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A8STRACT

Measurements of wave processes, wave—driven currents , and sediment distribution have been madein several f ringing reef sys tems. 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 ,so that wave conditions in the back—reef lagoon show s ‘icant changes over a single tide cycle.Wave—driven currents tend to flow continuously onshr • the reef crest. Their velocity is greatestnear low tide , when wave breaking is most intense , in the lagoon moat generally showed atendency to drain the lagoon except during brief m t .  near flooding tide when a weak currentreversal occurred . Sediment distribution in the lagoon disp lays a pattern that ref lects currentpatterns in the lagoon and wave characteristics at the lagoon shoreline.
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WAVE ACTION MD SEDIMENT TRANSPORT ON FRINGING REEFS

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

Baton Rouge , Louisiana 70803

Introduction

Recent investigations (1), (2), (3) continue
to demonstrate the importance of waves and wave— J00~~

driven currents to coral reef ecosystems . These •

studies have indicated that several effects result
i rom wav* action , including the direc t physical
f o r ce  on c~ r.i 1 branches and the movement of water Z

and sed i ment  w i t h i n  the  reef  s y s t e m.  There ire , 4
however , p r o b l e m s  w i t h  mak ing  a c c u ra t e  f i e l d  •w.. .,. 
measurements  ot  wave  a c t i o n  and w i t h  r e l a t i n g
these mea surements  to coral  growth (or d e s t r u c —  • •

tion). The variability of reef geometries world— 0 40 50 ‘20 ISO 150 240

wide implies that many studies will be required
even to assess wave characteristics on reefs. A Figure 1. Profile view of reef and lagoon sys—
detai led quantitative understanding of wave pro— tern on Great Corn Island , Nicaragua , and the
~~~~~~~~~ ~. occurring on reefs will develop only after location of wave and current instruments.
acquisition of these field data. This study pre-
sents the results of direct measurements of waves
and wave—driven currents in natural reef systems . Wave Processes
The measurements were limited to fringing reefs
where a well—developed shallow lagoon was present A typical example of the type of reef system
shoreward of the reef crest. Although this sys— in which the wave measurements were made is shown
tern is somewha t spec ialized , it does contain many in Figure 1. The reef is located on the northern

~‘t the features and processes occurring on reefs coast of Great ~~rn Island . Nicaragua . The reef
in general. system includes a fring ing reef barrier that

slopes gently seaward and •i steep landward—facing
Few field measurements of wave action on scarp . The reef encloses a l~,gcn’n having a

reefs have been reported in the literature , even sediment—covered floor and w~ 11—deve loped moat
though studies relating to wave action have been imeediately behind the ree l . This segment of the
numerous. During the late 19408 and early 1950s fringing reef extends appraximately 300 m along
Munk and Sargent (4) and von Arx (5) initiated shore to a point where inlet channels occur and
indirect i nvesti gations of wave processes on separate this reef from other extensions of the
reefs. Several studies followed , iiieluding reef system . Waves typically break on the re.~f
in vest igations of wave refraction and wave energy crest and continue breaking until they reach the
an small coral islands of the Campeche Bank (6); moat. At the moat the breakers reform into non—
of the swell on the island of Aruba (7); of the breaking waves and propagate shoreward with a
reLationshi p between wave power and island land— height and period that are lower than offshore
f orms on the Windward Caribbean Islands (8); of wave conditions. Wave—driven currents sweep
the correlation of reef variability and wave across the reef crest , and the Iandward—facing
s. Lion on Grand Cayman (3); and of the theoreti— scarp is formed by large (~‘.O.5 m) pieces of coral
sal des.. ription of wave—induced set—up of water rubble transported froni the reel crest. Field
in coral reels (9). Direct measurements of wave sites having essentially the ’ same reef crest and
thrus t on reefs have been reported (IQ) , (11). lagoon characteristics were studied on Grand
and wave measurements on a fore—reef shelf have Cavman, B.W .I.; Barbados , W .l.; and the north—
been made on Grand Cayisan (12). 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 V
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from 6 rn/sec trade wind , illustrating the extreme .1 _~~~~~~~ _ C ______

modification due to wave breaking [after (l3)J. a 1.0 2.0 3.0

FREQUENCY, RAD/SEC

interactions there cause extreme modification of Figure 3. Measured wave spectra in the Suapethe incoming waves . The main feature of the reef Lagoon at different stages f the tide .ciest affecting the waves is its shallow depth ,
typicall y I rn, which normally causes wave break-
ing. Tide , of course , causes the actual depth to
vary throughout the day . Waves may break continu— modify the incoming waves.
ally as they transec t the reef crest until reach-
ing the deeper lagoon water , or they may propagate Measurements of waves near the shoreline at
unbroken until secondary wave c rests are formed . Suape , Pernambuco , Brazil , behind a beach rock
observat ions at the point of reformation , taken barrier are summarized as wave spectra and are
in a fringing—reef—formed windward lagoon on shown in Figure 3. Georn .rphic.,lly, the beach rock
Barbados , are shown in Figure 2. For comparison , barrier has the same basic components as most
the deepwater Pierson—Moscowitz (PM) spectrum for well—developed fringing coral reef systems: a
a typic al trade wind speed (6 rn/sec (l3)J is also seaward—sloping barrier , back—h arrier moat , back—
shown because no actual measuremer’~e were made on barrier lagoon , and occasiona l breaks in the
the fore-reef shelf. Two features are obvious : barrier trend (inlets). The measurements shown
there h.is b(’.’n a substantial loss of wave energy , are for three tide stages and show the effect of
and the wave spectrum has significantly changed water level changes at the reef crest. At a tide
shape. The estimated energy loss , calculated datum of 1.1 m the water level was at the crest
irs’s the change In wave height , for the observed of the barrier. Wave hei~,ht was 7 cm and the
s,nditions is about 751. This result is in rough spectrum showed several peaks. At a tide level

agreSment with laboratory measurements of wave of 1.4 m the wave height had increased to 28 cm ,
tran sfo rm.sti ,n over a submerged shoa l (14). This and the height at a tide l evel of 2.0 m had
.‘n s ’r g v  ~~ ss his not been uniform because the increased to 56 cm. The offshore wave he igh t  was

hs , .rv ed  epee t r u m  shows t h a t  con s id e r a b l e  energy about  1 m.
r . - c ~ s h i s  at low I r.”lu,~ io isis. Thus b r eak ing  has
f l a t t e n e d  t h e  sp ec t rum peak and perhaps tr a n s-  The process of wave b r e a k i n g  is , at  present ,
terred energy t o  low f r e q u e nt - v .  The exact  amount not we l l  described by hydrodynamic theory. The

1 entrgv I s s  cnd the s p e c t r a l  change m di ,  ed decrease in wave h e igh t  across a reef crest
depend upon the depth of water over the ree l resulting from breaking can , however, be given
r. .t and the input wave condition s . The r ’ef empiricall y . Using the dat .i ~1 this study and
~rest did I i !  ,nt.ii n surge channels , whi ch have published data (14), wave height .it the point 01
s,’.’fl observed lii Pa, fUr reefs (4) to si gn htl..tntl y reform ing H is given by
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Figure 4. Twenty—aix—hour record of current on Figure 5. Reef crest and moat current records
the reef crest and in the back—reef moat . Cur— over a 20—mm period. Current magnitudes are
rent magnitudes are average values over 3 mm  average values over a 10—eec interval.
of record.

H — H (1 — 0 8e 0’6 d/110~ reef crest and causing current surges of 50—80 cm/
o / sec for dura tions of a few seconds. The average

data indicate that , although moat currents reverse
where l1

~ is the wave height near the breakpoint direction of flow, the reef crest current was con—
and d is the mean water depth at the reef crest. tinuously onshore. At 1600, with the tide fall—
The range of water depths for which the formula ing, currents on the reef crest were moderately
is valid is d/H~ from zero to about 5. This for— strong (10 cm/eec) and the flow in the moat was
mula indicates that when d/Hc, — 0 wave heights in changing from east (or filling the lagoon) to
the lagoon will be about 20% of the wave heights strongly westward (draining the lagoon). Near low
outside the reef, tide (0000), the reef crest current reached a

maximum and currents in the moat reach a maximum.
Wave periods within the lagoon are highly As the tide rose, the westward flow in the moat

variable , and the spectrum indicates that several was reversed to eastward and reef crest currents
wave periods occur with nearly equal wave height . generally decreased. Near high tide (‘-1200) reef
Generally, the mean wave period in the lagoon is currents are minimal and the current in the lagoon
smaller by about 50% to 752 than the wave period is eastward . This change in reef crest current
offshore , flow results from the tact that at low tide wave

breaking is more complete on the reef crest and
Wave—Driven Currents more of the wave energy goes to driving the cur-

rent over the crest and into the back—reef lagoon.
Waves tha t break on the reef crest drive

water shoreward into the lagoon. This shoreward Figure 5 shows a sample of the averaged reef
f l ow provides the mechanism for transporting crest and moat current values over a 20—mm period
water and sediment from the fore—reef shelf envi— ‘l200 sec). At this t ime scale more detail of
ronnient into the back—reef lagoon. Water brought the time changes in the record is noticeable. The
across the reef crest has been shown to exit the data show the importance of variations in speed
lagoon through channels in the fringing reef (15), at a period of about 100—150 sec on the reef
(16). Previous studies have suggested that tida l crest . These variations may be related to long—
currents may reverse the direction of flow of period gravity waves generated on the reef face by
water on the reef crest and in the reef channels, the breaking waves and/or the effect of groups of
Current measurements were made at two locations on high waves. The data indicate that variations
Great Corn Island to document the characteristics about the mean speed of up to 502 can occur within
of reef crest and moat currents (Fig. 1). 1 or 2 m m .  The moat current record shows no

corresponding variations at 100—200 sec period;
The reef crest current meter was oriented however, variationi at approximately a 50—sec

in an onshore—offshore direction , and the moat period do occur.
current meter was aligned parallel to the along—
shore dimension of the reef. The position of the Sediment Movem ent
moat current meter was near a break in the reef
crest and probably reflects flow in the inlet It has been suggested that circulation of
channel, water and sediment distribution within a fringing

reef lagoon are determined by lagoon geometry and
Figure 4 shows current observations on the the input of water across the reef crest (15),

reef crest and in the moat over a 26—hour period. (16). The inflow of water may be wave or tide
Data represent average current over a 3—m m see— induced , although wave tnput has been reported to
tiun of record . Actual instantaneous measure— dominate (5), (11). Wave—induced input results
‘Dents show the effect of each wave transiting the from wave breaking and set—up on the reef crest.
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Figure 6. Sediment thickness d i s t r i b u t i o n  in South Sound shown in plan view and cross
section, and the lagoon axis current speed (shown by arrows). Note the correspondence
of the th ick  sediment accumulations and low speed , and thin sediment a c c u m u l a t i o n  and
high speed ( a f t e r  (12) ] .

which are enhanced as water depth on the reef replaced in about 2.5 hours; the implication is
crest decreases. Using the wave data taken dur— rapid renewal of lagoon water. Thus it appears
ing the Cayman experiment (12), the influx of that sediment distribution and nearshore wave
water across the reef crest at South Sound , Grand and current fields are linked in a system to reef
Cayman, can be calculated. Conservation of this crest and lagoonal morphology ,
mass flux allows the average transport within
South Sound to be calculated as a function of Conclusions
position down the axis of the lagoon . As a result
of the geometry of South Sound (Fig. 6), the Measurements of waves and wave—driven cur—
influx of water over the reef crest is funneled to rents at several field sites indicate that wave
the west. Currents in the lagoon calculated for processes at the reef crest are intense and
an input current across the reef crest of 10 cal important to the movement of water and sediment
sec are shown in Figure 6. Lagoon current speeds in a fringing reef system. Wave height is reduced
range from 2 to 45 cm/sec, being lowest in the by breaking to a fraction (i.e., 402) of input
eastern part. Examination of sediment thickness wave height. Wave breaking drives currents across
within the lagoon (Pig. 6), as determined by probe the reef Crest into the back—reef lagoon, and
stations in a gridded array, indicates a distri— these currents appear to control circulation and
bution in accordance with the current field, sediment dispersal in the lagoon. Tidal van s—
Thick, f lne—grainec~ sediment accumulations occur tiona in water level on the reef crest cause
in the eastern part of the lagoon (see section diurnal variations in both lagoon wave heights
C-C’), and as the Lagoon narrows and currents and wave—driven currents.
increase sediments become coarser and thickness
decreases abruptly (section A—A ’, B—B ’). Thick Acknowledgments
sccumulations of relatively coarse sediments occur
along the i~ 1snd coast as a result of beach build— The research presented in this paper was
ing by wave action in the lagoon. For the given supported by the Geography Programs , Office of
volume flux of water (400 .3/sec) over the reef Naval Research , Arlington , Virginia 22217, under
crest , the lagoon volume (3.3 x l0~ s~) could be a cont ract with the Coastal Studies Institute ,
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PHYSICA~. PROCESSES IN A FORE-REEF SHELF ENVIRONMENT

Harry H. Robe r t s , S tephen P. Murray, end Joseph N. Suhayda
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ABSTRACT

Wave and cu rr en t measuremen ts we r e made across a rough—bottomed fore—reef shelf along the south
coast of Grand Cayinan Island . Wave hei ghts at tenuated 20% and current speeds 30% from the shelf
marg in ( °22 —m et er  depth) to a depth o~ approximately 8 meter,  a d is tance of ‘0 . 4  km. Strong,
r e c t i l i n e a r  t ida l  ct .’rrent s  (“j 50 cm s ) dominated the deep shelf margin , but weak , directionall y
variable currents were characteristic of the shallow shelf . ~~tenuation of wave heights and current
speeds across the shelf is attributed to frictional effects ...iulting from strong interactions with
the unique boundary conditions of the extremely rough bottom.

A dye experiment illustrated that strong (~ 35 cm ~~
1) on—shelf flow is directed up the deep

coral reef grooves at the shelf margin. 2Hig~ levels of turbulence (turbulence intensity 23 cm
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 coimnunities, growth forms, and reef structure are
consistent with these zone,.

KEY WORDS: Waves , Currents , Bottom Roughness , Fore—Reef Shelf , Turbulence , Tidal Current , Wave—
Domina te d Zone , Current-Dominated Zone
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V

PHYSICAL PROCESSE S IN A FORE—REEF SHELF F.NVIKONMENT

h arry H. Roberts , Stephen P. Murray, and Joseph N. Suhayda
Coastal Studies Institute , Louisiana State University

Ba ton Rouge, Louisiana 70803

Introduction shelf edge and seaward margin of the deep fore—
reef terrace. Along the south coast it is com—

General understanding of the magnitudes and non for the shelf edge to display overhanging
spatial—temporal variations of physical processes reef lobes or a near—vertical seaward—facing
(in particular waves and currents) on the sea— reef wall. This seaward reef face extends to
ward shelves of well—developed reefs is based on various depths (commonly near 700—800 meters)
very few actual measurements. Recent work (1) where the deep island slope is encount red .
has shown that the concept of tranquil conditions Roth the shallow and deep [ore—reef terraces
below the effective wave base on fore—reef support coral communities that are viable but of
shelves is not well founded. On the contrary , somewhat different composition. The shallow
the margins of island shelves are coninonly terrace is dominated by Acropora palmata . Other
exposed to strong, periodic currents. The pres— corals , such as Diploria strigosa , Dichocoenia
ent paper is designed to present results of stokesii, Agaricia agaricites , Porites astreoides ,
physical process studies conducted on the fore— and Montastrea annularis , are also common. In
reef shelf of Grand Cayman Island and to relate addition , Gorgonians and various alcyonarians are
what we have learned about the physical environ— important members of the community. The deep
ment to the reef and some of its constituents, fore—reef terrace can be divided into two zones

based on composition of the coral communities:
Figure 1 illustrates the central Caribbean (1) an Acropora cervicornis zone and (2) a

location of Grand Cayman Island , where in situ Montastrea annularis zone. Coral—covered ridges
data on waves and currents , as well as reef nor— extend from the seaward extent of the shallow
phology, were collected. A site along the south terrace to the buttress zone or shelf margin reef
coast was selected for study because of its (2) at the shelf edge. These coral spurs are
well—developed reef morphology on the fore—reef separated by sediment—floored grooves and larger
shelt • its adequate exposure to dominant ocean open areas of sediment accumulation. Acropcr~
wave s, and its accessibility from our docking cervicornis and Agaricia agaricites compose the
facility near Georgetown. As is characteristic dominant coral growth on the coral ridges ,
of all fore—reef areas around the island , the whereas Montastrea annularis, M. cavernosa, and
shelf in the study area has a general stepped Agaricia are the most important corals of the
configuration and is very narrow (rO.6 km wide). shelf margin reef.
An abrupt break in slope at approximately 8
meters delineates the seaward edge of the shal— Bottom roughness of both the shallow and the
low fore—reef terrace , and a second break in deep terraces is primarily the result of cora l—
slope at approximately 20—22 meters marks the covered spurs orientcd at 3 hIgh ang le to the

coastline and separated by linear areas of sedi—
men t accumulation. The spurs and grooves of the

• , ,, : shallow terrace generally have a shorter wave—
I ‘ length and smaller amplitude than similar features

— . ,,_~~ on the deep fore—reef terrace. Figure 2 quanti—
I I— ’ 

—-
, :~ - tatively illustrates this relationshi p in the

form of two bottom roughness spectra derived Irom
) . 

f the two bathymetric profiles run across the struc—

I ••  ( i  
~~ 

. ~~~~~~~~~~~~~~~~~~~ tural grain of the shelf at the approximate mid—
a 

~~

‘
• 

. 

- / points of the shallow and deep fore—reef terraces.

‘~~~~~~~~~~~“~°l / Becaube Grand Cayinan is located in the cen-
-~ 

.- 
t ral Caribbean region , it is sheltered by other
land masses from strong storm swells that Origi-
nate in high latitudes. Therefore , the trade
wind system is the dr iv ing  force  behind the wave

FIgure 1. LocatIon map of Grand Cayman Island regime. The process climate in which Grand Caynwn
.,nd tile (1eI of study. resides can be characterized as follows : (1) a
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Figu re 3. R a t h y m e t r i c  p r I  II ’ -n -r ms the  1 , r e —I 
Deep shell lOm reef shell  in t~~e study  ire., ad jacen t  to SouthS

0

~ 16 - bottom ‘oug hoe si Sound (see Fig.  I ) .  N ’ t e  the ex treme bottom

I r ou i~hness r e s u l t i n g  f rom c o r a l —  overed spurs  and
i n t erven ing  s a n d — f l o o r e d  ~~~~~~~~ Loca t Ions  of

12 A p 50m way. and current sensors .,r~’ p lo t ted  on the  shelf
prot i l e .

PS I
8

shelf , plus the two submarine ter races  posi t ioned
along the s h e l f .  In s t rumen t s  were posi t ioned so4
that the modification of both waves and currentsP2 could be assessed a~ ~i,ev impinged on the shelf
and propagated over a surface of unusua l bottom0

A I ‘ roughness. Tide measu r emen t s  we r e m~de w i t h  a
0 16 32 48 64 80 96 112 128 capacitance t ide  gage ins ta l led  in the back—reef

lagoon adjacent to the shelf study area .h.qu.ncy, cycl es per i.t.t.,

In s i tu  continuously recording,  bottom—Figure 2. Bottom roughness spectra of the shal— mounted current meters (Marine Advisors Q—l6)
low and deep fore—reef terraces in the study were used . One current meter was deployed at the
area. Note the longer wavelengths and greater seaward margin of the -shallow fore—reef terrace
amplitud e (related to peak heights) of the forms (‘8 meters). A second current meter was posi—on the deep shelf terrace. 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

mixed diurnal and semidiurna l microtidal regime , continuous over a 2—week period.
(2) a moderately strong unidirectional trade wind
snd wave field , (3) moderate—strong oceanic cur— Current meters were not deployed in the deep
rentS, (4) a sheltered position with regard to grooves at the shelf margin. In order to sea-
high—latitude storm swell, and (5) occasional sure the hydrodynamic activity levels in this
hurricane winds and waves, environment , a dye experiment was designed.

Time—lapse photographs were taken as dye (Rhoda—
Data Collection Method s mine B) was diver released at a depth of ‘33

meter. on the groove floor . The experiment wasWave and current da ta were collected from conduc ted during a peak in the current cycle to
the insrriaen t array shown in Fig. 3. Instru— assess whether the grooves were active or pa.—
men t positions are plotted on a bathymetric pro— clv. structure ! with regard to the on—shelf move-
f ile of the tore—reef shelf that Illustrates the ment of oceanic water.
extr eme irregular ity of the bottom-—i.e., the
spur and groove morphology oriented across the Wave da ta were collected fro. three absolute
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induced pressure changes have been defined in
IO~ 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

f_I peaks and (2) the overall decrease in peak ampli—
tudes or variance density of the landwsrd as com-
pared to the seaward spectra.

The dominant peak in each spectrum is at

i0~ - /\ ~ t~~ical of the area and appears to have remained
~O.l3 cpa , or a wave period of ‘7.6 s, which isa

V

constant between the two monitoring sites. A
— I I
‘I t,.%f/\ decrease in energy density of about 45% exists

V 
II
I

between the seaward and the landward stations.
V ‘ Translated into wave heights , this trend m di—C
C

• to’ throughout the frequency range of the spectrum

cates that waves are reduced in height by about.5
20% as deepwater waves intersect the shelf and.

‘I translate a distance of ~O.4 km across it. ThisC

wave height reduction can arise from a number of
C combined processes, such as shoaling, refraction ,> 10’ 

ation. Because of the complex nature of fore—
reflection and scattering, and frictional attenu—

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

tO’ I 
roughness amp litude averaging 2 meters (which is

0 .05 .10 .15 .20 .25 
a very conservative estimate for the Grand Cayman

Fr.queis cy, cps 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-Figure 4. Wave spectra (variance density) from mate means that it would take a sandy shelf 4 kmwave measurements at the shelf edge (dashed wide to produce the same wave height reduction as

line) and near the shallow reef crest (dotted results in 0.4 km over the highly irregular Grand
solid line). Cayman shelf . As Munk and Sargent (5) pointed

out with regard to Pacific atolls , the reefs sre
molded into natural breakwaters consisting of

pressure sensors buoyed at the shelf edge, long ridges and channels that efficiently dissi—
mid—shelf , and mid—shallow fore—reef terrace pate the energy of incoming waves. Although Hunk
positions. The output from each sensor was cor— and Sargent were primarily referring to shallow
rected to give surface measurements. Pressure 

surge channels and their seaward extensions , thechanges caused by passing waves were registered 
concept is valid for all depths where waves feelon a boat—based Brush analog recorder. Sensor bottom and is the configuration common to the

depth was read before each measurement by employ entire Grand Cayman shelf. Wave reflection could
ing a low—pass filter. Data collection periods be significant in some circumstances, but becausewere ‘20 sin at each sensor site. Multiple read— 

of the extreme complexity of the shelf morphology
ings were taken. Data from the pressure sensors 

~ is diffic ult to estimate. Taking the seawardwere used to define wave spectra at three loca— face of the shallow fore—reef terrace alone , the
tions on the shelf , reflec tion coefficient (4) is about 0.1 or 10%.

Refrac tion and shoaling can also result in reducedResul ts wave heights. For the example given in Fig. 4 a
reduction of about 10% is estimated ; however ,

Comparison of wave data collected at three roughness of the fore—reef shelf may cause changes
points on the fore—reef shelf of Grand Caysan in the wave phase speed. Because of energy losses
Island (Fig. 3) indicates that d.epwater wave resulting (rots percola tion and water movement into
characteristics are significantly modified by th. reef ma trix and sed iment , this process cannot
reef morphology. An interesting point concerning be estimated at che present t ime . Several studies
these modifications is th at chang.s occur over ~ (5), (2) have shown that the wave field plays a
very short lateral distanc e (‘0,4 ke). Figure 4 major role in de termining reef morpho1og~ . From
illu trates data taken fro. the seaward (shelf the present atudy it is also apparent that the
edge ) and 1.ndward (near the shallow reef creat) reef morphology or bottom roughness itrong ly
wave monitoring stations , In this figure , wave— affects wave processes. Therefore , ~arisbi1i t:’
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D0P 55t h

Fi gure S. Time—serie s p lot of current speed and direction fr a
ahailow and deep fore—reef shelf current meter stations . Note the
position in the current cycle when the deep coral reef groove dye
experimen t was conducted.

in reef morphology imp lies a correspondingly that are near the diurnal tidal frequency . Shal—
strong variability In the rate of the afore— low fore—reef terrace data sets generally th us—
mentioned wave processes. trate the same basic trend ; however, currents are

greatl y reduced and store d i r e c t i o n a l l y  v a r i a b l e .
Figure ‘ Illustrates the time—dependent Current speeds it the shelf edge comnonlv were in

b ehavior  of currents monitored at both the edge excess of 50 cm s” 1 at the peak in the current
of the shelf and the margin of the shallow fore— cycle , whereas currents on the shallow s i t e t 1
reef terrace (Fig. 3). Althou gh, these and other rarely vxceed ,’d 15 cm s ’~ and generally were 1 .5
records from tht. Cayman ~hcl f were colleet~d in tm • Current speeds ~i t  the deep terrace .ir~a region strongly influenced by the steady trade distinctly higher , averaging .‘t .9 cm over -,
winds , curren ts disp lay very distinct variations selected 6—day period . A comp.arlson *~f current
in both speed and direction. Records from the speeds at the two monitoring sites tee r the same
deep shelf current meter station clearly show t ime period discloses .‘ 00—70% speed reduction
period icities in current magnitude and direction from the deep—shelf station , a distance of -(1.4

5’’
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directly off the shallow reef c-rest , and is pruba-

~ 
the back—reef lagoon.

A 

- bly related to tidall y induced water 4.x(htlng,’ wit h

I A dye experiment was conducted 1,1 a deep

~~dL 
-j ‘29%, and 10% of the time the current flows south ,

dynamic activity in these distinc t shelf—edge (ca-I
tures . The experiment was conducted in a ~r t v t -

~~ 
- - 

d 

) 
sents the history of the dye expansion over a time

