal
Oil should be removed from adjacent rock shores to prevent reoiling of
cleaned sections. Removal of oiled sediments from cobble-pebble beaches
would require replacement of the material.

In the Minas Basin area, sediments constantly are being redistributed in
the intertidal zone, so that bunial of oil is very probable. No practical or




122 1977 OIL SPILL CONFERENCE

effective way to clean the intertidal zone 1s known. If matenal is removed
from the base of unconsohdated chiffs, it should be replaced to protect chff
from erosion. Marshes would be better protected than cleaned

CONCLUSIONS

Many aspects of a spill, such as the type and volume of oil, will be
unknown until the event occurs. Nor can the meteorological and oceanog-
raphic conditions be predicted accurately . Other aspects of spill behavior can
be studied. though. as part of preparing contingency plans. Prediction of the
movement of oil using modeling techniques is a valuable tool in defining
probable areas where a slick would impact on the coast.* Knowledge of the
shoreline types, the beach sediment types, and the temporal variations in
shoreline morphology are critical elements in predicting or estimating the
distnhution and persistence of an oil slick that reaches the coast. This
information can be obtained either from existing data sources or from field
studies and can be related to potential spill situations.

Beach dynamics. including spatial and temporal variations of the beach.
are relatively well understood, particularly for sand coasts. Although the
exact forcing functions and sediment pathways may be open to question,
beach responses on sand and pebble-cobble coasts can be defined for given
environmental conditons. Muddy coasts are less well known at present,
primanly because of the ditficulties of field study in this type of environ-
ment_ The coastal geologist is in a position to provide contingency plans on
specific sections of coast that will be valuable in determining the impact of
o1l on the shore. and to assess the effects of various cleanup techniques in
terms of beach stability and sediment replenishment. The latter point is of
great importance inasmuch as application of unsuitable techniques may lead
o more damage than would have been caused by the oil alone. This is
particularly important in areas of limited sediment supply to the beach and
where a beach acts as protection for unconsolidated backshore cliffs.

It is well known that the type of oil and the nature of the sediments are
important in predicting such factors as the depth to which oil will penetrate a
beach. Many other parameters must be considered also in order to estimate
the effects of a spill on different sections of coast. Longshore currents, tidal
range, and levels of wave energy will affect the nature of the contamination
as much as the type of oil or the size of the sediments. These parameters vary
considerably along shore even on very short sections of coast, thus making
the development of effective local contingency plans more difficult.

The examples from eastern Canada illustrate the variety of conditions that
can face a cleanup manager. The development of local contingency plans'®
requires not only the organization of prepared personnel with defined re-
sponsibilities but also an adequate knowledge of the site conditions. Recon-
naissance studies of high-risk coasts can provide this information which then
can be presented in a format suitable for use by field personnel.
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CHAPTER 69

WAVE ACTION AND BOTTOM MOVEMENTS IN FINE SEDIMENTS

Michael W. Tubman and Joseph N. Suhayda
Coastal Studies Institute, Louisiana State University
Baton Rouge, Louisiana 70803

Abstract

Mudbanks have been observed to have an extraordinary calming effect on
the sea surface. In certain cases this effect is due primarily to the trans-
fer of energy through the sea/mud interface and its frictional dissipation
within the bottom sediments. This paper describes an experiment that meas-
ured wave characteristics and the resulting sea floor oscillations in an area
where the bottom is composed of fine-grained sediments. The energy lost by
the waves at the position of the experimental setup is calculated and com—-
pared with a direct measurement of the net energy lost by the waves in going
from the point of the experiment to a station 3.35 km inshore. Results show
that bottom motions in the range of wave-induced bot.>m pressures from near
zero to 2.39 x 103 Pascal have the appearance of forced waves on an elastic
half space. The apparent effect of internal viscosity is seen in a phase
shift between the crest of the pressure wave and the trough of the mud wave.
Measurements show this angle to be 22° (¥11°) for the peak spectral component
(T = 7.75 seconds). The energy lost to the bottom by the waves at the field
site was found to be at least an order of magnitude greater than that result-
ing from the processes of percolation or that caused by normal frictional
effects. This newly observed mechanism for the dissipation of wave energy
is particularly important for waves in intermediate-depth water and could be
a prime factor in determining design wave heights in muddy coastal areas.

Introduction

The extraordinary calming effect that mudbanks exert on surface waves
has been recognized for at least two centuries. With the development of the
offshore oil industry there also came a recognition that large vertical and
horizontal dislocations of the sea floor could occur in areas where the bot-
tom is composed of fine-grained sediments. That these large-scale movements
might be linked to wave activity was dramatically suggested in 1969 when two
oil platforms were toppled during Hurricane Camille (Sterling and Strohbeck,
1973). The problem of fine-grained sediment mass movements has led to both
theoretical and laboratory studies of the interaction of surface-wave-induced
bottom pressures and fine-grained sediments. However, direct measurements
of wave-induced pressures and resulting bottom movements have not been
reported prior to our work.

The results of our work describing the response of bottom sediments to
wave pressures were first presented by Suhayda et al. (1976). The analysis
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of the field data presented here concentrates on the effect that this inter-
action has on the loss of wave energy. In the area where our study was con-
ducted (see Fig. 1), the sediment concentration of the water column was not
a significant factor contributing to the loss of wave energy. It has been
suggested that water column sediment concentration is the key factor in the
calming effect of mudbanks (Delft Hydraulics Laboratory, 1962); however, the
forcing of a mud wave by wave-induced pressures is also a part of the physi-
cal processes wherever fine-grained sediments occur. An understanding of
this process is important not only in the Mississippi Delta but also in such
coastal areas as the Guianas, the northern coast of China, and southwest
India, where extensive areas of fine-grained sediments occur.

Methods

As a cooperative research effort by scientists of the Marine Geology
Branch, United States Geological Survey, Corpus Christi, Texas, and the
Coastal Studies Institute, Louisiana State University, two field sites were
instrumented in East Bay, Louisiana. The primary experimental station and
the location of a nearby soil boring are shown in Figure 1.

Results of analysis of the boring (Fig. 2) show the bottom sediments
to be very soft, recently deposited material from the Mississippi River.
Shear strengths range from 1.57 kilonewtons/meter? (kN/m2) near the water/
sediment interface to 2.26 kN/m?Z 3 meters into the sediment. These low
values of shear strength are common in the Mississippi Delta. The boring
log shows no evidence of the crust zone that often occurs in these sediments
between -3 and -10 meters. In places where the sharp increase in shear
strength that defines a crust zone occurs, it is convenient to model the
physical system as a light Newtonian fluid overlying a dense, non-Newtonian
fluid with a rigid bottom.

The measurement of bottom movement was complicated by two factors.
First, the measurements had to be made away from a platform to ensure that
the motion of natural muds would be measured. Secondly, bottom motions under
typically encountered wave conditions were thought to be small, and therefore
high resolution was needed. Both problems were overcome by burying acceler-
ometers in the mud. Though displacements were around 1 cm, accelerations
were such that they could be reliably measured and required no fixed refer-
ence.

Three Bruel and Kjoer type 8306 accelerometers were mounted so as to
measure the accelerations in three dimensions (Fig. 3). They were placed
in a water-proof cylindrical PVC housing measuring 0.215 meter in diameter
and 0.635 meter in length and having a submerged weight of 5.5 kg. The
housing was pushed into the mud by a diver so that the top of the package
was 0.15 meter below the mud line. The electronic cable coming from the
top of the package was given 4.5 meters of slack, all of which was buried in
the mud, and then fixed to a taut galvanized cable that was laid along the
bottom between a nearby well jacket and our main instrumented site, Platform
V. Platform V, in 19.2 meters of water, is shown in Figure 4. The cable
from the accelerometer was brought along the galvanized cable and up the
platform leg to the recorders. The location of the accelerometer was
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Figure 1. Location of the field site in East Bay, Louisiana.




FINE SAND MOVEMENT 1171

BLOCK 28, SO.PASS AREA |3 PLASTIC 20 LIoUiD) CONESIVE SHEAR § TRENGTH
O yoRinG 5 L '.'.--?82-_“ 0 KIPS PER SO FT
M Tyt
0 j Very soft-10-soft gr. cloy P - . o
-very soft 10 &’ =11+
10 . -porovs below & |- 0 e el 10
= ~with scottered shell | | -t -
- i fregments at 15’ | s dd
w 2072 3 20
< ] -9es bubbles, 24'-29 3 :"_"_-_
g 30 -H3S odor below 30’ ; :-' 30
b 3 ; PN By b @A
g 40 -silt seams of 42 7 ed =J ¥y 40
- ; : e ! -
=
: 50 ” 50
o -silt partings ot 57° 7 -l s s
< 60FVA -sotr.60'-77 } ach 60
[ L o }
- 7 i + s\
> 7 -
Z 7 7 = 70
o 12 - - A -
80 -very soft below 77’ :.: 5, : 80
” - -
90 2 == 90
30 -
100 100

Figure 2. Results of soil boring taken near field site (1 kip/ft2 =
48 kilonewtons/mZ2). For location see Figure 1. (Boring courtesy U.S.
Geological Survey, Marine Geology Branch, Corpus Christi.)

directly beneath the catwalk between the two structures so that a pressure
cell attached to a weighted cable could be suspended over the package.
Figure 5 is a schematic representation of the experiment and the physical
system. The location of the pressure sensor was known to be within a radius
of 2 meters from the accelerometer. This uncertainty in position could
cause an error in the measured phase angle ¢ between the crest of the sur-
face wave and the trough of the mud wave of *11° for a characteristic wave
with a period of 7.75 seconds. The importance of such an error will be seen
in the calculation of the dissipation of wave energy. Wave properties were
measured with a wave staff, a pressure sensor, and a two-axis electromag-
netic current meter attached to wire cables that were suspended from the
platform and anchored to the bottom through pulleys. A system of winches
and pulleys allowed us to adjust the instruments to any depth.