- ~~~~~~~~~~~~ L.~: -. 1 adjacent to the deep—shelf current meter mooringc~
t

site. Time—lapse photography was used to track

~~ . • I 
- coral reef groove In order to determine the i,ydro-

the dye expansion. Figure 6 schematically repre-

period of 105 s. Photographs taken at 1 5—s inter—

- -  
~~~~~~~~~ 

- 
some 20 meters obliquely above the injection point
vals from the top of the adjacent coral spurs .

‘.• ‘ •.Ig! ~~dipIh 45,,,
-— (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-
B mo~u

nal t ime—lapse photographs and used to quantify
the horizontal diffusion . Only the first fourOtt
exposures (60—a ) 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 app lication of this theory to the dye/

2 ~~~ 
diffusion in a groove is given by Roberts et al.
(7). Similar analyses have been successfully
app lied to the spre’ading of continuously emitted
oil slicks at sea (8).

i I - - - -----J

~~ 6 O - ~~~~~~~ —-- —-- For brief diffusion times Tay lor ’s (6) rela-
tion can be written acFi gure b. Schematic view of dye expansion in

b~’1. p lan (A) and profile (B) views as Inter— d~~/dx <V’? h/2/U (1)preted from time-lapse photographs and diver
observations. See Fig. S for the relationship where c, is the cross—stream standard dev ia t ion  ofbeiwc~ n the dv,’ experiment and current cycle particle spread (‘ visible outline of plume), x is
as monitored at the adjacent deep shelf cur— the down—p lume distance 1 t . 1’ is the constantrent meter st.,tion . ambient speed across the source , measured by

tracking the leading edge of the dye plume , V ’ is
the cross—stream turbulent speed , and the ang lekm. L.,rge vertical and lateral frictional forces bracket is the averag ing operator. Long diffusion

-,ss~~ iate d with the shelf’ s reef induced extreme times can be expressed bybottom roughness and wall roughness, which are
probably responsible for the remarkable attenua— do~2/dx — 2’V ’2 > 1/2 Z*/lJ (2)
tturt of the current speed over such a short
expanse ot shelf. 

- where t*, the Lagrangian scale length , common1~-
is considered a representative eddy size. Thus

In addition to being considerably stronger , dOy/dx for short distances and do ‘/dx for longcurrents on tt~e deep fore—reef shelf are much distances should be constants (ad terms on themore u n i d i r e c t i o n a l .  West— (on—she l f )  and right side of eqs. 1 and 2 are known to be approx—slightl y southwest- (along—shelf) setting cur— imately constant). The tangent of half the angle
rents account for ‘85% of the total bottom cur— of expansion of the plume (do /dx) can now be mea—
rents at this site. As can be seen In Fig. ~ sured from the photo~raphs , w~ich f

ive a turbu—
the directional trace is characterized by long Lent intensity tv ’2 > /2 24 cm s from eq. 1 ,
periods of unidirectional flow that are inter— as U is already known from movement of the plume
rupted by short intervals of current reversal front (35 cm ~ — l )~ Average values of the rela—
accompanied by minimums in the speed record. tive turbulent Intensity, <V’2>1/2/U , from both
Currents on the shallow shelf are general1~ much field and laboratory studies varies between 0.05
more directionally variable, although this trend and 0.20. Murray (9) reported a value as high as
is not especially clear in the record selected 0.25 during a hurricane . An extremely high value
for Fig. 5. As might be expected , the dominant of ‘0.7 was obtained frost this study and appears
shallow current is to the west (‘60%) . A second— to be the result of current and/or wave Inter—sry east to southeast direction accounts for

- 

- 
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D~~~~~~ Ib ~~~~~~~~ ~~~~~~ 
I t  is m t  c - r ’ - s t  l u g  t o  no t . ’ ( F i g .  7) t h a t

n o r r e n t — i n d , i c t ’ d  f o n t s  ., t t h e  sit e I f  edge ,r n. -
ap p r o x i m a t e  l v  equa l t i n  w a v e— i nd u c e d  f o r c c - s  ~it a
dep th  of I m , t , r s  nea r  the  f r i n g i n g  r e e f  rnv;t

d e l i n e a t e s  .i p o s i t i o n  t h a t  sep a r at e s  t h e  sh a l l ow
Cr o s s i n g  of the wave m d  n urrent pro fi I t - s  (F i g .  7)

12 wave—dominat ed portion ii the s h e l f  f r o m  the
• 

- ~~ 
SN0, •,o.,~~ 

-

- - ni 
deeper  c u r r e n t  — d o m l n : , t t ’ d  zi n c - S .  S e d i m en t s  have

- ‘ ‘O ~~n~~ ~ - o c u m u l a t e d  in  abundan t - c at t h i s  s i t e  and appea r
oo~ 

- - to  be re 1 , t t  ivel  y ct t i c !  t’ , f o r m i n g  t m i d — s i n  I I s.d I —
0 mont r e s e r v o i r .  A l i e n , a t  t h i s  pos t i o n  on the

shelf  the co ra l  n.- o m x n o n i t v  ch ange- s f rom a s h a l l o w ,
w a v e — r e s i s t a n t  A c ropo ra  p~jmata d o m i n a t e d  i s s e m -
h l ag e  to a deeper group c h a r a c t e r i z e d  by t h e

Fi~ - n n : .  7. D i s t r i b u t i o n  ~n f  wave- and c u r r e n t  i n t r i c a t e l y  b r a n c h e d  A - r n j n n n r ,  c - r v i n n r n i s  (Tab le

I i 5 i i  i s s  thc t n n r , ’ — r t , f  s he l f  ca l c u l a t e d  for . O b v i o u s ly  , the  m an n e r  in w h i c h  t I l e  I n n  is

a v i r t  i i i  s t i r  f c c  n r  t e n t e d  d i r t - n t ly  in to the app l ied  w i l l  h e l p  de t e r m i n e  the  response c h a r a c —

I n, Bast ~~ in i t  ion nt t i e  r n - c f  is shown in t e r i s t i c s  in t h e  c o r a l  c o m m u n i t y .  P e r i o d i c  o s c i l —

rc - l ~~t i n n t c  t -  t~~. t n r c e -  c u r v e s .  l a t o r y  p e r t u r b a t i o n s  by waves , f o r  example , may
- resul t in q u i t e  d i f f e r e n t  c r n w t h  f o rm  r . -c p nnses

f r o m  those  produced by more st ~ - t d v , l o n g — t e r m  cu r-

in t i t i c s  v i  t in t b .  u n u su a l  w a l l  roughness of the  rent  o s c i l l a t i o n s .  Tlwsc d el ~i led m t  . - r m n  t l inu s

n ih  i n i n g  co ra l  s p u r s .  Ot h e r  p u b l i s h e d  va lues  ire , however , ne yond then sc n p n  of thi s pap . ’r .

. 1  1 r out sit n it tons I un conf m e d  I low . Less d e t a i l e d  f o r m — p r i n i  -ss  r i- I it i n u i s l c i p s  - t  r . s l im—

r a r i z e d  in T a b l e  I .

~ d i  f i n  sj c nn t - - It n u t  , k~ • ;tn he

- ‘ n - - - ‘ d  
In summary , t i n e -  f c c !  l o w i n g  s t i r e m e n t s  can h.

made ms t r e s u l t  of t he  p h y s i c ; , ! p r o  55 st  un iv  t n t

— U / 2  I d  v d x )  • - ~~~~ >~~ /~ ‘ * 
( r and  Cayma n ’s f o r e — r n ~~ f sh el f

~~X pn L Imt ii t t v i l c i t -  ni l  ~ ~ lO~ 
(I) A f eed b a ck  r e l a t i o n s h i p e x i s t s  in n t he  f n n t t

— 
W I  - t  n ni l., ted . - i s  v., I i n  i s  .,n c ir c l e r reef she l f  su n.  Ic t h a t  reef morphcnl n~ v and t i u u n I t i n s  f—

-I rn . t c : n I t n I n : .  cr .  t I n t  than m i~~f cI I n .  ex p e c t e d  f r o m  t i o n  are somewhat dependen t  on the  c o m b i n a t i o n s ,

p r e v t c n n c s  st u d  sct t im ,ar tze d  itt c l k u h o ’s (10) d i f —  i n t e n s i t i e s , m d  s p a t i a l — t e m p o r a l  v a r i a t i o n s  of

n t S i n n f l  d i t t u r  in , i f  a 1 2 — m e t c r  -r o i vi spacing is p h y s i c a l  pro cesse s w h i l e  c t  t h e  same t ime t i n e

used - is  .n d i i  n c s i n n n c  c i , . Both  t u r b u l e n c e  and • ra tes  of these p rocesses  ar e  d i s t i n c t l y  m l  L u —

n u r b u , - m n . n n i n t e n s i t y  appear t o  i’t c o n s i d e r a b ly  enced  by reef m o r p h o l o g y  and i ts  a s s o c iat e d  b o t —

at r ’ng.-r i nn t h e  deep or a l  r e - c t  -r o ove  t h a n  any tom roughness .

n rn-,a i c h a , t t m e l  l ied r i n i n r u c  o c e a n  c o n d i t i o n s  would
~~~~~ -.~ 

(2) An i n te r a ct  ion between deepwater  waves and
shelf  morp h o l o g y  r e s u l t s  in a 20~ decrease  in wave’
h e i g h t  over an ~0 .4— k m w i d t h  of s h e l f .  T h i s
a t t e n u a t i o n  r a t e  is about  10 t i m e s  t h a t  e x p e c t e d

R e - s t i l t s  - - I  p h v s i n . a l  process s t u d i e s  t i n  a for  a sandy shelf.

t n . t r r  ~ r e — r n  n - i  s h el f  are summarized in F i g .  7
and l a b l e  1.  W. tnu t ’ — and c u r r e n t — d o m i n a t e d  parts ~~~ H i g h — ~- &- l o c i t y  (>50 cm s~~~) , r a t h e r  u n i d i r e c —

01 t ime in.. l f - i r e d ef ined in Fig. 7, wl~ere a corn— t iona l  c u r r e n t s  that have a diurnal tidal fre—

mon me asu r , -  ot  t h e i r  f o r c e  l c m n . n s s  t h e  reef pro— quency were found to dominate the deep fore—reef

file is p I t t e d .  R e p r e s e n tat i v e  c u r r e n t  speeds , shelf. Shallow shelf currents were found  to be

wave n i r a n  t e - r i s t i c s , and hat?cvrne- t rv f r o m  f i e l d  weak and d i r e c t i o n a l ly v a r i a b l e .  A c u r r e n t  speed

d a t a  were us, -d in  the  (or . .- , F , c al c u l a t i o n s ,  a t t e n u a t i o n  of ( .0—70 % frost  the  she l f  edge to the

T I .  ncmmo n q u a d r a t i c  stress law , F — 1 /2  , AC dL 2 , sha l low fore—reef shelf I s  a t t r i b u t e d  to l a t e r a l

was c - , 1 . wh en - - is t h e  d en s i t y  of seawater , and v e r t i c a l  f r i c t i o n a l  a t t e n u a t i o n  assoc ia ted

A is art c x;n -n-d c r o s s — s e c t i o n a l  area (taken as w i t h  the  unusua l  bo t tom roughness .

I .m ’ on v e r t i c a l  p l a n e ) ,  Cd is  t h e  drag coe f—
i i  I t - n i t  I t a k e n  as 1 .95  ( 1 1 ) 1 ,  m d  C is  v e l o c i t y  (4) A dye experiment  conducted at  the peak of the

(n. m tt~~~~ ) A r . ; c r e s c u n t i t i v e  c u r r e n t  speed of t i da l  cu r r en t  cyc l e  in a deep s h e l f — e d g e  groove

50 c m  s”’ 1 ( i n c l udes b o t h  wind  and t i d a l  currents) illustrated that on—shelf flow is directed up—

was di t re-,iie -nl linearly across thi~ shelf following groove. r.emarkably high levels ~ f t u rb u l e n t - c

measured v e l o c i t ie s  it  t h e  s h a l l o w  shelf cu r r e n t  ( tu rbu lence  in t e n s i t y  > 2 3  cm s~
1 , d i f f u s i o n

m e t e r  st a tion and th~ (r i n g ing reef  c r e s t .  Wave c o e f f i c ien t  ‘2 . 4  x lO~ cm s~~~) c h a r a c t e r i z e  t h i s

ft c r c t- calculations were made- for typ ical trade t hannelised fl ow.

wind generated waves (T — 6 ii , H — 75 cm) by
eat imating maximum o r b i t a l  speeds f r o m  l inea r  (5)  Calculations illustrate the greater relative

wave theory, 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 Re la t ionsh ips

Wave Dominated Current Dominated

Parameters Near—Reef Crest Shallov Terrace Margin Deep Terrace Shelf-Edge Reef

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

Growth T h i c k l y  branched Branched Del ica te ly  branched  Massive
Forms Bladed Bladed Massive Platelike

Encrust ing

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 0ff—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, molti— Multidirectional Moderate on—shelf Strong on—shelf
directiona l flow flow, 60—70% speed rectilinear tidal rectilinear tidal

reduction from shelf currents currents (>50 cm

reef at the shelf edge is  approximately equiva— Acknowledgments
lent to wave forces on the shallow shelf at a
depth of >, meters. This research was performed under a contract

with Geography Programs, Office of Naval Research ,
(6) Position of the boundary between wave—domi— Arlington , Virginia 22217. Technical assistance
nated and current—dominated zones on the fore— in the field and laboratory was provided by
reef shelf , as defined by the crossing of wave Norwood Rector , Rodney Fredericks , and Manuel
and current force curves , corresponds to the Hernandez—Avila . Ms. Gerry Dunn is acknowledged
position on the shelf where the coral community for preparation of illustrations.
undergoes a diøtinc t compositional change . The
wave—dominated zone is characterized by thickly
branched , bladed, and encrust Ing growth forms
and is dominated by the wave—adaptable coral
Acropora p a lmata .  Delicately branched , massive,
and platelike growth forms are co~~~n in the
curren t—dominated zone. Acropora cervicornis and
Mantastrea represent this coral co un ity .  This
latter zone , which is subject to minimal wave
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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Wave and curren t measurements were made across a rough—bottomed fore—reef shelf
along the south coast of Grand Cayman Island . Wave heights attenuated 20% and current
speeds 30% from the shelf margin (“22—meter depth) to a depth of approximately 8 meteri
a distance of mQ,4 km. Strong, rectilinear tidal currents (m50 cm s—i) 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 resulting from strong interactions with the unique
boundary conditions of the extremely rough bottom. (U)

A dye experiment illustrated that strong (m35 cm ~.‘l) on—shelf flow is directed
up the deep coral reef grooves at the shelf margin. High levels of turbulence (turbu—
lence intensity m23 cm ~ ‘l, diffusion coefficient a 2.4 x 103 s.’l) characterize this
process. (U)

Wave force—dominated versus current force—dominated portions of the fore—reef
shelf were def ined from in gitu measurements. Variations in organic conmtunities,
growth forms, and reef structure are consistent with these zones. (U)
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ABSTRACT

Observations of drogues drifting with the current , combined with current meter date f rom Barbados
and Grand Cayman Island., indicate that zones of high current speed (jets or rips , 50—80 cm/eec)
and zone. of meak , di,organized f l ow  (stagnation zones1 2—10 cm/sec) are sys tematically located around
these islands. Theoretical models of the flow *round islands predict the existence , strength , and
location of these current zones with reasonable accuracy. Net circulations around the islands as
observed by seve ral other inves tigators play an important role in the location and number of jets
or stagnation zones around a specific island. Extensive volumes of sediment accumulate to the lee
of high—speed current zones. These sediments appear to be deposited as the carry ing capacity of
the current rapidl y 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 ” circulation s and sediment trans-
port appears to be significant in producing si tes favorable for sediment acc umu lat ion but unfavorable
for reef growth.

LEY t~ SDS: Currents , Circulation , Sediments , Tran.port , Islands , bef , Coral , Theory, Siltation ,
Shoaling
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NEARSHOR E CU RR ENT FIELDS AROUND CORAL ISLANDS : CONTROL
ON SEDIMENT ACCUMULATION AND REEF GROWTH

Stephen P. Murray and Harry H. Roberts
Coastal Studies Institute , Louisiana State University

Baton Rouge , Louiaiana 70803

Dennis M. Conlon
Geography Programs, Office of Naval Research

Arlington , Virginia 22217

Geoffrey M. Rudder
Caribbean Meteorological Institute

Husbands , St. James, Barbados

Introduction In contrast , the purpose of this paper is to
present data and theoretical deductions concerned

The large—scale current flow around oceanic with currents within a few kilometres of the
islands has attracted considerable attention in coastline. Both observations and theory show that
recent years from physical oceanographers pri— zones of intense currents (jets or rips) and zones
man ly interested in the effect of an island on of weak currents (stagnation zones ) are syscemat—
the interior of the surrounding ocean. Hogg (1), ically distributed around the shores of islands
for  example , explained the vertical displacement and that prisms of sediment tend to accumulate in
(%lOO is) of teopycnals observ ed around the periph— response to the deceleration of high—speed cur—
ery of the Bermuda platform with a theoretical rents, providing substrate unfavorable for reef
model of steady, frictionless , stratified flow growth.
past a circular island . Observations of stagna-
tion points, or zones of very low speed , on the Observations
northern and southern flanks of the bank were
consistent with the theory. In a similar study of Our program to assess the role of currents on
the flow past an equatorial island Hendry and the shelves of steep—sided islands began in 1972
Wunech (2)  reported that the frictionless equa— on the southwestern coast of Grand Cayman . in the
tions of flow past a cylindrical obstacle de— Caribbean. By instrumenting in de ta i l  one partic—
scribed deformations in the density field observed ular transec t across the shelf , much was learned
around Jarvis Island (160’ 01’ W, 0’ 23’ S). In (4) about the variability in tine of the mean
these cases only a few current measurements were drift current along the shelf and the unexpectedly
obtained , and they were restricted to distances of strong tidal current sigital at the shelf edge . It
more than an island diameter away from the coast subsequently became apparent that large and sys-
and water depths greater than 400 is. Direct tematic along—the—shore gradients in current
measurements of currents were made, however , by activity might exert considerable influence on the
Knox (3) about 10 km off Addu Atoll , another location and nature of coastal and shelf sediment
isolated island in the equatorial Pacific. Knox accumulation forms and reef growth.
reported westerly speeds of 20— 30 cm/sec in the
surface layer and easterly speeds of 75—100 cm/sec Observations of currents moving in space
below 70 is. His data showed that the flow does entail the tracking of drifters or drogues with a
tend to stagnate upstream of the atoll and that drag collector such as a parachute or biplane set
curren t speeds are increased along the atoll at a prescribed depth below the sea surface. To
flank., as expected from theory. None of these locate the surface marker we have used various
studies was designed to provide understanding of electromagnetic techniques, such as (a) visually
the dynamics of the currents affecting the coasts locating drifting drogues with a ship and then
and shelves of the island s themselves ; rather , locating the position with respect to the island
the y were intended to determine the perturbations by ship radar , (b) tracking the drc~gues from shore
introduced into the main flow by the island , vhi~~h by radar tin this method an active target (trans-
ects as an obstacle , ponder) is attached to the drogue pole which
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Figure 1. Current tracks from drogues off the 0 2 4
south coast of Barbados July 25 , 1973. Aug 25 l9~~

South Poini

replies to the radar signal at a frequency dif— Figure 2. A current track from a drogue equipped
ferent from that transmitted to avoid sea cluttet , with an x band radar transponder , August 28, 1974.
and (c)  t racking the drogues by at taching an over— A portable radar ashore is used to locate the
the—horizon type transmitter to the pole and drogue.
triangulating from the shore by two portable
direction—finding units (5).