Platform S (see Fig. 10), 3.35 km inshore of Platform V in 5.3 meters
of water, was instrumented with an anemometer, a Bendix Q-15 ducted current
meter, two pressure sensors, and a wave staff. By running the instruments
on Platform S simultaneously with those on Platform V it was possible to com-
pare the net energy lost by the waves while traveling between the two data



1172 COASTAL ENGINEERING-1976

y O 3

Figure 3. Array of three accelerometers.

stations with a rate of energy loss calculated from the measurements of mud
movement at Platform V.

Results

Simultaneous measurements of wave height and wave-induced pressure
resulted in the data represented in Figure 6. The term n is a correction




FINE SAND MOVEMENT 1173

" i
-Po'ilﬂonﬁ‘ of
atceleromwter

Figure 4. The main instrumented site, Platform V.

factor that matches linear theory with observed pressures and wave heights in
the manner shown (where Kp = cosh k (h + Z)/cosh kh)., If the observed data
were in perfect agreement with linear theory, the data points would fall along
the line n equal to 1.00. Further experimentation using two pressure cells
placed at different depths in the water column showed that linear theory
accurately predicts the change in wave-induced pressures from near the sur-
face to within 0.5 meter of the bottom. The fact that other researchers have
obtained similar results (Hom-ma et al., 1966) supported the use of a cor-
rected linear theory for determining surface wave heights from pressure
measurements made in the water column above the accelerometer. The actual
values of the correction factor n that were used were those values lying
along the two least squares fit lines shown in Figure 6.

A sample of the data taken in the study is shown in Figure 7. The
accelerations appear sinusoidal in form and have the same general appearance
as the wave record.

The shape of the bottom pressure spectrum is similar to that of the
spectrum of the vertical acceleration, and the peaks occur at the same
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Figure 5. Experimental setup at Platform V.

frequency (Fig. 8). The low-frequency spectral components visible in the
acceleration spectrum are believed to be electronic drift. (The phase angle
between the crest of the mud wave and the crest of the pressure wave was
202° for the peak spectral component.) Horizontal mud motions are approxi-
mately 90° out of phase with the vertical motions, and a backward horizontal
movement occurs at the crest of the bottom wave. Similar motion occurs for
forced waves on an elastic half space. The ratio of vertical displacement
to horizontal displacement over several sets of data averaged about 2.0.

A plot of the amplitude of the preasure wave at the bottom versus the
amplitude of the mud wave (Fig. 9) reveals a roughly linear relationship for
the range of pressures from near zero to 2.39 x 103 Pascal.

The average energy transmitted through the sea/sediment interface per
unit and time over one wave cycle is (Gade, 1958)
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Figure 6. Comparison of observed wave height and observed wave
pressure with small-amplitude wave theory.

where T = wave period
P = wave-induced bottom pressure
dh = an infinitesimal increase in the height of the interface

The general characteristics of the data show that the following functions
will accurately describe the motions:

P = Pa+ A cos (kx - ot)

h = ho + MA cos (kx - ot + ¥)

where Pa = gteady-state bottom pressure
A = amplitude of the wave-induced bottom pressure

hg = depth of mud over which motion occurs
M = proportionality constant between the amplitudes of the mud wave

and the pressure wave
y = phase angle between the crest of the bottom pressure wave and

the crest of the mud wave
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Figure 7. Sample of the data taken during the study.

After substituting equations (2) and (3) into (1) and integrating, and
then using linear theory to put bottom pressures in terms of surface wave
height, the equation for the rate of energy loss to the bottom is obtained:

2
- X M H™ sin
Dm = “4T coshZ kh ®
vhere ¢ = 180° - y.

For purposes of comparison with other theories for the dissipation of
wave energy, the pressure correction factor for linear theory is not incor-
porated into the equation. At most this can change the energy loss rate by
20 percent. From equation (4) it can be seen that the dissipation of wave
energy by the soft bottom involves only two important factors, determined by
the physics of the sediment movement: (1) the relationship between the pres-
sure force on the sediment and the resultant vertical displacement, given by
M, and (2) the phase angle between the crest of the pressure wave and the
trough of the mud wave, given by ¢.