the track, where the drogue is likely trapped in
Such techniques have been employed repeatedly the frictional boundary layer. A track that is

on Barbados, Grand Cayman , and several other is— similar but farther offshore was shown in Murray
lands to determine the strength and characteris— et al. (5). Our observations on Barbados and on
t ics of currents along the shelf. Figure 1 shows Grand Cayman show that reversing tidal currents
a field of drogues moving with the current at the became increasingly importan t in the immediate
9—m depth level off the southwestern coast of vicinity of the coast (within a few hundred
Barbados. Althoug h Warsh et al. (6) reported tha t metres) .  I t  appears that the long—term drift
current speeds in the open waters 25 km east of decays rapidly across the shelf while the tidal
Barbados have a mean of 20 cm/sec and rarely current is correspondingly amplified . Observation
exceed 25 cm/eec, these drogues show quite high by Peck (7) clearly showed the dominance of the
speeds of 40—80 cm/sec. Currents just ~ff South tidal current over the mean drift inside Carlisle
Point are in the range of 40—60 cm/sec and are Bay (Fig. 2).
capable of moving grains 1—2 ma in diameter on the
bott~m . The decrease in speed toward the island At the northern end of Barbados the curren t
suggests the presence of a frictional boundary structure was studied by both in situ current
l ayer of about 5—km thickness along the coast. meters and drogue techniques. A current meter
The sharp turn toward the island of the outer located about 800 m off Harrison Point consistent—
three drogues is perhaps related to a flow read— ly showed a weak , extremely disorganized flow
juetmenc after they have traversed The Shallows, a in which the tidal currents (clearly seen in
10— km—long bank whose western edge is seen in Fig. the records from other locations around the
1. From South Point the currents generally flow island) could not easily be identified. Figure 3
northward all along the western coast of Barbados. shows five drogue tracks around North Point
For example , Fig. 2 shows a drogue track of about obtained only 18 hours af ter the da ta seen in
26 km along the western coast. Speeds gradually Pig. 1. All other data suggest that the same
decrease along the northward track from about 40 current patterns were in force around the island
cm/sec at the onset to 2—10 cmlsec at the end of on July 26 as on July 25. This weak, oscillating,
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Figure 3. Current tracks off North Point , ~~ —— --._..,

Barbados, Ju4~’ 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 0 ~ -
seen along the southern and western flanks of the
island. These differences are explained below.

Theoretical Considerations Figure 4. Theoretical prediction of current
speed and direction around a circular island

The flow patterns produced by curren t with a far field current speed of 20 cm/Sec .
streaming past a submerged circular cylinder with
no friction is a well—known topic in elementary
hydrodynamics (8). White (9) gave the solution the nose of the island and directly behind it ,
for the more realistic physical situation of whereas zones of very strong currents (jets or
current streaming past a circular island that rips) form on the flanks. It is recalled that
pierces the water ’s surface on a rotating earth. this general pattern of stagnation zones and
The solution for the stream function ‘V is given accelerated currents was observed by Hendry and
in terms of an infinite series of modified Wunsch (2) off Jarvis Island and Knox (3) off
Bessel functions of the first and second kind as Addu Atoll , and it agrees with our current meter
shown in White’s equation 17. This solution observations on Grand Cayman (4). The departure
allows calculation of the radial Ur and tangen— of the flow directly behind the island and the
t ial UT components of the current velocity by current jet at the top (,orthern) end of island
differentiating ‘I’ with respect to B and r; i.e., in this model do not agree , however , with our

observations around Barbados. These observations
(Fig. 1, 2, 3) show northerly flow all along the

Ur — l/t !_ , UT 
— — .~.! . back side of the island and departure at the

r northern end in or near a zone of weak, confused
currents.

Thus we calculate the direction of the stream-
lines from the stream function and the absolute There are , however , a number of studies in
current speed from the literature that definitely indicate the

presence of clockwise net circulations around
islands. Patzert (10) shows this phenomenon to

V (U
~
2 + UT2)l~ 2 

. be common in the Hawaiian Islands. One example,
in Fig. 5 (replotted from his data), shows a

To apply the theory two parameters must be set, strong clockwise flow around Kauai. The net
First , one must apt cify the far—field current clockwise speed of 30 cm/sec for 15 days on the
speed U0, i.e., the upstream current speed beyond southern coast is particularly striking. The
the influence of the island. Watch et al. (6) geophysical mechanisms that produce these net
provide a good estimate of 20 cm/sec , which we clockwise circulations remain unclear.
will use for computational purposes. Secondly,
the value of the stream function on the island A net circulation around an island such as
boundary muSt be set. A value of ‘P — 0 on the observed by Patsert (10) and others can be pro—
boundary implies symmetry across the flow axis , duced in White ’s (9) theore tical model by setting
which hydrodynamically means there is no net ‘P unequal to zero on the boundary. Figure 6 is
circulation around the island. Figure 4 shows th. solution predicted by the theory with ‘V0 —

the flow predicted for this case with U0 — 20 0.5 x l0~ cm
2/sec for an island diameter of 20 km

cm/sec. Stagnation zones (weak currents) form on and a far—field speed of 20 cm/sec ; the current
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push the drogues northwesterly. This is appar—
ently the situation depicted in Fig. 3.

-- ~
“ N, Patterns of Sediment Accumulation

Figure 6. Theoretical prediction of current Barbados
speed and direction around a circular island
exhibiting a net clockwise ciculation . The far The extensive areas of sediment accumulation
field current speed is 20 cm/sec from the south— that occur on the southwestern shelf of Barbados
east . (Fig. 7) appear to be well correlated with the

distribution of currents summarized in the model
(Fig.6) . These sediments are dominantly skeletal

approaches the island from the east—southeast , as carbonates derived from both shallow— and i n t e r —
is the usua l case off Barbados. This value of ‘P0 mediate—depth coral—algal reefs growing along the
is simply a best fit to the data selection, southeastern—facing facet of the island . At
Notice tha t (a) the two stagnation zones have South Point , in particular , a broad apron of
migrated northward and coalesced to form a zone these sediments has spread across the shelf and
of weak currents off the northern end of the over the shelf margin . A large—scale depositional
circular island , (b) the flow is all northerly feature 24 m in vertical dimension has developed

~long the back of the island (western coast), and at the shallow—shelf abrupt break in slope (Fig.
(c) there is a belt of extremely high speeds 8). Reconnaissance dives demonstrated that the
concentrated at the southwestern corner. These feature resulted from draping of Recent carbonate
three features are essentially in agreement with sediments over the shelf edge into an adjacent
the flow patterns depicted by our numerous drogue basin. No remnants of the original shelf platform
experiments off Barbados. Also note that our were visible through the Recent sediment cover.
observations indicate that the superimposed Extensive siltation problems along the adjacent
oscillatory tidal current is on the order of 10 shoreline near Cotton House Bay (Fig. 1) illus—
(-rn/sec . Thus drogues at the northern end of the trate that these sediments are being swept not
I sland should be weakly oscillated back and for th
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~~ Figure 9. Distribution of accumulations of sedi—
~~ ‘ ~~~7 ~~~. ment and shallow reef growth around Grand Cayman

and generalized curren t pattern.

Fi gure 8. ( A )  Aerial view (looking roughly west) southeastern facets of the island . The area
of the la rge sediment accumula t i on  area in the around North Point , where the model predicts weak
lee of South Point , Barbados (asterisk notes the currents, displays numerous shallow reefs and
pos i t ior ’  where underwater  picture 8 (B) was taken, mid—shelf sediment accumulations. The sediment

flux around this Point must be minimal compared
to that at South Point in order to provide the
stable su bs tr a ,.s necessa r y for  reef fo rma t ion .

Grand Cayrna n

The pattern of sediment accumulation on
_ ‘

5’• 
. Grand Cayman (Fi g. 9, also correlates w i t h  the

- . - current pattern but more closely resembles the
• ilow—without—circulation model shown in Fig. 4.

.
“~ . 

, ______ Reefs are much more common and better developed
here than on Barbados because there are no sig—
nifican t accumulations of highly mobile sediment
along the extensive northern and southern flanks 

;, _____________ . . (Fi g. 9) of the island. At the nor thweste rn  and
5.” ______ southwestern corners of the island , however , both

‘
‘ .