The results of the two-station experiment allowed us to estimate the
energy lost from the waves. Conditions during the two-station experiment
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1178 COASTAL ENGINEERING-1976

3/5/76 PLATFORM V e Computed from spectrum
1 4o Computed from o wave-by-wave

= 14, :
§ comparison
s 12t
o
2 10t
4
3 8 5
¢
& 6}
: 4 Correlation coefficient = .95
3 Slope = 25.76
%, 2 Y-intercept = .339
<s 0 1 I 1 J

0 A 2 3 4 .5

Amplitude of mud wave (cm)

Figure 9. Amplitude of pressure wave plotted as a function of the
amplitude of the mud wave.

are illustrated in Figure 10. The instruments on platform V and Platform S
were run simultaneously, a procedure that resulted in a surface wave spectrum
at V and at S and a bottom movement spectrum at V. For the experiment the
effects of the wind, the current, and shoaling and refraction required a
small correction to the measured wave height difference. The theoretical
wave heights between Platforms V and S were calculated using the energy dissi-
pation equation (4) derived for the forcing of a mud wave and taking into
account shoaling and refraction based upon the period of the peak spectral
component. The root mean square wave height at Platform V was used for the
initial wave height. It was found that to produce agreement with the meas-
ured wave height at Platform S and keep M constant the value of the phase
angle ¢ would have to be 10°.

Discussion of Results

A comparison of the results of our study with other theories for the
dissipation of wave energy is shown in Figure 1l1. The phase angle ¢ between
the crest of the surface wave and the trough of the mud wave is given two
values: 22° is the angle that was actually measured at V, and 10° is the
angle that results in the correct average dissipation of wave energy between
Platforms V and S, assuming that M is constant. Note that the use of the
smaller angle does not significantly reduce the magnitude of the dissipation
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DISSIPATION OF WAVE ENERGY
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Figure 11. Comparison of the rate of dissipation of wave energy for
the soft bottom in East Bay with theories for dissipation rates for
rigid bottoms (Putnam and Johnson, 1949; Reid and Kajiura, 1957).

rate. The dissipation rates for 19.2 and 4.57 meters of water are in
joules/cm2-sec, and H is the wave height in centimeters. The relation-
ship derived by Putnam and Johnson (1949) for dissipation by bottom fric-
tion is of particular interest because it is the one most often used even
for energy dissipation on coasts. The presence of the mud is often taken
into ac:ount by making the value of the frictional coefficient (f) larger
than 0.01, which is the value commonly used for sandy coasts. It can be
seen from this that for reasonable heights the effect of a flexible bottom
is to cause an energy dissipation rate that is at least an order of magni-
tude greater than that for a rigid, impermeable bottom.

The results of the two-station experiment are illustrated in Figure
12. Using 10° in the formula for the dissipation of energy while holding
M constant in order to make the total dissipation agree with theory is
somewhat an arbitrary choice. It is entirely possible that the properties
of the sediments change between V and S and cause changes in M as well as
¢, but it should be remembered that because of the uncertainty in the
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Figure 12. Comparison of the dissipation of wave energy for
East Bay and that predicted using the theory of Putnam and
Johnson (1949) with the measured wave height change.

position of the pressure sensor relative to the accelerometer it is possible
that 10° was the true and constant phase aagle.

Figure 12 also illustrates another important point concerning the
dissipation of wave energy on muddy coasts. The predicted wave heights
between Platforms V and S are shown in the figure as they would be pre-
dicted by Putnam and Johnson (1949). Certainly order-of-magnitude higher
dissipation rates on sandy coasts can occur when well-formed ripples and
the proper velocities are present (Tunstall, 1973), but even in such cases
the contrasting trend, made more extreme by using Putnam and Johnson's
theory, is present. By comparing the two curves in Figure 12 it can be
seen that for bottom friction the dissipation of wave energy occurs mainly
in shallow water, whereas for a flexible bottom a relatively greater amount
of wave energy is dissipated in intermediate-depth water. Nearshore wave
energy for muddy coasts can therefore be expected to be greatly reduced
from that present on the outer shelf. Such coasts, in comparison to sandy
coasts, tend to protect their shoreline by the dissipation of wave energy
in the bottom sediments.
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Summary

1. Bottom motions in the pressure range from near zero to 2.39 x
103 Pascal appear to be forced waves on an elastic half space, with the
effect of internal viscosity being seen in a phase shift between the
crest of the forcing wave and the trough of the mud wave. This results
in the transfer of energy to the bottom sediments.

2. The energy loss at the field site was found to be at least an
order of magnitude greater than that resulting from percolation over a
typical sandy bottom or caused by normal frictional effects.

3. A relatively greater amount of wave energy is dissipated on a
muddy coast at intermediate water depths than on a sandy coast.

4. Design criteria for offshore structures and predictions of sedi-

ment transport in the nearshore region of a muddy coast based on standard
frictional dissipation rates may be significantly inaccurate.
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PROCESS AND MORPHOLOGY CHARACTERISTICS OF TWO BARRIER BEACHES
IN THE MAGDALEN ISLANDS, GULF OF ST. LAWRENCE, CANADA

by
E. H. Owens

Coastal Studies Institute, Louisiana State University,
Baton Rouge, Louisiana 70803

ABSTRACT

Detailed field investigations of barrier beach morphology and pro-
cesses at adjacent sites in the Magdalen Islands, Gulf of St. Lawrence,
show that the two beaches are in distinctly different morphodynamic environ-
ments. The differences are expressed in terms of wave energy levels, sedi-
ment dispersal patterns, and nearshore, littoral, and dune geomorphology.
The exposed west-facing coast has a steeper offshore gradient, is a zone of
sediment bypassing, and has a complex sequence of three nearshore barsz. Wave
energy levels are lower on the sheltered east coast, and this is a zone of
sediment redistribution and deposition with a single, linear nearshore bar.
The different morphological characteristics of the two barriers are attrib-
uted to the spatial variation in energy levels and to the differences in
offshore gradients on the two coasts. Computed wave energy values, derived
from data monitored during two study periods (August and November, 1974),
indicate that the mean wave energy levels were greater on the west coast as
compared to the east coast by factors of 2.25 in summer and 2.95 in winter.
This is due primarily to the dominance of winds out of the westerly quadrant
throughout the year.
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INTRODUCTION

The Magdalen Islands consist of a series of barrier beaches that are
oriented northeast-southwest to connect small bedrock outcrops on the
shallow central shelf of the southern Gulf of St. Lawrence (Owens, 1975)
(Figure 1). This is a microtidal environment (mean tidal range less than
1.0 m) and, as the Gulf is an enclosed sea, the wave climate is dominated
by locally-generated wind waves. Winds are dominantly from between south-
west and northwest throughout the year, with a higher frequency of storm
winds in winter months (Table 1). Limiting factors for wave action on the
beach are maximum fetch distances on the order of 300 km and the presence
of sea or beach-fast ice for periods up to four months each winter. Lit-
toral processes are dominated by wind waves associated with the west to
east passage of low-pressure systems across Atlantic Canada (Table 2). On
the west coast of the Magdalen Islands the shoreline is exposed to the domi-
nant and prevailing winds out of the northwest. Maximum wave and breaker
height values on the west beach occur at times of maximum wind velocities,
independent of wind direction. On the east-facing coast wave characteris-

tics are closely associated with the onshore wind component (Owens, 1977).
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Figure 1. Magdalen Islands study area: A. Location. B. Study sites on
the central tombolo.
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Table 1. Wind Data, Magdalen Islands (1933-1972)

Mean Wind Mean Mean Hours/Month with Given Wind
Velocity Direction Velocities
(km/h)
88-101 km/h 102-120 ka/h >120 km/h

Jan. 47.2 NW 13.4 2.0 0.1
Feb. 41.4 NW 1.2 1.8 0.4
March 40.6 NW 6.2 0.4 0.4
April 36.2 NW 1.8 0.3 =
May 35.2 NW 0.4 - e
June 33.3 Nw 0.2 — e
July 30.6 SW - - -
Aug. 30.4 SW 0.7 e -—
Sept. 35.7 NW 1.7 0.4 o
Oct 41.0 NW 5.0 0.7 -
Nov. 41.7 NW 6.5 1.4 0.7
Dec 45.7 NW 9.0 2.2 0.2

Table 2. Storm Duration and Frequency, Magdalen Islands

A. Number of Storms with Winds >90 km/h and >115 ka/h by
Quadrant Over a 40-Year Period

Duration Duration Duration

>90 ka/h >3 hours >6 hours >115 km/h >3 hours
NW-NNE 256 68 37 15 3
NE-ESE 62 12 3 S -
SE-SSW 124 15 5 2 —
SW-WNW 120 15 9 8 1