‘
~~~~

. ‘ 
______ in situ field measurements (-i ) and nautical

- - 
. . .‘ ________ charts indicate the presence of intense current

.+~~ rips much like those depicted in Fi g. 4. Th e
- . . . ‘ 5 

- 
.‘ - . rapid deceleration of the current in the lee of

these points leads to deposit ion and accumulation
Figure 8. (B) Divers sitting on the seaward face of large amounts of sedi~~nt on the shelf (Fi g.of the large sediment accumulat ion form which has 9). As on Barbados , reef growth is poor at these
a vertical dimension of 24 m. locations inasmuch as this process excludes reef

development on many hard shelf substrates because
they are drowned in sediment. On both islands

only ac ross the shelf into deeper water but also long carbonate beaches form on the lee sides and
along shore to the northwest, reefs are confined to small patch reef varieties

as well as discontinuous deep shelf margin reefs.
This immense prism of sediment observed to

be accumulating near South Point appears to be Summary
carried into the area by the strong currents
predicted by the model. The rapid deceleration Current meter and drogue observations , theo—
of current speed and loss of sediment—carrying retical analysis of the flow around islands, and
capacity away from the Point contribute toward air photo and diver inspection of bottom condi-
the piling up of sediment at this location. As tions lead to the following conclusions relating
expected , and as shown on Fig. 7, the occurrence the strength and location of currents to the
o f reefs  on the unstable bottoms of these sedi— degree of sediment accumulation and reef growth.
sent—rich areas is minimal. Other areas of
abundant sediment shown in thir figure are in the I Observa tions of drogues dr if ting wi th the
form of mid—shelf bands caught between old , current , combined with current meter data , have
submerged reef ridges (11) along the western and delineated zones of high current speed (jets or
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r i p s , 50—80 cm/sec) .~1ong the shores of both R ren C t e d
R arh a dos  and Gr and Cayman I s l a nds. Zones (I f
weak , interm ittent , and disorganized flow (stag— ( 1)  Hogg, N . C. , 1972 , Steady flow past an
nation zones , 2— 10 cm/sec) are also systemically island w i t h  app l ir at  ion to  Bermu da. (.eophys.
l~~- .it~ d .iround tlws&• Islands. Fluid Dyn. 4, p. 55—81.

2 .  T h e o r e t I c a l  models of the flow around islands ( 2 )  l l endry ,  N. and Wunsch , C., 1973 , High
p r e d i c t  the ex i s t e n c e  and correct  loca t ions  of Reynolds numbe r f l ow  past an e q u a t o r i a l
these jets and stagnation zones. Grand Caynan island. 1 . Fl uid Mech. 58 , p. 97— 114.
appears to be a type with two jets on its flanks
and two stagnation zones (nose and tail), pre— (3) Knox , R .  A.  , 1974 , Reconnaissance of the
dicted by a model with no net circulation , around Indian Ocean equatorial undercurrent near
the  is la nd. Barbados , on the other hand , repre— Addu Atoll. Deep Sea Res. 21 , p. 12 3-129.
sents a type with a finite net circulation around
i t s  ci r cumfe rence .  In t h i s  l a t t e r  case an (4)  Roberts , H. H. , Mu r r a y ,  S. P. , and Suhayda ,
intense jet forms on the southwestern flank and a J. 8., 1975 , Physical processes in a f r i n g i n g
single large stagnation zone occupies the north— reef system. .1. Mar . Rex. 33 , p. 233—260 .
em end.

(5) Murray , S. P., Roberts , H. H., Wisem a n , W.
3. Extensive areas of sediment accumulation oc— J., Tornatore , H. C. ,  and Whelan , N . 1. ,
cur t(’ the lee of these high—speed current zones. 1975, An over the horizon radio dir ecti on
As ~.he carrying capacity of currents in the ac— f i n d i n g  system for  t r a c k i n g  coastal  and
ceierat .’d fl ow zone decreases toward the island shelf curren ts. Geophys . Res. Letters 2,
lee , sed1ments ar e deposited and then gradual ly  p. 2 1 1—214 .
worked onshore and along shore by wave action as
well .is othe r currents. (6) Warsl- , K. L., Echternacht , K. L.. and M.

Gars tang, 1971 , Structure of near surfa e
4. The accumulation and shifting of sediments On currents east of Barbados. J. Phys. Ocean—
the lee sides of islands restrict suitable ography 1, p. 123—1 29.
substrate areas for coral colonization and subse-
quent reef growth. Where shallow reefs appear , (7) Peck, S., 1974 , Oceanographic considerations
they  are g e n e r a l l y  patch—like in design and not near Carlisle Bay. In Report on the Br idge—
extensive. Deep shelf reefs generally occur ~t town Sewage Study, Ministry of H e a l t h  and
the  shelf marg in and have freq uent breaks in the Welfare , Bridgetown , Barbados.
reef trend to allow mass movement of sediment off
the shelf. (8) Goldstein , S., 1965 , Modern Developments in

Fluid Dynamics. Dover , New York , U.S.A.,
5. The interplay between “around—the—island” p. 21—26,
circulation and sediment transport appears to
p lay  a significant role in producing favored (9) ~4hite, W. B., 1971 , A Rossby Wave due to ans i t e s  of sedime nt accumulat ion , thereby r e s t r i c t —  island in an eastward current. J. Phys.
ing substrate areas where reefs can develop. Oceanography 1, p. 161—1 68 ,
These processes are of primary importance in the
e x c l u s i o n  of well—formed reefs on the lee sides (10) Patzert , W . C. and Wyrtki , K., 1974 , Anti—
of islands. cyclonic flow around the Hawaiian Islands

indicated by current meter data. J. Phys.
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1 A S I T RA C T

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
zones, 2—10 ca/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 around 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. Subsequen t reworking of the sediment along the shore is pro-
duced by wave and current action. This process of accumulation and shifting of
sediments on the lee sides of islands restricts substrate areas suitable for coral
colonization and subsequent reef growth. Therefore, interplay between “around—the—
island” circulations and sediment transport appears to be significant In producing
sites favorable for sediment accumulation but unfavorable for reef growth. (U)
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HURRICANE-GENERATED WAVES AND COASTAL BOULDER RAMPART FORMATION

N. L. Hernandez-Avila
Department of Marine Sciences
University of Puerto Rico

Mayaguez, Puerto Rico 00708

and

Harry H. Roberts and Lawrence J. Rouse
Coastal Studies Institute
Louisiana State University

Baton Rouge, Louisiana 70803

ABSTRACT

Coral boulder ramparts along the south coas t of Grand Cayman Island have no source area near
the shoreline . Coral cosisunities acting as a source of rampart rubble are found 0.3 km f rom shore
and at a depth of 10—12 m . Theoretical calculations of wave—induced forces f rom wave re f r ac t i o n
analyses of hurricane—generated waves indicate that the probable hurricane dynamic force spectrum
is suffic ient to break and transport c~~’-1 rub~ule from depths of up to 12 m. In situ breaking force
tests accomp lished in Puerto Rico on Acropora palmata coral colonies support the theoretical calcu—
lat~ons.

RRY WOI.DS: Coral , Boulde r Rampa rts , Wave Forces , Grand Cayman Island , Puerto Rico , Wave Refraction ,
Breaking Force
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HURRI CANE-GENERATED WAVES AND COASTAL
BOULDER RAMPART FORMAT ION

N. L. Hernandez—Avila
Department of Marine Sciences, University of Puetto Rico

Mayaguez , Puerto Rico 00708

Harry H. Roberts and Lawrence 3. Rouae
Coastal Studies Institute , Louisiana State University

Baton Rouge, Louisiana 70803

Introduction 1) as being composed of hurricane—tossed coral
fragments that reach 0.6 to 1.0 m in diameter in

Descriptive reports documenting the geomur— areas of coarsest accumulations. Rampart heights
phic and structural changes induced by extreme reach a maximum of 4.5 m above sea level. A
storm conditions on island coasts, atolls, and study area near Spots Bay (sector 3 of Fig. 2) was
coral cays have been published (1), (2), (3), chosen as the site for analysea of hurricane wave—
(4), (5), (6), (7), (8), (and others). One con— induced forces. Constituents of the boulder ran—
non observation has been the occurrence of lin— part present in this sector have a mean width of
ear coral rubble accumulations or ridges parallel 20 cm , a vertical thickness of 10 cm, and a naxi—
to the coast; the coral constituents of these mum length of about 58 cm. For the purpoae of
structures, uaually called boulder ramparts , analysis, a mean length of 30 cm wag chosen. A.
range in size from pebble to bouldei. Formation palnata fragments are the major constituent of the
of these topographic features, coamonly found boulder ramparts (Pig. 3).
along high—energy coastal sectors. Ir gcncrally
attributed to wave—induced forces and storm—surge Two major observations relevant to this enal-
effects. yaia are (a) the source of A. palmata fragments is

found at an approximate distance of 0.3 kin from
The objec t ive of this paper is to calculate the shoreline at depths ranging f rom 8 to 10 m

theoretically the magnitude of hurricane wave— (Fig. 4) and (b) the rampart ’s constituent frag—
induced forces instrumental in destruction of ments are relatively unabraided , a fact that sug—
stony corals, which constitute the source of gests that transit time from growth areas was
rubble for ridge formation on island coasts. minimal.
Calculated wave—induced forces that result in the
initial breakup of coral fragments are compared Hurricane—Generated Wave Characteristics
to actual mechanical breaking forces measured in
situ. The yearly mean shore wave power distr ibution

for six sectors along the coast of Grand Cayman
The analytical procedure consisted of (a) Island is shown in Fig. 2. A similar analyais

a case stud y of a boulder rampart and its govern— employing the same bathymetric data (9) was used
ing physical characteristics at a specific loca— as input to a wave retraction—wave power computer
tion on Grand Caynan Island , British West Indies , program (10) for an analysis of hurricane waves.
(b) theoretical determination of hurricane— Pour hurricane conditions were assumed to be gene-
generated swell characteristics , (C) calculation rating swells at fetche s located in the southeast—
of wave—induced forces employing the resultant em Caribbean Sea. It was determined from wave
orbital velocities of the swells after refraction hindcasting analysis employing accepted methods
has take n place , and (d) a comparison of calcu— (11), (12) and corroborating the results with his—
lated wave force magnitudes with preliminary torical data tha t swells reaching the study area
observations of actual mechanical forces that from thsse storm centers would have the character—
break Acropora palmata coral colonies. Istics shown in Table 1. These values were

employed in the wave refraction—wave powe r corn—
Grand Cayman Boulder Rampart putsr progra . to determine their variations at a

dep th of 12 • over the A. palmata ree f section .
R.igby and Rober ts (8) described boulder rain— which was the probable source for the boulder ram-

parts on th. coasts of Greed Cayman Island (Pig, part constituents. Results of the wave refraction
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Table 1

Hurricane—Generated Swell Characteristics

Hurri-
cane T H L~2 H 12 U H.0 

dbho. o o max
(eec) (on) (~) (rn) (on) (m/sec) (on) (m)

15 9.1 90 158 9.8 4.0 10.0 12.2
II 13 4.3 90 135 4.3 1.8 8.8 1.5

I I I  12 6.1 90 124 6.1 2 .4  8.8 1.5
IV 13 4.6 90 109 4 .6  1.8 7.0 1.5

I - — wave period
— deepwater wave height
— wave angle of approach in deep water (east direction , in this case)

L 12 - shallow—water wavelength at the 12—n depth contour
H 12 — wave height at the 12—n depth contour
Umax — maximum wave orbital velocity at the 12—n depth contour
Hb — breaker height (mean value of 40 orthogonals)
db — depth of wave breaking (mean value of 40 orthogonals)

analyses are also tabulated in Table 1. These t - time measured as positive from the
shallow—water swell characteristics were employed time the crest of the wave passes the
in calculation of wave—induced forces. Note in center of the object
Table 1 that in Hurricane I the waves would break C

M — coefficient of mass or inertia
on the A. palmata reef flat.

CD — drag coefficient

Wave—Induced Force Calculati ons

The phase angle (15) , Bhf ,  at which theForces exerted Sy waves on submerged objects 
maximum horizontal component of force occurs canhave been studied theoretically (linsar v~ve be found by differentiating the above equationtheory) (13; and many others). Several summaries
with respect to at and setting it equal to zero :of the theories for calculating these wave—induced

forces have been presented (14), (15), (16).
275

The methods and equations employed in the 250 —

analyses (15) are as follows:
225

The horizontal component of force equation 200
expressed as a function of time is:

175 0
0. 4o ~ 4— — 2a 2 CM 

pV (W) sin at ISO 00 00 00
v ‘.‘ 9

8+ 
~ 

CD pAi~
2 
~~ 

(W)2 ~cos at i cos at 
125 

z a
100 0 00

00
0

whe r e 75 r—i ~ a
Z S v ~‘cash fk(y+4)j SO 0 ~ 4

4 00ainh k d  0 o ~k — wav e number ( i—)
2~v [I ~ 

‘45
f~~ r~io — wave angularity frequency (i!.) 0 - — — —

Coral •.s .ro and other componentsL - wavelength
I — wave period
d — water depth
y — depth of object from still-water Figure 3. Histogram of constituents of a boulder

level (negative downward) rampart near Spots Bay , along the south coast of
V — volume of object Grand Cayinan Island . British Wes t Indies tatter
A - area of object Rigby and Roberts (8)J . Data were generated from
p — density of water (1031 kg/rn 3) 500 counts on a grid randoml y placed over the
H — wave height outcrop .
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The solution to this equation is either —— - Ol tAl t  ~IAO MIP4t

2 CMV sinh kdsin 8hf C A3I cosh k(y+d) F,

where 8hf is in the second and fourth temporal
quadrants of the wave form , or

Figure 5. Conceptual model employed in the analy-
sis e~d calculations of wave—induced forces on ancos 8hf 

— 
obiate and a cylindrical coral fragment at the

when bottom and suspended above the bottom.

2 CMV sinh kd

C1~AH cosh k (y+d) 1 - 
Analysis of wave—induced forces was made for

2ylinders and oblate cylindroids because A.

The equatthn to determine the vertical ~~~~~~~ 
palmata structural units and fragments approxi—

ponent of force is 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.

F — — 2e2pC14 ~ 
H sinh k(y+d)
~~ sinh kd I cos at The calculations that follow are made for coral

fragments of the dimensions indicated in this
- -~ PC0 A 

7, 2 142 sinh k(y+d) 2
sinh kd sin oti sin at 

figure.

The great difficulty in calculating (or
The phase angle , B.~f ,  at wh ich the maximum choosing) values for the coefficient of drag and

vertical component of force occurs is either inertia according to geometrical characteristics
of the objects has been explicitly shown by many2 CMV sinh kd investigators (13), (15), (14). (17). (18), (16).cos 8vf — 

CDAII 5 m b  k(y+d) The coefficients of drag for cylindrical frag-
ments were obtained from a curve published by

or Wiegel (15). The coefficient of drag for oblate
fragments was chosen from a middle value for asin B — 0 cylinder because no published values for thisV

when shap, could be found. The coefficient  of mass
for both shapes was the theoretical value for

2 C~4V sinh kd cylinders (15). A change in the coefficient of

C A M  ~~~ k(y+d) > 1 . mass from 2.0 to 1.6 produced no significant dit-
ference in the calculated forces. The values of
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Table 2 Table 3

Values of CD and CM Calculated Horizontal Forces

Hurricane C C Fragment Cylinder Oblate
Number D DO M Orientation X Y Z X Y Z

Depth (m) 12.0 12.0 11.4 12.0 12.0 11.0

1 0.34 0.6 2.0 Hurricane

I I  0.80 0.6 2.0 
I 8.6* 17.9 17.9 8.5 16.2 32.5I I I  0.32 0.6 2.0 II 3.5 7.6 7.6 1.4 2.8 5.9IV 0.70 0.6 2.0 Ill 1.6 5.4 5.4 2.8 5.4 11.5

IV 1.9 4.6 4.6 0.9 2.0 4.1
CD 

— drag coefficient of a cylinder
C00 — drag coefficient of an oblate Orientation : X — long axis of fragment parallel

cylindroid to bottom and to wave orthogo—
CM 

— mass coefficient nals
Y — long axis of fragments parallel

to bottom and perpendicular to
wave orthogonals

these coefficients that were used in the calcula— Z — long axis of fragments perpen—
tions are found in Table 2. dicular to bottom — large cross

section of oblate fragment
Water current—induced forces , breaker impact perpendicular to wave orthogo—

forces, and alignment and structural properties nals
of the A. palmata units have not been considered
in this analysis. Calculated values of wave— *M.easurements in kilograms
induced forces are shown in Table 3. Values of
the vertical component of force , F.,,, proved to be
negligible for  all cases considered , lengths of up to 2.5 m. The source of A. palmata

fragments starts at a depth of 1.5 m , 10 in from
Field Experiment the boulder rampart shoreline. This reef surface

extends around the cay to a depth of -20 n. In
A graduated industrial spring balance was 1962 the reef was found to be nowhere wider than

used to estimate the force that breaka site 20 m and nowhere longer than 300 m (19). After
branches and stems of A. palmata structural units Hurricane Edith (September 1963) the effects on
in situ (Fig. 6). Maximum range of the balance the coral reefs of La Parguera shelf were cur-
was 68 kg. An effort was always made to apply veyed (20), and a large change in Cayo Turrumote
the force on the visually estimated center of was detected. Three years after Hurricane Betsy
gravity. The turnbuckle was rotated until break— (September 1965) the cay was surveyed by Hernandez
ing took place. A plastic band moving with the (unpublished report); length, width , and height of
balance force indicator remained in place at the the ramparts and the entire cay had increased
measured force limit after breaking occurred. markedly to the dimensions cited above. Lateral

and lagoonward migration of the ramparts had
Tests for the breaking threshold were also taken place between the surveys.

performed in the laboratory by holding the stem
of a broken structural unit with a vise and Ten A. palmata colonies were tested in situ
applying the force on an extended branch. Force for mechanical brea kage of their stems and
was applied in the direction of dominant wave branches. Their stem diameters varied from S to
advance as estimated from field observations. 15 cm and ranged in height from 0.5 to 1.5 in.

The thicker and stronger colonies were found close
The experiment was conducted on the reef to shore, at 3 m depth. Test results showed that

f l a t o f f Cayo Turrumote at a depth of ~lO m. these colonies always broke at the stem where
Cay o Turrumote (Fig. 7) lies i.4.Q km southeast boring by organisms had taken place. The range
of La Par guera , Puerto Rico. It is 500 on long of breakage was found to be from 23 to 35 kg
and an average of 24 on wide on its exposed parts. force for a mean diameter of 13 cm. Two of the
Thi. reef is concave to the south—southeast, broken colonies were taken to the laboratory,
trending east—west , and a wave—built rampart on where further teats were conducted . Both colonies
the windward (east) end reaches an average broke again at the stem with a force of 40 kg,
heigh t of 1.5 m above mean tide level and is although the force was applied to one of the
about 50 in long. The rampart slopes on an angle thicker branches. Degree of boring was found to
of 44’ on its seaward side and 23~ toward the be the controlling factor. When a healthy stem
lagoon (Fig. 8). Boulder—sized coral rubble on was tested , it resisted forces as high as 50 kg.
th . rampart is 802 A. p~~aata fragments; it
range . from 3.5 cm to huge boulders tha t reach Outer parts of colony branches, in the
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-
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-in situ experiincnt .

CAYO TURRUMOfl 
- - -

.5, 

- 
“‘ St

‘.* Figure 8. Cayo Turrumote boulder rampart seen
f rom the lagoon.

- I -

4 , f rom the other three hurricanes were significantly
• \ _ t

_
~ .\ .~~~I. ’ . 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.

s.c., . .,..
~~
.. Calculated forces are CC I. idered minimal  values

~I G 
because of the selection of a drag coefficient.• 0

The rough—surfaced coral fragments would certainlyFi g ire 7. Location of in situ experiment and ha ve a higher drag coefticient than the smooth—description of Cayo Turrumote. surfaced objects used in the theoretical calcula-
t ions.

small units tested at depths of 10 In , broke at Using a porosity of 0.5 (21) and a specificpulls of 6 to 40 kg whenever the colony stem gravity for aragonite (2.93 g/cm 3), the weight ofwithstood the same range of force. Thicker (3 the cylindrical object in seawater is approxi—cm) branches of healthy coral colonies withstood inately 9 kg and of the oblate fragment is -4.S kg.forces greater than the industrial balance ’s Horizontal forces on these objects exerted byscale (68 kg). Mos t of the broken parts in these waves of Hurricane I at a depth of 12 m exceed thetestS had a mean length of 40 cm, varying in object weights and probably would result in shore—width from about 10 to 30 cm . The range in ward transport. The coefficient of friction fordimensions of A. palmata colonies is so varied this setting is unknown , but considering the forcesthat preliminary tests performed in this experi— involved it is reasonable to assume that shoreward
nwnt should be greatly increased for statistical displacement of particles would occur.tests suitability.

Laboratory as well as field experiments m di—Conclusions cate that breaking s t r e n g t h  of A. palmata colonies
depends considerably on the degree of skeletalTheoretical calculations indicate that the weakening caused by boring organisms.spectrum of forces generated by hurricane swells

as a f unct ion of depth  (12 on), object dimensions, Comparisons of wave forces generated during
and wave refraction are greater than mechanical hurricanes with field measurements of A. palmata
foi~ es necessary to break coral co1o~iea tested breaking forces indicate that coral colonies at a
in situ and in the laboratory. Forces were cal— depth of 12 in could be the source for  boulder ram—
culated on both cylindrical and oblate objects parts along the adjacent shoreline. The average—
that had average characteristic dimensions simi— sized particles in these coral rubble accumula—lar to those of coral fragments comprising sub— tiona could be transported onshore by hurricane
aerial boulder ramparts at the field site , south waves generated in this theoretical study.
coast of Gran d Cayman Island . Magnitudes of
forces for Hurricane I on these objacts, oriented Acl’nowledgments
with the long axis perpendicular (Z) to the bot— —

tom , fell within the general range of forces The ‘- .earch reported In this paper was sup—
necessary for  breaking A. palmata stems as mea— ported both by the Geography Programs, Office of
sured in the field. Forces generated by waves
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CONTINGENCY PLANNING FOR THE IMPACT OF
OIL SPILLS IN DIFFERENT COASTA L

ENVIRONMENTS OF CANADA

~d%s-ar d 11. Owens
Coastal S((ftlU ~5 ln.crituu-
Loassiana Slate lJnit ’ert liv

Ba/on Rouge . 1_ oulsianu 70803

ABSTR ACT ~ Ifl matted contrast to these relativel y ‘..mple coastal ensirelnments . the
Bay of Fundv ha.s a large number of shorrl,ne types and littoral energ%

/‘l
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The major factors that determine the effects of a large spill on a coast are -- Igure 1 Location of lhe three Brass of study 10 eaStern Canadathe ~ ‘lume SIt  oil in the spill , the rvpe of oil Ins’olvcd. ilte clImatic and
meto~mk,gi~a! condiii.,ns at the tIme .1 the spill, the characteristics of the
littoral energy environment (w4Ses and tidesi. and the geological character
III the coastal envIronment Although much is known about th~ behavior of Chedabucto Bay. south shore
different types of oil under different conditions , because of the number of
sriahlcs tnvolved the f ist three f-actors are basIcally unpredictable The l*st The tIouth shore of Chedahucto Hay (Figure It ” , typical at much of the

( V s  fac tors can be predetermIned tram field work or fro m reconnaissance exposed rocky shorelines s it the Atlantic cllasi if ~~Ils a  Scotia The process
sui’sey’. They can be used as the baios for local and regional cont ingenc y envi ronment is one of high wave energy conditions and a tidal range on the
plans by providing esti mates of how astd where the oil will be deposited. the order of 1.5 meters This is a storm-wave environment.’ and the physical
persistence of the 41(1. the swtsb,l ity of cleanup techniques ill a particular processes are 4’elatively uniform along this straight section of coast - although
location, and the asailahilits and cost of those technIques, there isa small decrease in energ y levels to the wesi as the coast becomes

Three esampules front s-Try different coastal environments in eastern more sheltered from the Atlantic - The variability of coastal environments is
Canada wIt be uscd to illuswate (he importance of understanding the sane- related pnmarily to the two major shoreline types that are present in this
hil I ty of littoral prucesaes and of peoIogi~~d parameters in planning cleanup section -
programs This straight shoreline is a fault-line coast that Is charavtenred Isv low -

the south coast of Chedabucto 8.y is essenitally a rocky coast s ,n resistant cliffs and intertidal rock platforms. The uniform character is inter-
which thete are a few pocket beaches of pebble-cobble sediments. In nipted by sm all bays that have been formed by wave erosio n along secondary
this Instance , conungency plans need only allow for two types of faulls or other lines of weakness. The rocky coast is largely devoid of
shoreline in a single littoral energy environment, sediment; the only deposits occur within the bays and form pocket beaches ~t2 the sandy beaches of the Madgalen Islands represent only one pebble-cobble material. Very little material ts supplied to the cisast, so that
shoreline type but have tw o distinct littoral energy environments, so the rate of sediment ac-cutrwlatktn is very slow ,’
that two plans are necessary even though the shoreline type is uniform , The deposition and late of Ill on exposed rocks coasts is set’s dtfterent
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1(7101 that sm th e bcae ties I’ m the small h.,s s t hI coats the surface l i t  the tot ks KemIIsj l s - f  sed Iment tram th is fSlc kef  heath ted Ill lowering at th e surfac e
and the itiis-tlsdal algae andcsillect s in supttmtida l rock p.sils it cs,flt aflhlflat Illtl by as much is Iwo  itleter\ l4ecausc no sediment w a s  asa i fahk  i’ natur alls
ss.,c i irs stiinng periods if high water lese ls ispring ticks sir st,Imisi l’he replace what w a s  lsssi wase s  washed 05cr the beach crest  and within 12
trapping sf 1111 iii ito- -.upratidal roc k ~s ss ls is part icularfs inIpl lrlant because ’ months the heat h ~ rt’ si had trtreaied between Iii and ~ii ni ‘sediment
s l i t  i* st m ’red there until released hs .i subseq uent high water lesri Ret-on rernosal must hc ishlid ed in this iyp e - ‘ I  cnsinlnmenl unIt-s . hr beach
t4IflIndtIIlfl “I adta.cnt shllrellnesthat ma’, aln’ads hoc been elcanedi is iiur material is replaced Iss equal amounts Ill sims! , ‘i /el i  sediment In the
al ly  II I.’, a cleanup Iiperatmlln I mas oct-or Remilcal of oil from roc k surfaces example tram Indian ( ‘ose - more damage resulted fro m the re’nsllsa t ‘- I
or roc k 1511515 is usuall~ a slow and difficult sIpersiiion requmnng manual sesbnient during cleanup than had occurred originally f ront the SI,ntanilti a
technique s in d,ilcrent tc rramn Howeser , in this high-ens rgs ensironment . li on The persistence Inse si t  oil in these small has’. is high because l Ist ’s irs’
natural self cleai: ng i s  rapid and usually elfectise set has-k tram the main trend of the exposed c . I is t  and, therefore ire

1-IgUre 2 sh,sw s th,’se ses- Iiofls of shoreline that were cont anim ated follow - shellered loin, woe as-tis it y
ing the spill - ‘I l3unket U ii! tram the tanker 4rrlssi in 11/7(1 ‘The upper On cobble beaches , s i t  t ’iat is deposited sin the ii~ fiCt heath dunng sti ’rrtls
diagram indicates all lix’aiss,ns where hill was s,bsersed in the shore is~ne is unaffected by normal Wa~C it’IiSIfl lnasniui,’h as the i’il Is 1)1)1 sUhfcet I,
hetwe~n NIarc’h and June- ‘i ’l l  The’ l.Iwer dlagramshowsthe sct ual distribu - abrasion , it wil l  degrade ser’s sk iss ly Subsequent stI,I’flI w a s e s  mas c rock-
th in by the end -‘I June ~t ”i) (hi hIg h -energy . exposed nis’ky c o a s t s , w i s e  the twa -h and deposIt ciihhk’s Iifl the uppe r beach , thus bonIng the III laser
,jc ’ t is lf l  .jhriiks and disperses the lilt In addition ss ’ this mechanical action . Figure .~ the beach tlia~ appear clean In the surf ac e , sot substantial
weathering processe s . such is che mical sis idat ion and microbial attac k. are jmouni,s if oil ,i,a~ merel y hate been ciss e r-ed f igure - ‘ii
.wsele r-ated . and the’ shoreline is cleaned naturally within a few months

h% cs i f l t rasl - sirtually ill types III oil deposlied on the pockei beaches Summars . I spo sed nIc k. c s s ,isI natural cleaning is rapid except  ifs, se the
wI’Utel permeate the pehhlc chihl’!e sediments , making i i necessary lii re limit III icj 5’C actisi ty , cleanup slper-itihlns ws ,uld requIre n,.,nssal remnllsal it
nssi’e a seó~nicnt.e,il flhlsiUrt’ usIng tracked vehicle sir a f i’~Snt .end loader oil from ~asils Iii present red,strihut,s,n Pocket beaches sheltered tfl lm
Graders c u d  not be used on this type of beach At one site u n  this coast V a s e s . therefore , t ill persists l,inger and naturals-leaning is k ’ss elfec t ise . u I
ilndian (‘ils e , in Is is  Itay i studied following the A i r s - s i  spill , the beach w a s wlluld permeate pebble- d Ibble sediments, If cleanup is nccessars ii would
c,intamiisated near the high wat e r ksel to depths up to 211cm - 5 ’ The beach require retnosal of sit-sedi ment laser op ts , t~i i t s  deep inst replacement h~
was.  recssntamsnated on sc se’ral hw .i sl i i i is  hs oil released fn,n, adjacent rock material i if similar si/c . graders asuld mIt he used, tracked schic k would be
pools dunng hIgh spnng tides required for mechanme-a l cleanup

__ - 
A

CHEDABUCTO BA Y

Fox

_____ 

BayØ 
~~ A TLANTIC

____ S.

c~~.. ~ 
OCEA N

:
P..~. if ahor.lin. non. .50% oil cov.rogs

B

CHEDABUCTO BAY

Fox
Bay ~~~ A TLANTIC

Canto
Jut . 197(~ a

PoiNeI ahor.lln. non. .30% oIl coverog.

II IHP~I Trsc.. or patch.. Of ill -~~~~

f~lgur. 2 Dmstnbutmom of oil residues on the south shore ci Chedabucto Bay~ (A) • con~ ilat~n ci all locations where oil was observed
between March and June1970. (B) oil residues in the shots zone m June1970. from ground and sinai observations (adapted from Owens

and Rashid3)

£