B. Annual Frequency of Storm by Quadrant

NW-NNE 6.4/yr 1.7/yx 0.9/yr 2 in 5 yr 1 in 13 yr
NE-ESE 1.5/yx 14in 3 yr 114in 13 yr - -
SE-SSW 3.1/yr 2 in 5 yr lin 8 yr 1 in 20 yr -
SW-WNW 3.0/yr 2 1in 5 yr 14in 4 yr 11in 5yr 1 in 40 yr
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Mean and maximum wave height values are greater on the west coast in all
seasons due to the prevailing onshore winds. A distinct difference in wave
energy levels exists between the two study sites (Figure 2). Comparison of
computed wave energy values (Table 3), derived from time-series data moni-
tored during two study periods (August and November, 1974), shows that the
mean values are greater on the west coast by factors of 2.25 and 2.95 for the
summer and winter phases of the study. The same comparison for the computed
longshore sediment transport rates (Table 4) shows that the combined hourly
rates are greater on the west coast by 2.7 and 2.0 for the summer and winter
study periods. The estimated annual gross volume of longshore sediment trans-
port is approximately four times greater on the west-facing barrier.
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Figure 2. Seasonal variations in (1) estimated wave energy on the east and
vest barriers, (2) mean monthly wind velocity, and (3) storm fre-
quency. The period of sea-ice cover or beach-fast ice is indi-
cated by the shaded area. Wave energy values are extrapolated.
Storm frequency (*) is the number of periods in each month when
wind velocities exceed 55 km/h, based on data over a 40-year
period.

A GO T e S e v




e —
BARRIER BEACH MORPHOLOGY 1979
Table 3. Computed Wave Energy Values (ergs/cm)
Mean Minimum Maximum
West 2.52 x 101t 2.12 x 10° 1.65 x 10%°
e East 1.12 x 10%* 2.12 x 10° 1.10 = 10*3
West 2.51 x 10%2 1.68 x 10t 7.38 x 1012
i East 8.51 x 10%! 3.04 x 1010 5.89 x 1012
Table 4. Summary of Computed Longshore Sediment Transport Rates
West Coast East Coast
Average Hourly Summer 149 to N 53 to N
Rate (m3/h) 95 to S 39 to S
e 631 to N 265 to N
519 to S 315 to S
Net Daily Rate Summer 428 to N 201 to N
(nJIday) Winter 1,261 to N 962 to S
Estimated Annual Gross 2,059,030 550,943
(@ /yr) Net 233,931 to N 104,112 to S

Owens (1977) has shown that in addition to this spatial variation there
is also a distinct temporal variation in energy levels between the two sites
that is reflected in littoral zone morphology. On the west coast there is a
seasonal variation in wave energy levels that produces a ''summer-winter"
beach cycle. On the sheltered east coast variations in energy levels due to
the passage of low-pressure systems across the region are more important than
the seasonal variations. This produces beach cycles of erosion during storms
and deposition during the post-storm recovery period (Table 5).
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Table 5. Characteristic Differences between the Coastal Environments
of the East and West Barriers--Magdalen Islands

West East
a. High energy environment a. Moderate energy
Wave energy environment
b. Marked seasonal variation b. Large short-term varia-
in wave energy levels tions due to stormwave
activity

" "
Litkseal sone a. "Summer-winter'" beach cycle a. Storm/post-storm beach

morphology eycls
b. Relatively stable morphology b. Large short-term varia-
in plan and profile tions in morphology
Offshore Slope 0°10' 0°05"'
Nearshore Slope 0°33' 0°53'

OFFSHORE ZONE

On the shallow shelf adjacent to the west coast of the Magdalen Islands,
sediment is being transported landward by present-day processes (Owens, 1975).
This is an area of coarse and medium sands (Table 6) and is a non-depositional
sedimentary environment, with local reworking and the formation of lag depos-
its (Loring and Nota, 1973). Sediment that is transported toward the Islands
is moved rapidly alongshore in shallow water toward and around the extremities
of the barriers. The shelf adjacent to the east coast is sheltered from waves
out of the west and is a depositional area of fine-grained sediments (Table 7)
(Loring and Nota, 1973).

The nature of the sedimentary environments on the Magdalen Shelf is
cintrolled in part by differencea in the wave climate to the west and to the
east of the islands that result from the dominance of wind-generated waves
out of the west. In the zone of sediment reworking and transportation on the
shelf to the west of the Islands the sandstone bedrock is overlain by a thin,
discontinuous layer of sand and gravel. In the depositional area to the
east of the Islands the bedrock is buried by a continuous cover of well-sorted
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Table 6. Sedimentary Environments--Magdalen Islands
West East
Offshore Coarse/medium sands Fine sands

Nearshore (<5 m)
Beach
Dunes

Medium sand (1.31¢)
Medium sand (1.67¢)
Medium sand (1.67¢)

Medium sand (1.81¢)
Medium sand (1.87¢)
Medium/fine sand (1.95¢)

Table 7. Energy-Morphology Characteristics--Magdalen Islands

West East
Offshore Toward east Zone of deposition

Sedimant dispersal O TN Rapid longshore Zone at redistribu-

bt s movement tion and deposition
Subaqueous profile Relatively steep Relatively flat

(1:300) (1:625)

Frictional attenuation of waves Low High
Amount of energy reaching shoreline High Low

sands (Loring and Nota, 1973). The gradients of the subaqueous slope off
the west- and east-facing barriers are therefore partially controlled by the

sediment dispersal pattern that results from the local wave climate.