~~~~~~~~~~~~~~~~~ .~
, .4P 

~~~~~~~~~~ 
- ‘

~~~~~~~~~

‘ ‘  — 

~~

‘ ‘ — ____



CONTINGENCY PLANNING 117

sarlatllun in energy lesels due ill the higher frequency ,uI ‘sto rms in winier
- months Wave energy levels also are higher in winter than in summer

- ~ ‘ months on the east coast,hui the seasonal variations in wave height are l iter
shadowed by the effects of stiIrm wases, whi ch produce large . shu n terrti
s- in ability- thnu ughoul the year

— Both coasts has-c lu ng, straight sand beaches . thereiu,re , in terms s t

- 
— -  

shoreline ty pes and sediment charactenstics , the w e - s i  and east-facing
- .‘ Isomers are similar, The differences that ha t e been reported’ result from the

contrast in the littoral energy environments - I’hc effect ’s tu fa major spill in the
• 

si c  in ity of the Magdalen Islands would he sen ditlerent on the west than on
- the cast coast, making ii necessary is, have iwo response plans asai laf’ule Oil

- - 
would be deposited in the same manner and at the same locations sin the
beach in these two environments OwIng thu the sm all grain si/c it the

C sediments , the oil will not penetrate the beach unless it us fresh cniuie s i r  a

- very light grade peiroleum
f Mechanical cleanup with graders wsuuld not he easy u n the weste rn

burners as the beach is too narrow 211 to ~t l  m l and beach gradients are
— . ~~

, . 
‘ trequentl y too steep, particularly dunng winter months It is likely - there-

lore , that tracked vehicles , taint-end loaders . sir even manual techniques
wliuld be necessary on this coast , Graders most probably could he use d sun

the wider , flatter eastern harners
vi One problem on the east cluasi would occur m the oil were deposIted during

- - 
storm-wave ciinditions The eroded beach would recover very rapidly ina,s-

• much as accretion has been observed within tws i  or three days follsiwing a

- storm - t ’ nless s i t  were rem s-ed quickly from these east coast beaches, it
- would he buried by sand bars that migrate onto the beach during the

post-storm recovery phase (Figure hi (‘leanup would then insu u ls e e s cas a
Figure 3 Cobble beach Chedabucto Bay this beach was severely non suf the beach lii remos-c the oil (Figure 71 The persistence time sit oil s s n

contaminated during the sprung of 1970 the photograph , t aken In the the Vii beaches would ulsu , be ser \ different , With higher V a se -  energy
spring of 1973 shows that the oil deposited above the high wafer mark levels on the w e s t coast , the mechanical and chemical breakdown of oil in
had unde rgone bttle abrasion during the three-year period, but that it the t itt iural ens inunment would be more rapid
was being buried by material thrown up onto the top of the beach by The most important aspect of the sand beaches of eastern (‘anada and
the action of stoim waves many parts u t  the east coast uuf the t~S is that the beaches are vers- mobile as

a result of stuurm w ,ise acti sity and post-storm accretion. The cssnstdli i

iluss sei t iCni s I sediments would lead to burial of oil in sonic lsiu atisin . ,
whereas in others it would be raided. If cleanup is necessary it should,
theretore , be camed out as soon as possible af~er the oil reaches the beach

HW - -~~~~~“-. ---~.---~~0. - - -  ‘
~~ ‘~~~~ - ,-  .ac ,,~~~ 

Summary. Oil w uuu lsi affect both beaches in a similar manner , bu.it
- different cleanup techniques would he required On the V e s t  a- .isi.t he hca~fi

- -~~ - ‘ generally is namsw and steep so that graders could probab l y mit he used,
tricked sehi c Irs sir manual techniques would be required Because u t  hig h
V i s e  ener(~ lesefs . dispersal and chemical slegradatiuin would be rclafis~ ly
rapid On the east coast, graders probably could be used It the beach is

- ‘- contaminated dunng storm c,undrtusuns . oil residues would probabl y be
b. - buried within lishi or three days Bccausc wa se  energy l~sels are kiss-er than

un west c s  ici st - residues persist longer

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —‘~~3~-~—- - . - -“ “
~~ 

sr -next  ,/~
“ ~~~~~~~~~~~~~

F igure 4 Effects of storm-wave action on oil residues deposited on a 
~~~~s-r-o.~ 

j t2~”
•” “ ‘

cobble beach, fl (a( oil is deposited above the high water mark (11W), .- -
(bI a subsequent Storm will erode f he intertidal beach and waves wilt -

push the cobbles Onto the upper beach to cover the oil deposit . (C) a /
second storm will contmue this process , gradually exposing more of
the buried oil-sediment layer /

f~~~~s . / ‘0

Magdakn Islands ~

‘ -

the Migdalen Islands , located In the central (lulfof St Lawrence I Figure 
- 

‘s ,
II. consist ol a series of banter beaches thai connect small hednmc k outc rops $~ : Iit-igure 5 i Because tftc tidal range us less than lIne meter, w ise  energ y is

csunte ntr ate d in a narni’w vertical hunil The wave climate is dominated by 
- — - - -

locat ly - geneniated wind w ise’s ~~~~~ energ y levels are higher on the wesi ~‘ •/~~“ Si

.ini  in all seasiins ruwing t,uthe pcesailinguinshorewmndssun ihat chuast 4The Figure 5 The Magdalen Islands, Quebec, distrIbution of barrier
chaniac iensi se feature if the west coast process environment is the seasonal beaches and directions of sediment transport

— ‘ -- 

~~~~~~~~~~~~~~~~~~~~ --
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Figure 7 Effects of Storm-wave action on Out resudue s deposited on a

Figure 6 Sand beach. Chedabucto Bay: the beach was covered by a sandy beach (a) the pre-storm beach . (b( Oul is deposited on the upper
thuc k deposit of Oit øt~ the upper parts of the intertidal zone this beach after a storm has eroded the intertidal beach. (C) post-storm
photograph , taken a month aftcui the oil had been laud down , shows recovery commences and sand migrates back into the untertidal
that most of the oil was burled by sand with only the outer portion of the beach - Id) and (e) the sand then will cover the Out deposul f f 1 a later
Oil-sediment layer exposed (see Figure 7f) storm will expose the buried oil-Sediment layer

Bay or Fund’. u t  intertidal uiu l residues is iheretuire much s l s uw e r  in thus area Most s i t  the
rocky sections sit coast are inaccessible , and cleanup would be considered