Wright and Coleman (1972) note that nearshore wave power is a function
of the subaqueous slope, due to the effects of frictional attenuation, and
that as water depth decreases frictional attenuation rates increase. The
of fshore profiles adjacent to the two barriers are very different (Figure 3),
particularly between the 15-m and 40-m depth contours. The broad, shallow
shelf off the east coast has an average gradient of 0°05' (1:626) from the
shoreline to the 20-m contour, approximately half the gradient of the shelf
off the west coast (0°11', 1:312). Wave periods are usually less than
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MAGDALEN ISLANDS - OFFSHORE PROFILE
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Figure 3. Offshore profiles and gradients--taken on
lines perpendicular to the shoreline at
the two study sites.

8 seconds in the Gulf, so that although some longer period waves would feel
bottom in water depths up to 50 m, the frictional attenuation rates would
probably be highest in depths between 30 m and 10 m.

Due to the shallower depths on the east coast the loss of energy by
frictional attenuation is much greater than on the west coast. In addition,
as the dominant and prevailing winds are out of the west, and locally-gene-
rated waves dominate the wave climate, the east coast is a protected environ-
ment in which wave heights are lower than on the west-facing barrier (Owens,
1977). The net effect is that (1) more energy is available on the western
barriers (Table 3) and (2) a higher proportion of that energy reaches the

nearshore zone as compared to the east-facing barrier.

NEARSHORE ZONE

The effects of the difference in the wave energy levels on the two
coasts are clearly reflected in the nearshore zones. Surveys on the west
study site show a large crescentic bar system that shoals to 5-6 m at 800 m
from the beach, a smaller middle crescentic bar, and an intermittent inner
bar (Figure 4). Comparison of field surveys in 1974-75 with aerial photo-
graphs taken in 1970 indicates that the plan form of the outer bar appears
to be constant through time. Small longshore movements of the outer cres-

centic bar system result in occasional overlapping of the bars in the vicinity

e
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Figure 4. Nearshore profiles and morphology at the west and east coast study
sites. The nearshore profiles are spaced at 100~m intervals and
shaded areas on the maps indicate the location of subaqueous bars.

of the horns of the crescents. Also, it was found that the apex of the outer
bar oscillated perpendicular to the shoreline between 700 and 900 m from the
beach (Figure 5). These variations resulted in modification of the cres-
centic bar form but surveys showed that the basic location and shape of the
outer bar did not change over a 9-month period. More variation was observed
in the plan form ~f the two inner bar systems, particularly following periods
of storm-generated waves.

By contrast the east-facing barrier is characterized by a single asym-
metrical linear nearshore bar that shoals to 1.5~2.5 m at 250 m from the
beach (Figure 4). The trough depth on the landward side of the bar varied
between 3 and 5 m. Migratory bars were also recorded inshore on the shallow
low-tide terrace adjacent to the beach. Although the nearshore bar had a low
amplitude rhythmic plan shape following storm—wave activity, the basic linear
form of the bar did not change significantly over the 9-month period of the
surveys. The plan form of the bars on the low-tide terrace varied consider-

ably, and this has been related to differences in the direction of wave
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Figure 5. Composite of nearshore profiles surveyed on line 5 on the west
study site. The profile is located on Figure 4 (from Owens, 1977).

approach during summer months and to storm-wave activity during the winter
season (Owens, 1977).

Although the large differences in wave energy levels on these two
barriers clearly affect the character of the nearshore zone, the actual vari-
ations in the size and the morphology of the nearshore bar systems could be
explained in several ways. If it is assumed that breaking waves control bar
formation, then the fact that the bars on the western barrier are farther
offshore, in deeper water, and larger than the bar on the east coast would
be due simply to higher wave heights on the west coast. But, as the two sets
differ so radically in plan form it is difficult to accept that bar formation
could vesult from a simple variation in wave height between the two coasts.
On the other hand, it is possible that the variation in the size and spacing
of the bars, perpendicular to the shore, could be due to the effects of
standing waves generated by the reflection of incident waves from the beach
(Bowen and Inman, 1971; Suhayda, 1974). Bowen and Inman suggest that the
alongshore plan form of crescentic bars results from the sediment dispersal
patterns associated with the formation of edge waves in the surf zone. The
absence of a well-defined crescentic bar on the eastern barrier probably
results from the consistently oblique wave approach and high breaker angles
that generate strong longshore currents, thus preventing the development of

rhythmic morphology on the outer bar.

METRES
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INTERTIDAL ZONE (BEACH)

Sediment size (Table 6) and tidal range are constant between the beaches
of the two study sites, so that variability in beach morphology results from
differences in wave energy levels or in nearshore topography modifying the
incoming incident waves. The beaches of the western barrier are generally
narrow (20-30 m) (Photograph 1) with a relatively steep beach-face slope
(approximately 1:4) (Figure 6). These beaches are characterized by an overall
lowering of beach elevation in winter months, due to increased levels of wave
activity during this season. This produces a “summer-winter" beach cycle
(Figure 7).

The beaches of the eastern barrier are wider (40~50 m) (Photograph 2)
and have a flatter beach-face slope (approximately 1:8) (Figure 6). The domi-
nance of storm-wave activity over seasonal variations in wave energy levels on
this coast produces beach cycles that are related to erosion during storms and
recovery during post-storm conditions. Although the beach elevation is lower
in winter months, as compared to the summer (Figure 7), the short-term varia-

bility related to storm-wave activity is more significant (Owens, 1977).

The difference in slope of the beach face at the two sites is a reflec-
tion of the different effects of nearshore topography on breaking waves.
Waves reaching the beach face on the west coast were predominantly plunging
breakers, during both study periods, whereas those on the east coast were
predominantly spilling breakers. This difference in breaker type results from
the different gradients immediately seawarfd of the intertidal zone. Water
depths and gradients are greater at the west study site (Figure 4) due pri-

marily to the presence of a wide low-tide terrace on the east-facing barrier.

PROFILE 2W PROFILE 2E
13 Aug 1974 14 Auvg 1974
HW HW

Figure 6. Representative beach profiles for the two study areas.
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Photograph 2. East study site beach (August 1974).
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Figure 7. Sweep zone profiles for summer and winter beach pro-
files at selected locations for the two study sites (after Owens.
1977).

The berm crest was slightly higher on the western beach (Figure 6) as a
result of higher wave heights on this coast that lead to a build-up of sand
to greater elevations on the berm during high tide periods. Bascom (1954)
pointed out that, although storm waves tend to erode the berm, they also
create a berm at a greater elevation due to increased wave heights and that
they may leave a high, narrow berm that will survive until a larger storm

erodes it.

SUBAERIAL ZONE (DUNES)

The dunes on the western barrier are up to 15 m in height, and erosion
during major storms produces irregular scarps in the backshore dunes (Photo-
graph 3). During post-storm recovery a new foredune ridge develops adjacent
to the beach, leaving an abandoned scarp that is subsequently modified by
eolian processes. This pattern of irregular erosion in the backshore, fol-
lowed by infilling to maintain a regular shoreline, has produced a complex
dune topography. The concentration of wave energy at particular locations
along the dune barrier is probably a reflection of the effects of the complex

nearshore morphology on storm waves.
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Photograph 3. Aerial view of dunes at the west study site
(August 1974).

The dunes of the east study site are part of a progradational dune-
ridge complex (Photograph 4) with a series of parallel ridges that reach
10 m in height adjacent to the beach (Owens and McCann, in preparation).
Erosion during storms is relatively constant along this section of barrier,
and there is no evidence that the ridges have been breached at any time.
This dune-ridge complex is not characteristic of all the east-facing barriers
of the Magdalen Islands (Figure 8). Elsewhere dune heights are rarely greater
than 5 m and storm-wave erosion causes the development of washover channels
that breach the dunes and the development of fan deposits on the lagoonal
side of the barrier (Photograph 5).

SUMMARY

The high energy west-facing barriers of the Magdalen Islands are pri-
marily a zone of sediment bypassing. Material that is fed into the nearshore-
littoral system is transported rapidly alongshore toward the northeastern and
southern extremities. The barriers are relatively stable, with washover

deposits occurring only in the updrift sections adjacent to bedrock outcrops
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Photograph 4. Aerial view of beach-ridge complex at the east
study site (August 1974).

Photograph 5. Washover channels and fan deposits on the east-facing
barrier to the north of the east study site (August 1974).
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Figure 8. Generalized longshore sediment transport
directions and areas of erosion or deposition on the
Magdalen Islands barriers.

or, in the case of the southern tombolo, where there is a movement of sedi-~
ment away from the central section of the barrier (Figure 8). The sheltered,
lower energy eastern barriers are both lower and, except for the two beach-~
ridge complexes, are frequently overwashed. This environment is primarily
one of sediment redistribution and deposition, with a net nearshore-littoral
transport from northeast to gouthwest.
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These basic mesoscale differences between the two barrier systems are
reflected in the morphology and process characteristics of each coast. Spa-
tial variations in offshore, nearshore, beach, and dune morphology can be
directly related to the amounts and variability of wave energy levels on the
two coasts. The pattern of sediment dispersal in the offshore and nearshore
zones is controlled by the dominance of wind-generated waves out of the west
(controlling the overall energy levels) and the resulting differences in sub-

aqueous slope gradients (which affect the nearshore wave energy levels).
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