Pl.snniiic rrs1iu,risc tac tic s a t  the lust ul lcsel takes into .uccssiint sanatuulns in uunl’, it large amounts sit uu il were trapped in nick pouuls and threatened ti

shoreline ty pe s and pnicess har acte rus iuc s Preparation of s,’uln(ingcflc y plans contaminate adjacent marshes use beaches
at the regusunal lesel sns s ilses a much wider range sit responses in surde r ti An idealized cross section a- ross one sit the bay - head beaches that succur in
uns,lusit’ all the luus .il aspects In the Bay sit 1-und y - whic h has a coastline si t  eac h sit the three large embaymenis shu ,ws a dmsflnst change In sediment
spprius irm iatel y I - 4(111 km . s i  n i a i ui r c i i si al ens uriinmnents base been den- types between the low wafer mark and the m arsh The silurm fldgC lit cuibble
t ut i~d i f  igure 5 . Table Ii lash sit the cuias lal ens irsinments either has matenal gives way seaward to a vet’s steep beach u t  pebble - cobble sedu
dustinc’t ise phys ical pariittieiers (gesillsgy sir geiumuirp holuugy I su n slisttnc iiss ’ meats This us replaced in the hiss-er ti)resbuire by an almost flat m u d  deposit
processes i w a s e s  s t  tide sut that diust inguisfu it from thesuther cuuasts sit Fundy that us up to I .11111) m wide in places iFugure Ill and Ill Oil would lv-

I5lanning tour out spill cleanup of the i s s as t  JIs si’ requires a knowledge sf deposited unaunly sin the coarse sediments , w here it would penetrate th~’
s,hoeebne ty pes In thi.s relistra 12 utsats’? iype.s si t shu,relinc have been surface material - A’s the mud flats are wet even when exposed at kiss tide . m l
re issg i iu ied Table 2 i Oil depi~ Itmssn and persistence arc- difTereni in each on the surf~ee would be refitualed by the flsui udtude Husweser. oil that collects
shusrrlune type . and each type cuuul d ssc -c ur in any s i t  the so. coastal ens- u ruin- in depressions si permeates the mud , through bw-nsw holes. etc - wssold be
mncnts alt huiujt h . f u r  esampte , marshes occur primarily in the sheltered areas rapidly covered by a mud scneer alter ssnly one or t w o  tidal cycles Once
if Munas Basin and (‘hignectsu Hay , whereas sheltered , resistant coasts are b’uned, thus oil would persist because of lac k of mechanical abrasion and

unuirr csufl lnus ,ui iii the northwestern shore ensirlinment Ipiim’ticularly Pa’s- anaerobic conditions that prevent osidation and microbial degradation
sarnaquoidds Bay I h i s  nut  possible Iii discuss each sit the coastal envinun - Amounts of oil on the central and upper sections of the beaches would
itwn ms sir the shoreline type s . and ‘so, twsi  eiuaniples will be ciunsmdered briefly probably he very large in these three embaymcnts Wind-dns-en surface
the Head si t  the flay , which has resistant d ulls , large eml’usiy menis . and bay currents are pnmanly from the west-southwest and are generated h~ the
beaches, and the Minas Basin , which us siiaracteru,ed pr-umart hy by untent u dal prevailing and dominant westerl y winds Slong the axis of the hay - The
sand si r mud depu usiis and by ruicir’shes in shetrered ,us’as embayments face the west or southwest and are hounded b~ rocky head

lands Any slicks that entered the three embayments would lie t rapped, and
the oil most likely would be deposited on the bay-head beaches These

The Head ci the lay Thus cu,ass ial ens-iruinment i f -m g ill has mw uu major hay-head beaches wtuuld present a problem fuse a cleanup program because
shoreline type s resIstan t nuc k y c l i f fs  and farge cobble beaches in the three i’ll almost certainly would be trapped in inc-k pools on the rock y coasts
embayments Oil un nicky coasts has becn discussed briefly above in adjacent to the beaches, and the problem of recontamination would be ‘se rs
cu,nnet’tion with ih~ south ‘shore of (‘hedabucto Hay - ( Inc major difference in real Access to these reseky headlands is dillicutt and often dangerous owing
the Bay 54 Eumtdy envuruuntt lenm us that littoral processes are dominated by the to the rapid speed with which the flooding ride naes Removal of conianhi
effects iuI the tides In the Head sit the Bay area the tidal range is on the uirde r nated sediments from the beaches would lead to an unstable condition
of nine to t 2 m. sou that wa se energy is dissipated l iver s wide vertical range inasmuch as the input of sediment to replace that which would be remsived
Also , this is a sheltered wave environment, and leve l’s of wave energy would be very slow . Replacement oil the matenal would be necessary ti’
initially are luiwer than on the eis psused At lantIc coast Mechanical abrasion avoid initiating any enusion
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-_______ 
U 

- ,,,,,,, ~~~ _________ It m’s clear that in thus instance many factors must be cumnside red before a
- ‘-- -5 is.,. .~_, -•.. • ,54~ ~

ç -~~~~ cleanup operation could tue initiated It is also important that each of the
i ~... .u a. i-u 

• points discussed briefly above mu. predictable, vu thai a practicable sss n-
mingency plan [or this envininnieni can he prepared in advance

~ * 
30

/ - - - — ,t- - - Mhias Baabi. The charactenstics of the shoreline of the Munas Basun are
- 
] , I  ‘-

~~~~~~~~
“

~ a - est remely vaned, ranging from sandstone cliffs to marshes and from wide
,,~

• 
~~~ - - ~~~~~~~~ intertidal sand flats to rock platforms Two iut the muuuii ciummiin combina-

- ~!—~ f” 
— 

— 
- 

- ~~
. tions of shoreline type ’s are mud flats or sand flats backed by either unresus-

- 
,,, ,,

Z
_’ 

~ tant till cliffs or marshes (Figure 12 1 The tidal range is greater than t O m~ a
- - - maximum of 16 m has been recorded in places during spring tides This large

tidal range , coupled with low coastal j u ne gradients , gives a wide intertidal
- - 

silt cOaimaI •nvusONa,uirs l,rne that is exposed am low tides Ftgure tO Where present, the intertidal
- .1 ffi. .

~
- deposits are etther sand iii mud and rest on a wave-cut till andsuir bedrock

-- 
- say 0. PuNDY platform

The mud fiats rarely are completely dry at low tide and frequently have a
thin hIm sit water on the surface oil the sediments Oil depoisuted sun the

__________ - ~~~~~~~~~~ 
— surface would he refloated by nsing tide and earned elsewhere As noted

above, any oil that us buned wsmuld be protected from mechanical , chemical -
Figure 8 Subdivisions of the Bay of Fundy shoreline unto sia coastal and microbial degradation and will, therefore , persist f u r  a lu ng time unless
environment s subsequently esposed by changes in bottom morphology

Table I. (‘ha,acteriatics of the coastal environments of the Hay of Fundy

Subst us ision 
;euu lt~~ical Backshiirr lleiich I etch ansI Mean tidal Sediment
character relief character wave e\posurc’ rani!e availa btlity

fst u uuth Sf i i s r i - resistant lii’s’s i-su c ks absent or sheltered ts to i~ to very sparse
basalt dy ke suast sir narrsiss oblile (5(1 kin)
para llels lulls up lit-ac t , at high

55 ,1s t t u s  . 1) m water mark, wit h
~ tdc inter tidal
platfor tmm

Ileast s i t  the resistant chilled af isent or Iar~t- exposed 1(1 111 sp_irsc - h ut
l4~ s r iu c ks  s i sa s t ,  up pocket heacltec 15(1-100 km) lu cally

tiasa lts or to 290 in of pt-b, cob on abundant
granitc ’ beaclitace and

mud overlying
coarse sedim ents
in intertidal lone

Minas basin sandstonc dif ls , iits wide intertidal s-cry >10 iii aliunslant
and shales , to 0) m mud or sanuf sheltered
or unconsol- flat s on rock (<5(1 kmj
idated plat forms-i. peb ,
glacial cot, beach at
deposits hw-m ; marshes

ti sheltered
areas

4. ( hignestou sandstones cliffs, up wide intertidal very >10 m abundant
Hay and shale’s to  20 m mud flats on sheltered

rock platform, (<50 kni t
peb/cob beach
at hwm; c’s-
tens ive marshes
in sheltered
areas

5 North Shore resistant chills absent or sheltered 6 to 10 mit very sparse
rocks, sed- (west , 5 to coarse- 1<50 km
mentary rocks 60 m , east , grained
and intrusive’s. >100 ml pocket
thin till cover beac hes

6 Ns urthwcs t resistant low rocky absent or outer coast 6 in sparse
Shore rocks, thin coast or coarse- espoied , rest

till cover cliffs , grained and sheltered
5 to 30 m narrow (<50 km)

- w--- ., 
‘
~~~~~ ~~~~
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~~~ 
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Table 2. Shoreline types in the Bay of Eundy

I Rock sir cliff ‘shorelines

I I- sposed, resistan t coas t with loss backshorc or cliffs

• with no beach or intertidal platform
• with wave-cut platform devoid of sediments
• with wave-cut platform and beach at h i gh-water line
• w i t h wave-cut platfs rm and intertidal sediments(see 9.hcloss- )

2 Sheltered , resistant coas ts

3. I- sposed. unrecistant ch I ts

4 . Sheltered . unrcsistant chiff~

II. Shorelines with beaches

5 . ( obble or niixcd-sedi mnent beach es

• beach at tiase of cliff
• beac h with ovencash
• beach ‘s ift , inle t anslfor lagoon

6. Sand beaches

7 Pocket beaches

• on rocky coasts
• in a large emhaymen(

8. Beaches in shis’lteresl environmenfs

III Shorelines with intertidal sediments

5) (‘ oar$.e scthmrnls on a wave-cut platform

l It  Intertidal mud
II Intertidal sand

l~ Shore lines with vegetation

I 2 Mars t ues

~
‘: “~~~ L~ ~~ __

•
..: ~~~~~~~~ - - 

. : ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

— ~~~~~~~~—~~~~~~~~~ — - -~~~~ - -- - Figue. 10 A pock.t beach on the north shore of fbi Bay of Fundy
Fug ur• 9 The Iliad of the Bay this subdivuaiOn 5 chlractsrizid by aNhough this beach ia much smaller than those in the large .mbay-
three large .mbaymints that si-i exposed to the southwest , each has mints, it has the same sequence of cobble ridgs-p.bbl&cobbhs inter-
a large pebble-cobble beach that is backed by marsh s and fronted by tidal beach-mud flats; the tidal rang. at this sit• Is 7.5 m; the photo-
mud flats (Figur. It )  graph was taksn at low tide
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Fugume 11 Idealized protile across the intertidal zone on one 01 Ire
targe ernbayment beaches in the Head of the Bay subdivision

A 131 M~ L -

~~ *5~~ N.o.

distance between the crests oh the waves is approximately 5 m and
Figure 13 Sand waves in the intertidal zone of the Minas Basin the

the height of the sand waves is about 1 m; the sand waves are
1, migrating from left to right in thus photograph

- i~~~~~
5 ’

~~~~~i -

S A N D

a. 

~~~~~~ 
- -- -

..

b. 
______Figure 12 ldeahzed profiles across two of the major shoreline types 

-- that occur in the Munas Basin (Al intertidal sand flats with a gravel / _____________________

beach at the hughwater mark and an unreaistant fill Cliff; (B) intertidal ~‘~‘ ~ 
- :  - :  -

mud hal s that give way to salt marshes above the high water mark - - - - . - - - -

(adapted from Dalrymple at al ,’ Swift et aI~~)

Oil deposited on di’s- mud flats or sand flats would be sub)ect iii mechanm- C. 

- 
-

- ‘TI’ Ical abrasion and burial The sand deposits air in a state of csmnstani motion,
primaril y in association with the strung tidal currents , which i-each s-elocities
up ill 2 mm sec Although wave action is minimal inasmuch as thus is a very - . - - - - - - -.

shel tered environment , the high level of tidal energy generates rapid sedi- Figure 14 . Sand wave migrating across an intertidal oil deposit (see
ment transport Sand grains are moved individually along the surface and Photo 13)
mechanical abrasion results Sand wa v es up m us 2 m thick can he tormued that
migrate a,s a body across the sand flats ( Figures f t  and t i The migration of
these sand w uses or u f  mud deposits would lead to temporary hunal 01 ui uh If the intertidal deposits ate backed by mam-shes, ut m l would be deposited sin
s)epiisited in the intert idal / ime Cleanup on the mud flats w’suuld he almost the marsh surface only during periods iii spnng tides sir high water levels that
umnprus’sible suw- ing to the great difficulty sit access four walking ac riuss mud result tnum stsirm surges The les-el of the marsh is above the mean high
tij is us sufi emi very slow and exhausting The sand flats can be traversed easily water mark - and iii) would otherw ise be confined isi the tida l creeks During
s un loot , bum operations would be complicated by the speed at which the ri’s- slack tides wind-dnven slicks would be earned to the east by the prevailing
ing tide crosses the wide flats , which often is faster than a person can run and dominant westerly winds They would he earned toward the marshes
Where the intertmdal deposits base a pebble-cobble beach and a till ch It in because these succur prmmanly at the eastern ends uI Minas Basin and

the upper tiiresho u re Fmgure 12 , top), any oil deposited on the beach would Chignecto Hay (Figure II) Unless carried out 01 ‘he marsh areas hi) the ebb
uunly slowly he abraded. Wave energy levels air low in thisenvironment , and tides, the oil would be trapped there In terms of preventive measure s , the
the waves are active sin the beach iinly tor brief periods at the flood of the marsh area,s should receive high pnonty inasmuch as cleanup is very difficult
tide Mechanical abrasion - Ivuwever, may be less important in this environ- in this type ofenvtronment and they are scm-v sensttmve ecological sy st ems in
,nent than wealhenng The small surface area and low adsorptive capacity of terms of both fauna and flora -

pebble-sized material would expose more ouil to chemical oxidation and to
pltotochemical and microbial weathenng than would he the case on smaller Summary. ‘flue Bay of Fundy includes a complex suite of shoreline t)pe tu
si,ed sediments within sin major coastal environments. At the Head o f  the Bay. the large

‘The till cliffs are composed largely of easily emdable unconsolidated embayments would act as traps for wind- sir current-driven slicks mos-ing
clays , sands, and cobble The beach act ’s as a buffer to protect the base of the from west to east - On mud flats in the lower foreshome - buried oil would not
cli ff m u m  erosion, so that removal of contaminated material from the beach be subjected to mechanical , chemica l, (Sr microbia’ .Icgradatmon . Manual
could reduce the level uI  protection and could initiate a period of cliff cleanup before banal would be the only effective technique for oil retnos-al -

emnssm If replacement muf sediment m’s not possible - natural cleaning could be Oil should he removed from adjacent rock shores. to prevent i-roiling ut
hastened by pushing the contaminated sediment’s down the beach toward the cleaned see iisuns Removal of oiled ‘sediments from cobble-pebble beaches
water line amid allwing the nsing tide to transport the matenal back up the would require replacement of the tuatenal -

beach This technique would not lead to complete removal of the oil but In the Minas Basin area, sediments constantly are bring redistributed in
would at least speed up the pocess of mechanical abrasion the intertidal zone, so that banal oil oil is very probable No practical or

~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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e ft c ~ iuse w.iy tuu c lea n the intertidal zoune is knsiwn . If matenal us m-emuis-ed ACKNOWLEDGMEN TS
tis ini the base u t  uncssnsushsbied c l i f f s , it shuusild be replaced to pnitcct cliff
tnim enusuuin Marshes wuuuld be bettem protected than cleaned Field studies in eastern Canada were undertaken as part iii a series uut

investuga iiuuns uuf cuiasial processe s and muirphology at the At han ius , (~euiss, u

ence Centrr, Redfuird Institute iulOo,-eanoigrap hy - Oiaminss,uth. Ns s s a  Sciutia
A reconnaissance u t  the Hay of Funds- csuas i w a s  earned ouut is part si t  a

css ntlngency plan deselopment prograni of thc I-,nsuruinmcntal Protection

CONCLUSIONS Sersuce . Department of the Ens- u runment. Halifax . Nu,sa -Scuitia Salary

support during preparatloin of thus paper was pros uded t’s~ the Geography

Mans aspects of a spill , suc h as the type and vs lume of oil , will he Pruigrams . ()tfi ice sit Naval Research, Ar lungtom . Virginia

unknoiwn until the event occurs Nuir can the meteorological and oceanog-
raphic csunditions be predicted accurately- - Other aspects of spill behavior can
tic studied , though . as pail sit prepanng contingency plans. Prediction ot the RE FERENCES
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where a heac ts acts as . protection ts,r uncusnsuilidated backshore c liffs . 7 Owens, F. H.,andD. H. Frobel. 1977 . Ridge andrunnel s~st em smnt he
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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 iftehore. Results show
that bottom motions in the range of wave—induced botc m pressurea from near
zero to 2.3~, x lO~ 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 tht mud wave.
Measu rements show this angle to be 22° (±11°) for the peak spectral component
(I — 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 f rom 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 pr ime fac tor 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 I ine—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 Strohb.ck,
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 bot tom 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 colume sediment concentration is the key factor in the
calming effect of mudbanks (Dell t Hydraulics Laboratory , 1962); however, the
forcing of a mud wave by wave—induced pressures is also a part of the physi-
cal processes wherever I ine—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 coopera tive 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 kiloaevtons/meter2 (j~J/a2) near the water/
sediment interface to 2.36 kN/m2 3 meters into the sediment. These low
values of shear strength are co~ non 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 b. made away from a platform to ensure that
the motion of natural muds would be measured. Secondly, bottom motions under
typically encountered wave condi tions were thought to be small, and therefore
high resolution was needed . Both problems were overcome by burying acceler-
ometers in the mud. Though disp1aceme~ ts were around 1 cm, accelerations
were auch that they could be reliably meabured 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 th. mud line. The electronic cable coming from the
top of th. 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 si te, Plat form
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

4-
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Figure 1. Location of th. field si t e in East Bay , Louisiana.
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Figure 2. Results of soil boring taken near field site (1 kip/ft2 —

48 kilonewtons/m2). 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 f rom 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
pla tform 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—l 5 du cted 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
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Figure 3. Array of three accelerometers.

stations with a rate of energy loss calculated from the measurements of mud
movemen t 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
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Figure 4. The main instrumented site , Platform V.

factor that matches linear theory with observed pressures and wave heights in
th. manner shown (where Kp — cosh k (h + Z)/cosh kh). If the observed data
were in perfect agreement wi th 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 colume 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
obtaim.d similar results (Hom—ma et sI , 1966) supported the use of a cor-
rected linear theory for determining surface wave heights f rom pressure
measurements made in the water columa above the accelerometer. The actual
values of the correction factor n that were used were those values lying
along the two least squares fit line, shown in Figure 6.

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

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

frequency (Pig. 8). The low—frequency spectral components visible in the
acceleratio n spectrum are believed to be electronic drift. (The phase angle
between the crest of th. mud wave and the crest of the pressure wave was
202 for the peak spectra l component.) Horizontal mud motions are approxi-
mately 90 out of phas. with the vertical motions, and a backward horizontal
ov.aent occurs at the crest of the bottom wave. Similar motion occurs for

forced waves on an elastic half space. Th~ ratio of vertica l displacement
to horizontal displac ent over several sets of data averaged about 2.0.

A plot of the amplitude of the pressure wave at the bottom versus the
amplitud, of th. mud wave (Fig. 9) reveal s 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/sed iment interface per
unit and tine over one wave cycle is (Gad i , 1958)

0.11- f dt
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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 :

V — Pa + A con (Lix — Ct)

h — h o  +Mk cos ( k z — o t +~~)

where Pa — steady—state bottom pressure
A — amplitude of the wave—induced bottom pressure

h0 — depth of mud over which motion occurs
N — propor tionality const ant between the amplitud es of the mud wave

and the pressure wave
— 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 th. 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:

~~~~~iip g M R 2 sin~~ 4
4T cosh2 kh

where • — l80 — Ii.

For purposes of comparison with other theories for the dissipation of
wave energy , th. 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. Prom equation (4) it can be seen that the dissipation of wave
energy by th. soft bottom involves only two important facto r. , deter mined by
the physics of the sediment movement: (1) the relat ionship between the pres-
sure force on the sedimen t and the resultant vertical displace ment , given by
Pt , and (2) the phase angle between th. crest of the pressure wav e sad the
tr ough of the mud wave, given by •.

The results of the two—sta tion exper iment allowed us to estimate the
energy lost f ro. the waves. Condition, during the two—station experiment
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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 11 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 11. The phase angle ~ betweenthe 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 , assinning that N 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 WAV E ENERGY
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Figure 11. Comparison of the race 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 Kaj iura , 1957).

rate. The dissipation rates for 19.2 and 4.57 meters a’ water are in
joules/ca2—sec , and H is the wave height in cent imeters. 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 coemonly used f  or 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 tha t is at least an order of magni-
tud e greater than that for a rigid , impermeable bottom.

Th. results of the two—station experiment are illustrated in Figure
12. UsIng l0 in the formula for the dissipation of energy while holding
N constant in order to make the total dissipation agree with theory is
somewha t an arbitrary choice. It is entirely possible that the properties
of the sediments change between V and S and cause changes in H 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 l0 was the true and constant phase angle.

Figure 12 also illustrates anothe r 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 botto. sediments.
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Suemary

1. Bottom motions in the pressure range from near zero to 2.39 x
io3 Pascal appear to be forced waves on an elastic half space , wi th 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 t ransfe r of ener gy 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 Lor 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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Mudbanka have been observed to have an extraordinary calming effect  on the sea sur-
face. In certain cases this effect is due primarily to the transfer of energy through
the sea/mud interface and its frictional dissipation within the bottom sediments. This
paper describes an experiment that measured 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 posit ion of the experimental setup is calculated
and compared 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 bottom pressures from near zero to 2.39
x iO~ 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° (+ l1°)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 resulting from the processes of percolation or that caused by normal frictional
effects. This newly observed mechanism for the dissipation of wave energy is particu—
larly important for waves in intermediate—depth water and could be a prime factor in
de termining design wave heights in muddy coastal areas.
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PROCESS AND MORPHOLOGY CHARACTERISTICS OF NO BARRIER BEACHES

IN THE MACDALEN 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 adjacen t 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—
sent dispersal patterns , and nearshore , littor al , and dune geosorphology.
The exposed west—facing coast has a steeper offshore gradient , is a zone of

sediment bypassing, and has a complex sequence of three nearshore bat3. Wave
energy levels are lower on the sheltered east coast , and this is a zone of

sediment redistribution and deposi t ion with a single, linear nearshore bar.
The differen t 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. Compu ted wave energy values, derived
from data monitored during two study period s (August and November , 1974) ,
indicate that the amen wave energy levels were greater on the vest coast as

compared to the east coast by factors of 2.25 in m~~ er and 2.93 in winter.
This is due pr imarily to the dominance of wind. out of the westerly quadrant
throughout the year.

1975
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INTRODUCTION

The M.gdalen 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 (Ovens, 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 kin 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 (Ovens , 1917).
4.. 44. ..• , . Ao. 4..

-
4,.

fi

Figure 1. Magdalen Islands study area: A. Location. B. Study sites on
the central t ombolo.
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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 km/h >120 ks/h

Jan. 47.2 NW 13.4 2.0 0.1

Feb. 41.4 NW 7.2 1.8 0.4

March 40.6 NW 6.2 0.4 0.4

April 36.2 NW 1.8 0.3 —

May 33.2 NW 0.4 — ——

Jun. 33.3 NW 0.2

July 30.6 SW —- —— --
Aug. 30.4 SW 0.7 —— ——
Sept. 35.7 NW 1.7 0.4 ——
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 km/h by
Quadrant Over a 40—Year Period

Duration Duration Duration
>90 km/h >3 hours >6 hours >115 km/h >3 hours

NW’-NNE 256 68 37 15 3

NE—ESE 62 12 3 —— ——
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/yr 0.9/yr 2 in 5 yr 1 in 13 yr
NE— ESE 1.5/yr 1 in 3 yr 1 in 13 yr — ——
SE—SSW 3.1/yr 2 in 5 yr 1 in 8 yr 1 in 20 yr ——
SW—WIPI 3.0/yr 2 in 5 yr 1 in 4 yr 1 in 5 yr 1 in 40 yr
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Mean and maximum wave height values are greater on the vest 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 period s (Au gust and November , 1974), shows tha t the
mean value, are greater on the west coast by factor . of 2.25 and 2.95 for the
susmsr and winter phase.. of the study. The same comparison for the computed

long.hore sediment tr ansport rates (Table 4) shows that the combined hourly
rates are greater on the west coast by 2.7 and 2.0 for the susmer and winter
study periods. The estimated annual gross volume of longshore sediment trans-
port is approx imately four times greater on the west—facing barrier.
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Figure 2. Seasonal vari ati ons in (1) estimated wave energy on the east and
vest barrier ., (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 value. are extrapolated.
Storm frequency (*) is th. number of period, in each mouth when
wind velocities exceed 55 km/h , based on data over a 40-year
period.
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Table 3. Computed Wave Energy Values (ergs/cin)

Mean Minimum Maximum

West 2.52 x lO~~ 2.12 x ~~ 1.65 x iol3

Sumeer East 1.12 x 1011 2.12 x 1.10 x 1013

West 2 .51 x 1012 1.68 x 1011 7.38 x io13
Winte r East 8.51 x 1011 3.04 x 1010 5.89 x iol3

Table 4. Susmary of Computed Longshore Sediment Transport Rates

West Coast East Coast

Suniner 149 to N 53 to N
Average Hourly

3 95 toS 39 to S
Rate (m /h)

Winter 631 to N 265 to N

5l9 t oS 3lS to S

Net Daily Rate Sumner 428 to N 201 to N

(m3/day) Winter 1,261 to N 962 to S

Estimated Annual Cross 2,059 ,030 550, 943
(m3/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 “su er—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

Weat East

a. High energy environment a. Moderate energy
Wave energy environment

b. Markad seasonal variation b. Large short—term varia—
in wave energy levels tions due to storm-wave

activity

a. “Sumeer—winter” beach cycle a. Storm/post—storm beach
Litto ral zone
morphology cycle

b. Relatively stable morphology b. Large short—term varia—
in plan and profile tions in morphology

Offshore Slope O 1O ’ O’05’

Nearshore Slope 0 3 3 ’ O°53’

OFFSHORE ZONE
On the shallow shelf adjacent to the west co~~t 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 rewotking 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 extremi t ies

of the barriers. The shelf adjacent to the east coast is sheltered from waves

out of the vest and is a depositional area of fine—gra ined sediments (Table 7)

(Loring and Nota, 1973) .

The nature of the sedimentar y environ ments on the Magdalen Shelf is
r~g,trolled in part by difference . in the wave climate to the vest and to the
east of the islands that result from the dominance of wind—generate d wave s

out of th. vest • In the zone of sed iment reworking and trans portation on the
shelf to the vest of the Islands the sandstone bedrock i. overlain by a thin ,

dincoetin uous layer of sand and gravel. In the depositional area to th e
eas t of the Islands the bedrock is buried by a continuous cover of well—sorte d
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Table 6. Sedimentary Environments——Magdalen Islands

West East

Offshore  Coarse/medium sands Fine sands
Nearshore (cS m) Med ium sand (1.31$) Medium sand (1.81$)
Beach Medium 8and (1.67$) Medium sand (1.87$)
Dunes Medium sand (1.67$) Medium/fine sand (1.95$)

Table 7. Energy—Morphology Characteristics——Magdalen Islands

West East

Offshore T.ward east Zone of deposition
Sediment dispersal

Rapid longshore Zone at redistribu—Nearshore movement tion and deposition

Subaqueous profile Relatively steep Relatively fla t
(1:300) (1:625)

Frictional attenuation of waves Low High

Amoun t 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

offshore profiles adjacent to the two barriers are very different (Figure 3),
particula rly between the 15—rn and 40—s depth contours. The broad , shallow
shelf of f the east coast has an average grad ient of 0 0 5 ’ ( 1: 626) from the
shoreline to the 20—n contour , app roximately halt the gradi ent of the shelf
off  the vest coast (o’ll’, 1: 312). Wave period s are usually lees than
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MAGDALEN ISLA NDS-OFFSHORE PROFILE
K L O U t  T R E S

WEST 40

~9i~ J~ ‘°~-~Lt!2 ~~ ° ~~20.. i 3~2 0 11’ ~S2S 0 0 5
30.. I 34t 0•IO’ 690 O~ DT

50.. 702 fo o, 975 O~~04

Figure 3. Offshore profiles and gradients——taken on
lines perpendicular to the shoreline at
the two stud y si tes.

8 seconds in the Gulf , so that although some longer period waves would feel
bottom in water depths up to 50 ci, the f r ic t ional attenuat ion ra tes would
probably be highest in depths between 30 n and 10 ci.

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 vest , 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 vest—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.

N EARSHORE 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 is 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 fore of the outer bar appears
to be constant through time. Small longshore movements of the outer crc.—
centic bar system result in occasional overlapping of the bars in the vicinity
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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—rn 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 ci 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 ci at 250 m from the

beach (Figure 4). The trough depth on the landvard side of the bar varied

between 3 and 5 n. 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
fo rm 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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PROFILE 5 o

1200 1100 000 900 800 700 600 500 400 300 200 00 0
M E T R E S

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 sumner 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 far ther

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 ~esult 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 fron 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.
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INTERTIDAL ZONE (BEAc~R)
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 in) (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 “susmier—vinter” beach cycle

(Figure 7).

The beaches of the eastern barrier are wider (40—50 in) (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 sumner (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 ref icc—

tion of the different effects of nearshore topography on breaking waves.

Waves reaching the beach face on the west coadt 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 seawa?d of the intertidal zone. Water

depths and gradients are greater at the west study site (Figure 4) due pri—

man ly to the presence of a wide low—tide terrace on the east—facing barrier.

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

~~~~~~~~~~~~~~~~~~,
‘ I0~~~~~~~~~~~~~W~~ W

Figure 6. Representative beach profiles for the two study areas.
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Photograph 1. West stud y site beach (May 1975).

..

Photograph 2. East study site beach (August 1974).
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WEST SITE EAST SITE
2—22 AUG ~ t 2—27 AUG 1V
8—29 NOV ~~ 7-30 NOV ~~

PROFILE JO / ~ - PROFILE IC
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MHW MHW~~

METRES M E T R E S

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. Bascorn (1954)

pointed ou t 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 l5.rn 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 infillin g 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 ~ffects 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 ci 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 n and storm—wave erosion causes the development of washover channels

tha t 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).
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Photograph 5. Washover channels and fan deposits on the east—facing
bar rier 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
Ilagdalen Islands barriers.

or, in the case of the southern toabolo, 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 sed iment redistribution and deposition , with a net nearshore—littoral

transport from northeast to southwest.

— ---- ~~~~~~~~~~~~~~ -~~~~~~~~~~~ -- --- ~~~~~~ -~~~~~~~ -
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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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